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A B S T R A C T

Violin varnishes influence the vibrational properties of tonewood. However, the frequency dependence of the
varnish influence and mechanical properties of typical varnishes has received little attention. The viscoelastic
properties of various violin varnish materials over the audible frequency range were characterized by dynamic
mechanical analysis. The properties of the studied varnishes showed comparable frequency dependencies. For all
varnishes, E increased and tan(δ) decreased with increasing frequency. The results were in good agreement with
an analytical mechanical model, which was used for additional numerical FEM calculations. The approach of
numerically determining varnish-induced changes in the vibrational properties on basis of the individual wood
and varnish properties was confirmed through comparison with experimental results obtained in an earlier study.
The latter procedure was subsequently used to analyse varnish-induced changes in the eigenfrequencies of a violin
soundboard. The results revealed that the frequency dependence of the varnish properties determined the specific
influence of varnishes on the vibrational properties of tonewood, which should be taken into account when
assessing the impact of varnishes.

1. Introduction

Varnishes are applied to protect violins against external hazards, such
as from general wear-and-tear and moisture, as well as to enhance the
instrument’s appearance. The varnish application, however, induces
changes in the vibro-mechanical properties of wood and the instrument’s
timbre. The influence of varnish on the vibro-mechanical properties was
evaluated on wooden sample strips [1–4], wooden sample plates [5–7],
top and bottom plates of instruments [1,8], and on complete violins [1,
9–11]. The recorded changes originate from an additional mass load by
the varnish and different dynamic mechanical properties (i.e. complex
tensile modulus E and loss tangent tan(δ)) of wood and varnish.

The vibrational properties of the finished instrument determine the
sound quality of the violin. In contrast to studies on varnish induced
changes of the vibro-mechanical properties of wood, the actual visco-
elastic properties of the pure varnishes have received far less attention. In
particular, the frequency dependency of the mechanical properties of
varnishes has rarely been investigated. However, this dependency de-

termines E and tan(δ) and thus their actual influence on the vibrational
and acoustic wood properties over the relevant hearing range of humans,
ranging from 20 to 200000 Hz. If the varnish properties show a pro-
nounced frequency dependence, their influence on the vibrational
properties at low and high frequencies will differ. In a study on the in-
fluence of varnish on the properties of wood, Ono [6] studied a copal and
toluene based resin and a nitrocellulose sealing. Based on the 1st flexural
vibration mode of dried samples, Ono [6] determined E (3.6 GPa and 2.1
GPa) and tan(δ) (0.053 and 0.057) of the varnish and sealing respec-
tively, for frequencies in the range of 100–270 Hz. Similarly, Gunji et al.
[12] investigated the properties of a polyurethane lacquer and reported
single values for E (2.5 GPa) and tan(δ) (0.050) in a frequency range of
50–300 Hz for the 1st mode. In reference to cross-linked polymers,
Simonnet et al. [13] discussed the general viscoelastic properties for
alcohol and oil varnishes, mainly regarding their temperature de-
pendency, but also by reflecting on the influence of frequency. Moreover,
changes in mechanical properties during the drying of linseed oil and a
standard oil varnish were measured by dynamic mechanical analysis
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(DMA) as a function of time; however, the mechanical properties were
only assigned with arbitrary units [13]. In contrast to the latter studies,
Obataya et al. [3] performed more detailed investigations into the fre-
quency dependency of the viscoelastic properties of Oriental (urushi),
clear and natural oil-based lacquers. A viscoelastometer was used in the
investigations to isothermally measure E and the inverse quality factor
Q�1(¼tan(δ)) values of the lacquers for a frequency range of 1–100 Hz at
different temperatures. As E and Q�1 of most lacquers showed a linear
(log-) frequency dependence and no relaxation at low temperatures,
straight lines were fitted to the results at low frequency and used as ex-
trapolations for the values of E (ranging from 2.1 to 2.6 GPa) and Q�1

(ranging from 0.015 to 0.050) at 550 and 750 Hz (the average fre-
quencies of evaluated wood samples). For the exceptional case of clear
lacquer, the time-temperature superposition (TTS) principle [14] was
applied to determine E (1.4 and 1.3 GPa) and tan(δ) (0.250 and 0.260) at
550 Hz and 750 Hz, respectively. For the latter, the results were further
presented over a frequency range of 1–10000 Hz, showing an increase in
E and a decrease for Q�1 with increasing frequency. All outlined refer-
ences applied mechanical models to compare the numerical results of E
and tan(δ) (based on separate wood and varnish properties) with mea-
surements of varnished wooden samples. Moreover, the influence of
different parameters such as thickness and amount applied (mass) was
evaluated. However, the investigations were performed at specific fre-
quencies, which were observed for the varnish and wood samples. The
influence of varnishes on the vibro-mechanical properties of wood over
the entire audible range, being determined by the frequency dependence
of the wood and varnish properties, has not been studied. Moreover, the
actual values provided, refer to lacquers and synthetic varnishes that are
commonly used for pianos and harps. Investigations into frequency
dependent viscoelastic varnish properties of common violin varnish
materials, for which explicit values were recorded, could not be found.

Our study focusses on typical traditional violin varnishes. The
viscoelastic properties of three representative varnish materials,
comprising a particulated grounding, a shellac alcohol and a copal oil
varnish, were investigated by testing thin varnish films. The focus was
laid on the frequency dependent characterization of the varnishes by
studying their dynamic mechanical properties. The varnish films were
investigated by DMA and applying the time-temperature superposition
(TTS) principle, which allowed an extension of the frequency range [15,
16]. For further numerical analyses, a mechanical model was used to
describe E and tan(δ) as a function of frequency, which allows to inves-
tigate the influence of the varnish on the vibrational behaviour of wood
over a wide frequency range. The applicability of the latter approach was
validated by a comparison of numerical finite element method (FEM)
calculations to experimental measurements of varnish-induced changes
on the behaviour of wooden plates as published previously [5]. The re-
sults are discussed in the context of numerically determined frequency
changes of a violin soundboard induced by different varnish properties.

2. Materials and methods

The varnishes comprised different typical varnish materials based on
the suggestions of Baese [17] for traditional varnishing according to the
Cremonese varnish procedure. The following varnishes were used for the
preparation of thin films:

� A grounding (G), which was composed of a clear oil varnish (Old-
Wood classical amber) in combination with 29 wt% pumice powder
(Pumice Powder 6/0 from Kremer Pigmente)

� An alcohol varnish (A) consisting of shellac (Shellac Orange from
Kremer Pigmente), gum elemi (from Hammerl) and spike oil (Spike-
Lavender Oil from Kremer Pigmente) dissolved in ethanol. The
alcohol varnish is also known as “1704 varnish”.

� An oil varnish (O) (standard quality oil varnish golden brown from
Hammerl)

The thin films were obtained by applying the varnishes with a bar
coater (gap thickness between 300 μm and 500 μm) on a polypropylene
(PP) foil. To avoid possible deformations of the PP foil thus inducing an
inhomogeneous varnish distribution, the PP foil was fixed with a double-
sided adhesive foil to a stiff plate. The freshly applied films were dried in
a conditioned room at 20 �C and 65% RH. When the films were no longer
sticky, they were removed from the foil and conditioned in a climate
chamber at 20 �C and 35% RH for a minimum of three months.

Samples with dimensions of 6 mm� 50 mm and 4 mm� 30 mmwere
cut from dried varnish films for the dynamic and static tests, respectively.
The final thicknesses ranged between 85 μm (for the alcohol varnish) to
255 μm (for the grounding).

The densities of the varnishes after conditioning at 20 �C and 35% RH
were determined by weighing samples that were prepared for DMA
measurements (Table 1).

2.1. Static tensile tests

The aim of the static tensile measurements was to receive a higher
precision for the static tensile modulus (E0), i.e. one of the input pa-
rameters for the mechanical model used to describe the dynamic
behaviour of the varnishes (see ‘2.2 Dynamic mechanical analysis
(DMA)’ below).

A micro tensile testing setup with a 5 N load cell, as described in
Burgert et al. [18], was used to mechanically test the varnish materials.
The samples were clamped at a length of 11 mm and measured with a
displacement rate of 3 μm/s (displacement controlled). For each varnish
material, at least three samples were measured. The tests were performed
with equilibrated samples at 65% RH and 20 �C. For each sample, three
E0-moduli were determined out of linear regressions to the initial part
with a minimum of 10 measuring points and r2>0.95, r2>0.975 and
r2>0.99 respectively.

2.2. Dynamic mechanical analysis (DMA)

The viscoelastic properties of the varnishes were measured with a
DMA RSA III (TA Instruments, New Castle, USA) in the tensile mode at a
0.03% strain level. Isothermal logarithmic frequency sweeps in the range
of 0.1 Hz–30 Hz with 10 points per decade were performed at 5 �C steps
from �10 �C (occasionally �15 �C) to 30 �C (occasionally 35 �C). The
determined dynamic modulus E ¼ E

0 þ i E00 separates into the storage
modulus E0, representing the elastic behaviour, and the loss modulus E’’,
representing the viscous part. The loss tangent, depicting a measure for
the damping of the material, is defined as the ratio: tanðδÞ ¼ E00=E

0
. For

each varnish material, two samples were measured.
‘Modified’ Cole-Cole (log(E’’) vs. log(E0)) [19,20] and van

Gurp-Palmen plots (tan(δ) vs. log(E)) [15,16] were used to check the
applicability of the time-temperature superposition (TTS) and to remove
outliers. Measurements at temperatures where a vertical shift would have
been required to obtain overlapping curves in these plots, were not taken
into account for TTS. For the master curves, all measurements were
shifted to a reference temperature of 20 �C. The shifting values were
determined by minimizing the sum of the relative root-mean-square er-
rors for E0, E’’ and tan(δ). For the individual varnish sample, the shifting
of the different viscoelastic measures was performed with the same pa-
rameters. The profile of the shifting values was in good agreement with

Table 1
Average densities and their standard deviation (std) of the selected varnish
materials, measured on dried samples with dimension 6 mm � 50 mm.

Grounding Ø
(std)

Alcohol varnish Ø
(std)

Oil varnish Ø
(std)

Density (kg
m�3)

1155 (30) 984 (30) 1097 (26)

# samples 4 7 5
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the William-Landel-Ferry (WLF) (r2 > 0.993) and to the Arrhenius model
(r2 > 0.980), thus a further indication that TTS can be applied [14].

The use of a mechanical model representing the viscoelastic varnish
properties, facilitated further numerical analyses. The five-parameter
fractional derivative model [21] was used to describe the mechanical
behaviour of the varnishes. In contrast to well-known standard models,
such as Maxwell, Kelvin-Voigt and Zener models, the five-parameter
fractional derivate model showed good agreement over a wide fre-
quency range. Adapted from the complex shear modulus, E0, E’’ and
tan(δ) are described with five parameters: the static modulus E0, a
modulus E∞ being related to the high-frequency dynamic modulus, the
fractional derivatives governing the low and high frequency behaviour α
and β and the relaxation time t by Ref. [21]:

E
0 ¼E0 þ E0ðd� 1Þ

cos
�
απ
2

�
ωα

n þ cos
�
ðα� βÞ π

2

�
ωαþβ

n

1þ 2 cos
�
βπ
2

�
ωβ

n þ ω2β
n

(1)

E00 ¼E0ðd� 1Þ
sin

�
απ
2

�
ωα

n þ sin
�
ðα� βÞ π

2

�
ωαþβ

n

1þ 2 cos
�
βπ
2

�
ωβ

n þ ω2β
n

(2)

where d ¼ E∞
E0
, ωn ¼ 2πf τ and f the frequency.

2.3. Numerical studies on the vibrational and mechanical properties of
varnished wood

Two comparisons of the obtained varnish properties and their influ-
ence on the vibrational properties of wood to experimentally measured
varnish induced changes as given in Ref. [5] were conducted. The same
varnish materials were used in both the latter and current study. Since in
Ref. [5] only the oil and alcohol varnishes were studied individually in
different multi-layer varnish systems, the comparison could only be made
for the two varnishes. A comparison to experimental measurements of
varnished wooden plates for the properties of the grounding was not
possible. Furthermore, the influence of the varnish on the damping
properties of tonewood and the varnish induced shifts of the eigen-
frequencies of a violin soundboard were numerically investigated as
described in the following paragraphs.

2.3.1. Comparison of dynamic mechanical properties (case 1)
The obtained complexmoduli of the pure varnishes were compared to

an inverse determination of E on the basis of a two-layer finite element
method (FEM) model and the measured frequency changes in Ref. [5]. In
the FEM model, the varnish was modelled as a continuous and
non-penetrating layer on top of the wood plates. The plate dimensions
and wood properties were taken from Ref. [5]. The varnish thicknesses
were determined on the basis of the given varnish induced mass changes
and their densities (cf. Table 1). E was then determined from an opti-
mization by minimizing the objective function:

g¼
X
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Δfi;num � Δfi;exp
fi;num;unvarnished

�2
s

(4)

Where Δf ¼ fvarnished � funvarnished is the frequency difference between the
varnished and unvarnished plate (induced by the varnish application) for
mode i. Referring to Ref. [5], the first radial and longitudinal as well as
the first and second torsional bending modes were considered. The
subscripts num and exp correspond to the frequencies being determined
numerically and experimentally.

2.3.2. Comparison of eigenfrequencies (case 2)
The influence of the obtained mechanical varnish properties on the

eigenfrequencies of the wood plates was determined by FEM simulations
(same FEM model as for case 1) and compared to the experimentally
observed changes.

2.3.3. Influence of the varnish on damping properties of tonewood (case 3)
The effect of the varnishes on the damping properties of wood was

evaluated following the general formulation for multi-layered build-ups
as carried out for the loss tangent by Ref. [12]:

tanðδÞ¼
P ðEI tanðδÞÞjP ðEIÞj

(5)

where I is the secondmoment of area and j refers to the different layers of
the build-up (i.e. wood and varnish). For this analysis, the obtained
varnish properties with a varnish thickness of 100 μm were investigated

in combination with common Norway spruce tonewood properties (r ¼
460 kgm�3, EL ¼ 15 GPa, ER ¼ 0.8 GPa, tan(δ)L ¼ 0.007, tand(δ)R ¼
0.020) at low frequencies from Ref. [22] and a wood thickness of 3 mm.

2.3.4. Eigenfrequencies of a varnished violin soundboard (case 4)
The potential influences of encountered differences in E of various

varnishmaterials and the frequency dependence of the varnish properties
on the eigenfrequencies of a violin soundboard were investigated by FEM
calculations. For this analysis, the moduli of wood and varnish were

Fig. 1. Wall thickness distribution of the studied violin soundboard.
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assumed as constant (i.e. independent of frequency). Inter-varnish vari-
ations and frequency dependences of the varnish properties were taken
into account in so far, as two varnishes with different complex moduli
were considered. In order to highlight differences, slightly exaggerated
values of the DMA measurements were used. The influence of a
‘compliant’, referring to a relatively low E (Ev ¼ 1 GPa) and a ‘stiff’
varnish (Ev ¼ 3 GPa), on the eigenfrequencies of a violin soundboard
made of rather ‘compliant’ (EL ¼ 12 GPa, ER ¼ 800 MPa, GLR ¼ 700 MPa)
and ‘stiff’ (EL ¼ 15 GPa, ER ¼ 1000 MPa, GLR ¼ 900 MPa) Norway spruce
wood were evaluated. The calculations were performed using Abaqus
with a CAD model on basis of an X-ray tomography of a real instrument.
The wall thickness distribution of the soundboard is shown in Fig. 1.
Varnish thicknesses of 50 μm, 100 μm and 150 μm were considered for
the study. The densities of Norway spruce and varnish were selected as
430 kgm�3 and 1100 kgm�3 respectively.

3. Results and discussion

3.1. Results of the static tensile tests

Even though variations between samples of the same varnish material
were apparent, there were clear differences between the different varnish
materials. While the alcohol and oil varnish did not show any fracture up
to the maximum applied strains (one oil varnish sample was strained up
to 64% for testing purposes), the grounding had a consistent ultimate
strain of 1.446(�0.009)%.

From the three varnishes tested, the grounding clearly showed the
highest static tensile modulus with 497(�92) MPa, roughly seven times
(based on the averaged values) greater than the modulus of the alcohol
varnish reaching 69(�16) MPa. However, the latter was again (based on
the averaged values) around 3.7 times greater than the static tensile
modulus of the oil varnish, for which only two values could be obtained
by the applied method (11 and 23 MPa).

The detailed results of the static tensile tests are provided in the
supplementary materials. The values reported here refer to the values
obtained for r2>0.975.

3.2. Results of the dynamic mechanical analysis

Fig. 2 exemplarily visualizes the TTS working principle for one
grounding sample. The original measured data for E0, E’’ and tan(δ), as
shown in Fig. 2 a, were shifted to form continuous master curves over a

wide frequency range (Fig. 2 b). The corresponding shifting values are
shown in the figure legend.

Different fits of the five-parameter fractional derivative model
(equation (1) to (3)) to the obtained master curves based on the exper-
imental measurements, varying with handling of E0, were determined.
The values were obtained by minimizing the sum of the root-mean-
square errors of E, E0, E’’ and tan(δ). Fig. 3 shows four different fits to
the master curve in the frequency range of 0.1 Hz–100000 Hz for the
same grounding sample as before (cf. Fig. 2). For the first three curves,
the fitting was reduced to a four parameter problem by using the mean
value (E0, stat. Ø ¼ 497 MPa), the lowest (E0, stat. low ¼ 393 MPa) and the
highest (E0, stat. up ¼ 677 MPa) value for E0 from the static measurements
(cf. supplementary materials). In contrast, the fourth curve (E0, opti),
shows the fitting result without predetermined E0. For the complex
modulus, all regressions showed a good agreement over the frequency
range considered. For low frequencies values, where E approaches the
different E0, major differences became apparent. Besides this, strong
deviations to the master curve for low frequencies (f<1 Hz) emerged for
tan(δ) when using the measured static E0, stat. The results illustrate that
the influence of E0 was restricted to the low frequency range (f<1 Hz), a
region that is not relevant for the study of musical instruments. In the
frequency range of 1 Hz–100000 Hz, all regressions show a good
agreement for the viscoelastic measures, irrespective of E0. Regarding
violins, the frequency range of interest can reasonably be assumed to be
greater than 20 Hz. Thus, for further numerical evaluations of the varnish
impact on the vibrational behaviour at different frequencies, the actual
choice of E0 plays a minor role.

A comparison of the master curves of all samples is provided in Fig. 4
a and b. Fig. 4 c and d show the corresponding fits on basis of the five-
parameter fractional derivative model obtained for regressions in the
range of 0.1 Hz–100000 Hz and taking the mean value of E0 from the
static tensile measurements. The selected E0 and the obtained parameters
are summarized in Table 2. For all varnishes, E increased with increasing
frequency while tan(δ) decreased. The values of tan(δ) are thereby
strongly negatively related to log(E’/r), irrespective of the varnish ma-
terials (Fig. 5). As previously for the static tensile measurements, the
grounding showed the highest while the oil varnish showed the lowest E
for the entire frequency range. At the same time, tan(δ) was highest for
the oil varnish and lowest for the grounding.

In case of tan(δ), the main deviations between the different varnish
materials occurred at low frequencies while differences at higher fre-
quencies were smaller. Overall, the complex modulus and tan(δ) of the

Fig. 2. a Storage modulus E0, loss modulus E’’ and loss tangent tan(δ) for one grounding sample at various temperatures and b the corresponding shifted master curves
for E0, E’’ and tan(δ) at 20 �C. To increase clarity, only every second measuring point is shown.
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Fig. 3. Comparison of the DMA master curve (*) to the regressions for the five-parameter fractional derivative model on basis of the average (E0, stat. Ø ¼ 497 MPa), the
lowest (E0, stat. low ¼ 393 MPa) and the highest (E0, stat. up ¼ 677 MPa) observed static tensile moduli as well as without E0 (E0, opti) for a the complex tensile modulus |
E| and b tan(δ).

Fig. 4. DMA master curves for all samples for a complex modulus |E| and b tan(δ). The symbols indicate the sample replicates. The applicability of the corresponding
fitted models for c complex modulus |E| and d tan(δ) are restricted to frequencies greater than 1 Hz. In c, the inverse determined E for the alcohol and oil varnishes are
shown as boxplots.
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investigated varnishes showed similar behaviours and both were strongly
dependent on the frequency; especially tan(δ) for frequencies lower than
1000 Hz.

When analyzing the input parameters for the dynamic model, espe-
cially in the case of tan(δ), the static tensile modulus E appears to be
relatively high. However, due to the difference in nature between static
and dynamic measurements, the results of the two methods cannot be
directly compared. Moreover, the static modulus is also dependent on the
strain rate. A further decrease in the strain rate and an associated
reduction of the static tensile modulus would bring the values closer to
those obtained by optimization.

The differences between the values of the various varnish materials
are attributed to the properties of the individual ingredients and their
combination within the varnish recipes. The latter determines the film
formation and cross-linking processes that are governed by physical
changes and chemical reactions [23]. The high stiffness and brittle
behaviour of the grounding can be attributed to the application of pumice
powder, which functions as a reinforcement. The alcohol varnish mainly
consists of shellac dissolved in ethanol. The film forming process will
emanate from physical changes and crosslinking of the polyester matrix
and the simultaneous formation of aleuritic acid establishing a stiff
three-dimensional network of macromolecules. In contrast, the film for-
mation of linseed oil (in grounding and oil varnish) is dominated by

chemical reactions, mainly oxidation and polymerization at the
carbon-carbon double bonds [23,24]. Turpentine (in the oil varnish) and
drying oils are subjected to both. Firstly, evaporation of the volatile
components will take place followed by a crosslinking of the unsaturated
fatty acids similar to the processes occurring for linseed oil [23]. As
observed for linseed oil, the oxidation and polymerization is a persistent
process, that continues for years [24]. Accordingly, turpentine and
linseed oil are expected to still contain unreacted compounds such as
glyceride that act as plasticizers and therefore result in the observed low
stiffness of the oil varnish.

3.3. Numerical studies of the vibrational and mechanical properties of
varnished wood

3.3.1. Numerically determined dynamic mechanical properties (case 1)
The boxplots in Fig. 4 c show the resulting varnish properties ob-

tained by the inverse determination for experimental measurements of
the influence of the varnish on wooden plates. Generally, the resulting E
are of the same order as for the DMAmeasurements. Moreover, as for the
DMA measurements, the alcohol varnish had a higher E than the oil
varnish. Nonetheless, deviations between the methods occur, which
might be explained by the inverse determination on basis of four ei-
genmodes at different frequencies and the assumptions made for the
numerical FEM model (i.e. non-penetrating varnish with constant E).

3.3.2. Numerically determined eigenfrequencies (case 2)
The comparison of the numerically and experimentally determined

varnish-induced changes of the eigenfrequencies (Fig. 6) revealed an
overall good match, when taking the value of E at the corresponding
eigenfrequency. In contrast, pronounced differences were obtained when
neglecting the frequency dependence of the varnish properties, i.e. when
the tensile moduli of the varnishes were evaluated at 1 Hz. The com-
parison confirmed the applicability of the mechanical varnish models for
numerical evaluations of the influence of the varnish and demonstrates
that the frequency dependency cannot be neglected, at least for the
varnishes studied. The influence of the frequency is particularly notice-
able for modes that exhibit a strong varnish influence. The variance of the
varnish influence for the different modes resulted from the specific wood
and varnish properties, as well as from manual varnishing procedure: the
same varnish has a different effect on a plate with lower stiffness
compared to a plate with a higher stiffness and again different when
applied thicker or thinner.

However, a numerical determination of the varnish influence requires
that the corresponding frequency range is known to be correctly re-
flected. Restrictions on the frequency range of the varnish properties thus
directly limit the frequency range for the numerical calculation of the
varnish influence. Furthermore, a realistic model must be considered. If,
as in the present investigations, the varnishes only slightly penetrate into
the wood, the assumption of a two-layer varnish model is well justified.
For (varnish) systems with higher penetration depths or more complex
structures (e.g. multi-layer varnish systems), more complex numerical
models are likely to be required as well.

3.3.3. Influence of the varnishes on damping properties of tonewood (case 3)
The influence of the varnishes on the damping properties of wood,

which was evaluated based on eq. (5), is provided in Fig. 7. As input for
the varnish material properties, the fitted five-parameter fractional de-
rivative model (without predetermined E0) was used. The results show an
increase in tan(δ), which was found to be more pronounced in radial than
in longitudinal directions. As for the varnish properties themselves, the
influence of the varnish on the wood was found to exhibit a strong fre-
quency dependency. The highest influence of the varnishes was observed
at low frequencies. With increasing frequency, this influence decreases
continuously. However, this study does not consider the frequency-
dependence of the wood damping properties. These latter properties
are known to increase with frequency, especially for frequencies higher

Table 2
Model parameters for the five-parameter fractional derivative model for the DMA
samples (cf. equations (1)–(3)). The values for E0 derive from the static tensile
tests, the remaining parameters were obtained by fitting the model to the
experimental results.

Sample E0 (MPa) E∞ (GPa) α (�) β (�) t (s)

Grounding 1 500 2.08 0.309 0.288 0.268
2 500 2.12 0.346 0.318 0.132

Alcohol 1 70 1.89 0.330 0.314 0.125
2 70 1.83 0.335 0.313 0.179

Oil 1 20 1.37 0.391 0.360 0.127
2 20 1.41 0.402 0.370 0.075

Fig. 5. Relation between tan(δ) and E’/ρ for the master curves of the
different samples.
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than 2000 Hz and for tan(δ) in the longitudinal direction [22,26]. Thus,
the influence of varnish at high frequencies should be less pronounced
than described in Fig. 7. Consequently, the frequency-dependence of the
influence of the varnish on the damping properties of wood would be
further enhanced. Differences in varnish materials are also apparent but
remain less pronounced than the influence of the frequency for the fre-
quency range considered (from 1 Hz to 10000 Hz).

3.3.4. Eigenfrequencies of a varnished violin soundboard (case 4)
The influence of a stiff and a compliant varnish on the eigen-

frequencies of the first eight eigenmodes of a violin soundboard, evalu-
ated by FEM calculations, are summarized in Table 3. Besides the
stiffness of the varnishes, Table 3 summarizes the results for different
thicknesses of the varnish applied to a stiff and a compliant Norway
spruce soundboard. The observed changes arise from two overlapping
aspects. The varnish-induced mass increase results in a (slight) decrease
in eigenfrequencies. Subject to the tensile moduli of wood and varnish
and depending on the specific eigenmode, this decrease will be further
pronounced or counteracted.

For the performed study, the stiff varnish resulted in an increase for
all eigenfrequencies, irrespective of the mode and the thickness of the

varnish. However, the compliant varnish reduced the eigenfrequencies
(expect for mode 2 of the compliant soundboard). Generally, the influ-
ence of the varnish on the eigenfrequencies of individual modes
increased with increasing varnish thickness (except for the influence of
the stiff varnish on the eigenfrequency of mode 6). The highest absolute
increase was recorded for mode 8 (þ26.2 Hz ≙ 5.4% on stiff Norway
spruce wood, þ 32.8 Hz ≙ 7.6% on compliant Norway spruce wood),
while the highest relative increase was recorded for mode 2 (þ7.1% on
stiff spruce, þ 9.6% on compliant Norway spruce wood). For the de-
creases, the highest absolute change was recorded for mode 6 (- 14.7 Hz
≙ �3.3% on stiff spruce, - 10.9 Hz ≙ �2.8% on compliant spruce), while
the maximum relative decrease was recorded for mode 1 (- 3.7% on stiff
Norway spruce wood, - 3.0% on compliant Norway spruce wood).
Considering themode shapes, major increases arise for stiff varnishes and
modes that show a high sensitivity to radial wood properties (mode 2 and
8), while major decreases occurred for compliant varnishes and modes
determined by EL (mode 6) and GLR (mode 1) [cf. 27]. The application of
the compliant varnish on the stiff soundboard generally resulted in the
highest observed decreases, whereas the application of the stiff varnish
on compliant soundboard resulted in the highest observed increases and
highest overall determined changes. In contrast to these extremes, the

Fig. 6. Comparison of experimentally and numeri-
cally determined varnish-induced changes of eigen-
frequencies for different eigenmodes of Norway
spruce wood plates The experimentally measured
changes (values taken from Ref. [25]) are shown by
the black boxplots. The numerical results were
determined in two different ways: (i) EV was deter-
mined at the actual eigenfrequency (blue boxplots)
and (ii) EV was determined at 1 Hz (green boxplots).
For each mode, the results of the alcohol varnish are
plotted on the left and the results of the oil varnish are
plotted on the right side.

Fig. 7. Influence of the studied varnishes on the loss tangent of wood for the a longitudinal direction (tan(δ)L,wood ¼ 0.007, EL,wood ¼ 15 GPa) and b radial direction
(tan(δ)R,wood ¼ 0.020, EL,wood ¼ 0.8 GPa). The obtained absolute values are shown as blue curves while the relative changes to the initial wood properties are shown
in orange.
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application of compliant varnish on the compliant soundboard showed
the lowest influence of a varnish application on the eigenfrequencies. For
the latter, the changes induced by the additional mass of the varnish are
more or less balanced by the stiffening effect of the varnish.

As described above, the calculations were performed with exagger-
ated values for the tensile modulus of the varnishes. In the range of
frequencies of the eigenmodes examined here, the frequency-dependent
differences of Ev were less pronounced. Nevertheless, in addition to the
different values for the various varnish materials, an influence of the
frequency was already visible for these first eigenfrequencies, in the
range of 100–500 Hz. However, it was not only attempted to represent
the frequency dependence of the dynamic varnish properties with the
selected Ev, but rather to cover a general range of Ev which can be ex-
pected for highly diverse varnish materials.

The comparison of the influence of a compliant and a stiff varnish on
the eigenfrequencies of a soundboard, resulting mostly in decreases and
increases respectively, highlights the importance of the varnish stiffness.
The latter, however, might be subject to two factors as described before:
the actual varnish material itself and the frequency of the eigenmode.
While it is therefore not possible to make general statements on the sign
of the shift of the eigenfrequencies for soundboard and violins, the results
indicate that numerical models are able to correctly determine distinct
changes provided that the viscoelastic properties of the varnish are
known. Even though the calculated changes in eigenfrequency are
smaller than changes induced by e.g. plate thickness and arching changes
[cf. 28], they might be helpful for luthiers, who tune their plates and
violins in the white, i.e. before any varnish application. The X and ring
mode (here mode 2 and 6 respectively) are commonly used for plate
tuning [29]. Both modes revealed (among the observed modes) a high
sensitivity of the eigenfrequencies to a varnish application. These modes
will be differently influenced depending on the varnish properties.

4. Conclusions

The viscoelastic properties of three different traditional varnishes
were characterized over a wide frequency range, thereby covering the
relevant audible frequency range. Comparisons to experimental mea-
surements on the influence of varnishes on wooden plates show good

agreement with numerical FEM calculations in relation to the determined
varnish properties. Hence, the obtained material models can be used to
perform further numerical evaluations, e.g. as done in this study for
calculating the expected changes when applied on a violin soundboard.
For general statements on the influence of the studied varnishes on the
vibrational properties of wood, three main considerations should be
taken into account with respect to the varnish properties: (i) the general
trend of an increase in the complex tensile modulus and a decrease in
tan(δ) for an increasing frequency is similar for the different varnishes,
(ii) different varnish materials have different varnish properties. While
for the studied varnishes the differences in E remains more or less con-
stant over the frequency range, the differences in tan(δ) are most pro-
nounced at low frequencies. Thereby, the relation of tan(δ) to log(E’/ρ) is
independent of the varnish material and the frequency, (iii) the visco-
elastic properties show a strong dependence on the frequency, which is
most pronounced for tan(δ) in frequencies smaller than 1000 Hz. Thus,
for any discussion of the influence of the varnish on the vibro-mechanical
properties of wood, it is important to note and consider the frequency of
the corresponding eigenmodes.

Despite the presented frequency changes, associated changes of the
damping properties should be kept in mind. The influence on tan(δ) for
the studied varnishes, is more pronounced for compliant than for stiff
varnishes and most accentuated at low frequencies.

To further improve the understanding of the influence of varnishes on
the vibro-mechanical properties of wood, research on additional varnish
materials should be conducted. Investigations on the changes of the
varnish properties over time would add to the picture. Moreover, the
frequency dependent influence of varnishes on the vibrational properties
of whole instruments could be studied. Finally, such investigations could
help luthiers and scientists to select between different varnishes or for
assessing the suitability of newly designed varnishes.
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¼ 1 GPa
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¼ 50 μm
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Abstract Wood varnish coatings not only are aestheti-

cally important, but also preserve the musical instrument

from wear and fluctuations in the ambient humidity.

Depending on the thickness, extent of penetration into the

wood and the physical and mechanical properties after

hardening, varnishes may change the mechanical and also

vibro-acoustical properties of the coated wood. Contrary to

studies on the chemistry of the varnish and primer used for

old and contemporary musical instruments, the physical

and mechanical properties of the varnished wood in rela-

tion to the geometry of their interface have been poorly

studied. We implemented non-destructive test methods,

i.e., vibration tests and X-ray tomography, to characterize

the hardening-dependent change in the vibrational proper-

ties of master grade tone wood specimens after coating

with four different varnishes. Two were manufactured in

the laboratory, and two were supplied from master violin

makers. For a controlled accelerated hardening of the

varnish, a UV exposure method was used. It was demon-

strated that varnishes increase wood damping, along and

perpendicular to the grain directions. Varnishes reduce the

sound radiation along the grain, but increase it in the per-

pendicular direction. Changes in the vibrational properties

were discussed together with results of 3D images of wood

and varnish microstructure, obtained from a customized

tabletop X-ray microtomographic setup. For comparison,

the microstructure of the interface of the varnished wood in

the laboratory and of specimens from two old violins was

analyzed with the same X-ray tomography setup. Labora-

tory varnishes with various compositions penetrated dif-

ferently into the wood structure. One varnish of a master

grade old violin had a higher density and was also thicker

and penetrated weaker into the wood, which is more likely

related to a more sophisticated primer and varnish appli-

cation. The study demonstrates the importance of the vibro-

mechanical properties of varnish, its chemical composition,

thickness and penetration into wood.

1 Introduction

The term varnish is generally referred to as ‘‘a liquid

which, when coated over a solid surface, dries to a trans-

parent film’’ [1]. Wooden musical instruments are covered

by varnish layers often made by different organic com-

pounds. They protect the musical instruments from changes

in the relative humidity (RH) and direct contact with the

player. Varnishes are aesthetically important for the

instrument, and they also influence the acoustics of the

instrument by modifying the wood properties, e.g., mass,

stiffness and damping.

Wood is the preferred material for most music instru-

ments. It is a hierarchically structured cellular composite,

with various anatomies and biochemical compositions

depending on the selected species. The density, hygro-

scopicity and vibro-acoustical properties vary between
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wood species. At the submicron scale, e.g., cell wall sub-

layers and middle lamella, wood can be seen as a fibrous

composite material, whereas the cellulose crystalline

microfibrils represent the reinforcing components in a

matrix consisting of hemicelluloses and lignin [2]. Briefly

speaking, cellulose is mainly responsible for stiffness,

while the matrix is more sensitive to humidity variations

and contributes to the viscoelasticity and swelling of wood.

Microfibrils and matrix are linked by hydrogen bonds and

covalent cross-linkages, which enforce the hygroscopicity

and dimensional instability of the bulk material. Physical

and mechanical properties of wood are different along and

perpendicular to the longitudinal cells, i.e., tracheids in

softwood. Moreover, Norway spruce ‘tone wood’ used for

soundboards of violin families has different properties, i.e.,

lower density and narrower annual rings than timber used

for construction. Thus, it is safe to assume that treating of

the surface of this fine material, with a solid, e.g., varnish,

will influence the delicate vibro-acoustic performance of a

music instrument. To date, we do not exactly know how the

microstructure and physical properties of varnish will

change the vibration and damping of the treated wood and

influence the vibration and acoustics of string instruments.

It is generally assumed that the varnish of old Cremona

violins have unique properties which are partly responsible

for their superior sound quality. Even though experts agree

that the good contemporary violins might sound as good as

the esteemed Cremona violins [3], the history and aes-

thetical features of the old varnishes provides an excep-

tional added value to old instruments. This encourages

further analytical studies to help understand the details of

varnishing craftsmanship used for esteemed Cremona

instruments. Microscopy of semi-thin sections from his-

torical instruments showed that the wood coating has two

principal layers that consist of inorganic or organic com-

pounds: the primers, which are a transparent or lightly

colored layer containing mineral particles and then several

layers of varnish. In the case of the violin, the varnish can

be slightly colored, containing organic dyes, finely dis-

persed of organic lakes or inorganic pigments [4]. The

vibrational properties of the varnished wood depend on

(a) composition and thus the time-dependent physico

(thermo-hygro)-mechanics of varnish and (b) the extent of

penetration of varnish into wood which makes the inter-

face. The chemistry of the layered structure of varnish in

historical instruments, in terms of mineral elements and

organic compound, has been studied in in-depth in the past

[5–7]. Also, the geometry of the interface has been inves-

tigated using different microscopy techniques [8, 9] or by

applying synchrotron [10, 11] methods. Nevertheless, non-

destructive X-ray imaging techniques have a larger

potential for documentation and diagnosis of cultural her-

itage objects such as old violins [12–14]. Also, the physical

and mechanical properties of contemporary and old var-

nishes and their impact on vibro-mechanics and hygro-

scopicity of the coated wood are not well studied. Our

knowledge on changes in wood properties after coating is

mainly based on studies by Haines [15], Ono [16, 17],

Schleske [18, 19] and Obataya et al. [20] that examined the

vibrational behavior of small wood strips or plates before

and after coating. They reported changes in the stiffness

and internal damping of the varnished wood and discussed

problems regarding the orthotropicity of wood properties,

i.e., different stiffness and damping properties along the

grain (longitudinal) and perpendicular to the grain

(transversal). Considering that the varnish composition is

different for each violin maker, an understanding of the

relationship between the chemistry of varnish and changes

in the physico-mechanical properties of the coated wood is

still a challenge. The problem is even more complex, when

we note that the criteria used by different violin makers and

tone wood retailers for selecting master grade tone wood,

even for the most commonly referred properties of tone

wood, e.g., internal damping or density, are different.

The main objective of the presented study was to

improve our understanding on the changes in vibro-me-

chanics of coated wood, in relation to the varnish compo-

sition and geometry of wood and the varnish interface. Our

hypothesis is that changes in mass, stiffness and

microstructure of the interface layer influence damping,

stiffness and sound radiation of coated wood strips. Twin

specimens of Norway spruce tone wood were excised from

sapwood and heartwood (the outer and inner part of the tree

trunk), and their natural frequencies and internal damping

were measured before and after coating with different

varnishes at different hardening states. Certain simplified

recipes were used for preparation of varnishes in the lab-

oratory. Changes in the vibro-mechanical properties were

discussed in comparison with X-ray microtomographic

sections, showing the thickness of varnish and its depth of

penetration into wood. Moreover, results were compared to

the X-ray microtomographs of specimens from two old

violins, one from a cello made in Turin, Italy, in 1640/60

and the other from a violin manufactured in Saxony,

Germany, around 1920.

2 Materials and methods

2.1 Wood

Twin wood plates with dimensions of 120 mm (R, radial

direction) 9 2.5 mm (T, tangential direction) 9 420 mm

(L, longitudinal direction) were excised from a plank of

Norway spruce wood (Picea abies L.), with narrow and

even annual rings and perfectly quartered with minimal run
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out according to the criteria for ‘master grade’ tone wood

for violin making. The tree was felled in autumn 2010, in

the Berguen region, Switzerland. Forty quarter-sawn strip

specimens of 12 (R) 9 2.5 (T) 9 150 (L) mm3 were pre-

pared for characterization of the vibro-mechanical prop-

erties in the longitudinal direction and also 20 strip

specimens of 120 (R) 9 12 (T) 9 2.5 (L) mm3, for

transversal direction. From the 40 longitudinal specimens

above, 20 were prepared from sapwood (SW_L), the

outermost portion of a tree trunk, which is used for making

the central part of violin top plate and 20 from the heart-

wood (HW_L). Specimens were stored and conditioned in

a climate chamber at 30 % relative humidity (RH) at

20 �C. The density at equilibrium moisture content (EMC)

was 439.4 (±8.3) kg/m3 for HW_L, 444.1 (±9.5) kg/m3 for

SW_L and 439.9 (±4.7) kg/m3 for transversally excised

specimens (TR).

In Fig. 1, the selected material illustrated at three dif-

ferent spatial scales, (a) macroscale: sound board, (b) me-

soscale: test specimens for the vibrational tests and

(c) microscale: microtomography image of the cellular

structure of Norway spruce wood, is presented. In the lat-

ter, the orthotropic directions and some important

anatomical feature of Norway spruce wood are highlighted.

2.2 Varnish and accelerated hardening with UV

light

We selected four varnishes, two prepared in the laboratory

and the other two were collected from two professional

luthiers in Germany. The luthiers made their varnishes in

their own workshops, but shared the major components of

their varnished and their volume fractions. The prepared

and laboratory-made varnishes were designed by Johanna

Pflaum, a qualified luthier who studied at Mittenwald in

Germany. The main ingredients of the utilized varnishes

were:

• Laboratory_1 (lab_1): 50 g colophony, 30 g linseed oil

and 30 g terpentin oil targeting a 77 % resin and a

23 % oil composition

• Laboratory_2 (lab_2): 112,5 g burgundy resin, 37.5 g

amber and 150 g linseed oil targeting a 50 % resin and

a 50 % oil composition

• Luthier_1 (lut_1): 750 g amber, 200 g dammar, 60 g

manila copal and 50 g aloe targeting a 62 % resin and

38 % oil composition

• Luthier_2 (lut_2): 1.5 l linseed oil, 150 g aloe, 500 g

amber, 26 g dragons blood, 33 g gamboge targeting a

60 %resin and 40 % oil composition

We used a mixture of egg white, linseed oil and water as

a basic primer before varnishing the wood. All specimens

were coated first, with a similar quantity of primer, 0.16 g

for the longitudinal and 0.12 g for the radial specimens. A

drop of primer solution was placed with a pipette onto the

wood and spread over the surface with a thin spatula. After

5 days of drying, the same method was implemented for

applying one layer of varnish. Our main aim was not to

obtain a good quality varnish in the laboratory or to apply it

professionally on the wood surface, but to keep the pro-

cessing method structured, documented and repeatable for

our analytic studies.

To speed up hardening of varnish, all varnished speci-

mens were simultaneously exposed to five and two incre-

mental steps of 3 h (a total of 5, 8 and 11 h) in a custom-

made UV box. As part of the hygroscopic moisture is

desorbed after UV exposure, a waiting time of up to 7 days

was required between measurements until the specimens

reached EMC at 30 % RH. Thus, the specimens were kept

in the controlled 30 % RH chamber between each UV

Fig. 1 a Norway spruce tone wood plank, b strip-shaped wood specimens and c 3D microstructure of Norway spruce wood acquired by

synchrotron X-ray tomography
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exposure, and their mass measured until gaining EMC.

Table 1 shows the mass of varnish layer measured after

treating the wood specimens and after 5-, 8- and 11-h

exposure to UV light and equilibrium at 30 % RH.

Although we intended to coat the wood with a similar

quantity of varnish, the total mass of coating was different

depending on the varnish type, e.g., significantly higher for

lab_2 and reduced after UV exposure.

Moreover, two 1.5 9 1.5 9 1.5 mm3 wood specimens

were excised from old violins, for comparison of the spatial

geometry of varnish and the wood interface with the var-

nished specimens treated in the laboratory. One specimen

was excised from the spare edge of a Cello made in

1640-60, after being trimmed by luthiers to a more man-

ageable size in recent years. The instrument had been

crafted in Turin, Italy, most probably by Henricus Casner,

also known as Enrico (also the specimen label in the

study), and is still in an excellent condition and sounds

wonderful. The other specimen was from a violin manu-

factured in Markneukrichen, Saxony, Germany, made

around 1920. It is a violin of average quality and not worth

restoration and thus dedicated for destructive tests.

2.3 Vibrational test setup

We used a free–free resonance flexural vibration test to

determine the first resonance frequency (fR) and internal

friction (tan d) in beam elements [16, 20]. Non-contact

forced-released vibration was enforced through an electro-

magnet device, in the face of a thin metallic plate of

\20 mg weight. Metallic plates were glued to one end of

each wood specimen, and displacements at anti-node of the

first vibration mode were measured using a laser triangu-

lation displacement sensor. Vibration emission and acqui-

sition of data were performed in a custom-developed

algorithm in labview (described previously in [21]). A

broadband frequency scan was used to detect the first

resonance frequency, on which a second, narrow-band scan

allowed the determination of the quality factor Q (band-

width at half-power). Then, the excitation (fixed at fR) was

stopped and the logarithmic decrement (k) of amplitudes

was recorded to compare the tan d in both frequency (1/Q)

and time (k/p) domains. Given the high aspect ratio of the

samples, the influence of shear and rotary inertia was

ignored. Thus, the specific modulus of elasticity was cal-

culated by using the fR in Euler–Bernouilli equation:

E

q
¼ 48p2l4

m4
nh

2
f 2Rn ð1Þ

where l is the length of the sample, h is the thickness, fRn is

resonance frequency of the mode n and m is a constant

equal to 4.730 at the first vibration mode. Also, E is

Young’s modulus along the specimen length, and q is the

density of the material; thus, the unit of the specific mod-

ulus of elasticity E/q is MPa m3/kg. All measurements

were taken inside a humidity- and temperature-controlled

chamber, at 30 % RH and 20 �C, while specimens were at

EMC. The primer and varnish were implemented inside the

same climatic chamber, and measurements were repeated

immediately after varnishing, and also after specimens

reached EMC after 5-, 8- and 11-h exposure to UV light.

Each measurement was repeated three times, and the mean

values calculated. Subsequently, the sound velocity, c,

sound radiation coefficient, R, and characteristic

Table 1 Mass of varnish layer

(in mg) after treating the surface

of wood specimens, and after 5-,

8- and 11-h exposure to UV

light

Hardening state Mass of varnish layer (mg)

Wet 5 h UV 8 h UV 11 h UV

HW_L

Lab_1 93.2 (±1.6) 86.9 (±1.1) 84.0 (±1.4) 82.3 (±0.9)

Lab_2 101.1 (±1.1) 93.0 (±2.0) 92.1 (±2.0) 92.0 (±2.0)

Lut_1 84.84 (±1.7) 71.6 (±1.8) 72.9 (±2.8) 70.82 (±2.9)

Lut_2 83.2 (±0.6) 70.9 (±1.1) 72.66 (±4.1) 69.0 (±0.6)

SW_L

Lab_1 97.1 (±1.1) 90.22 (±2.1) 87.1 (±2.1) 85.4 (±2.3)

Lab_2 102.7 (±1.4) 92.6 (±1.9) 91.2 (±0.9) 90.2 (±1.7)

Lut_1 87.12 (±1.9) 73.7 (±1.6) 72.6 (±2.1) 70.9 (±2.4)

Lut_2 86.1 (±1.8) 72.7 (±1.7) 71.9 (±1.6) 70.4 (±1.8)

TR

Lab_1 72.8 (±0.7) 63.7 (±1.2) 60 ( (±0.8) 57.8 (±0.9)

Lab_2 80.8 (±1.5) 67.4 (±1.7) 65.8 (±1.7) 64.2 (±1.9)

Lut_1 66.1 (±1.5) 53.2 (±2.0) 51.6 (±1.6) 48.2 (±2.0)

Lut_2 65.9 (±0.6) 50.1 (±0.4) 48.4 (±0.5) 47.0 (±0.2)
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impedance, z, in the longitudinal (_L) and transversal (_RT)

directions were calculated as:

c ¼
ffiffiffiffi

E

q

s

; R ¼ c

q
¼

ffiffiffiffiffi

E

q3

s

; z ¼ cq ¼
ffiffiffiffiffiffi

Eq
p

ð2Þ

2.4 X-ray microtomography

X-ray tomographies were performed at the center for

X-ray analytics at Empa [22] by a microfocus X-ray tube

from Viscom XT9160-TXD operating at an acceleration

voltage of 80 kV and a tube current of 120 lA. Thin

sections were extracted with a razor blade, with a

dimension of approximately 1.5 9 1.5 9 1.5 mm3 from

the coated sapwood with different varnishes and also from

old violins. All sections were scanned at ambient RH and

temperature and reconstructed with the same settings to

allow a direct inter-relative comparison. The acquisitions

were corrected for artifacts and reconstructed using

Octopus reconstruction software [25]. Full-field cone-

beam tomographic acquisitions were performed which

limited the spatial resolution to a voxel size of

2.5 9 2.5 9 2.5 lm3. In addition to 3D visualization of

the microstructure, dependency of the X-ray absorption on

the density of material enables certain analysis of the

density distribution in the wood cell walls and varnish by

comparing the relative gray values.

3 Results and discussion

Figure 2 shows the specific modulus of elasticity, E/q
versus internal damping, tan d of all wood specimens, 20

(HW_L), 20 (SW_L) and 20 (TR) before coating with the

primer and varnish. The relationship has the form of a

power law, confirming the suggested dashed-line trend by

Ono and Norimoto [16]. The average longitudinal E/q of

heartwood was 35.89 (±0.4) MPa m3/kg, of sapwood was

34.0 (±0.8) and of transversal specimens 1.93 (±0.14).

According to Eq. 2, the sound velocity in heartwood was

5991 (±35) m/s, slightly higher than in the sapwood, which

was 5832 (±72). Also, sound velocity was significantly

lower in transversal direction, 1390 (±51) m/s. This is due

to the curtail-like acting of the growth rings for sound

waves, resulting in a slower speed in the transversal

direction. The same argument explains the higher damping

in the transversal direction of 0.0168 (±0.0006), while it

was 0.0056 (±0.0001) in the heartwood along the grain and

0.0057 (±0.0002) in the sapwood.

In Fig. 3, the box-and-whisker plots of longitudinal E/q,
and in Fig. 4, the longitudinal tan d, before and after

coating with different varnished are presented. Also, Fig. 5

shows that the transversal E/q and tan d. E/q in heartwood

was higher and less scattered than in the sapwood. After

coating of wood with all the varnish types, E/q was

decreased and subsequently increased as a result of varnish

hardening after UV exposure. Nevertheless, it never

reached the initial value of E/q before coating, even after

11 h of UV exposure. Also, coating increased the tan d, in
both the longitudinal and transversal directions. UV

exposure decreased the tan d, though it never declined to

the low damping values measured in the material before

coating. However, a moderate increase in damping can be

beneficial for the sound of violins [23, 24], as high notes

are dampened and instruments sound mellow and warm. In

the transversal direction, E/q was increased after varnish-

ing and also after UV exposure as indicated in Fig. 5. The

origin of the dissimilar change in the E/q of longitudinal

and transversal specimens is related to differences between

the magnitude of stiffness in the longitudinal and

transversal directions. In the longitudinal direction, E/q of

raw wood varied between 34 and 36 MPa m3/kg, while

value of only 1.93 MPa m3/kg was obtained in the

transversal direction (Fig. 2). Coating a media with another

stiffer layer improves stiffness of the composite, which is

more likely the case in transversally excised wood speci-

mens. Thus, we can assume that varnish is stiffer than

wood in the transversal direction, even if we did not

directly measure stiffness of the varnish coating. The

scattering of the measured data was lowest on raw wood

and increased after varnishing, especially varnish lab_2,

but often reduced after prolonged exposure to UV light.

Similar to tan d, E/q scattered stronger in varnished wood,

e.g., lab_2. However, apart from this slight difference, the

box-and-whisker presentation did not indicate any other

significant differences, i.e., between the changes in the

properties in relation to the varnish type.
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Column bars in Fig. 6 show the change in the sound

radiation and acoustic impedance of wood, after imple-

menting the 4 different varnishes and hardening after 11-h

UV exposure. The initial R and z data (averaged between 5

raw specimens) are also labeled closed to each column bars

which represent the change in these properties after

implementing the respective varnishes. Varnishing

decreased the sound radiation, up to 6.5 %, along the grain.

In this regard, no significant difference was observed

between the sapwood and heartwood. Among different

varnishes, changes were most significant after coating with

lab_2 varnish, which is the one with the highest oil frac-

tion. Changes in sound radiation were also higher for the

varnish prepared in the laboratory, lab_1, compared to the

professional makers’ varnishes. Contrary to the longitudi-

nal specimens, varnishing increased sound radiation in the

transversal direction, and at a higher rate with the profes-

sional makers’ varnishes. As R describes how the vibration

of a solid body is damped by sound radiation, a higher

sound radiation correlates with the emission of a louder

sound. Also, the orthotropic changes in sound radiation,

i.e., reduction in longitudinal direction and increase in the

transversal direction, have an important influence on the

resulting sound of the music instrument, as the wood

orthotropicity is reduced. One should note that in violins,

the wood carries a significant load in longitudinal, but also

in the transversal direction, which is mechanically less

robust. This fact plays a significant role in defining the

arching of the violin soundboard by violin makers, for re-

distribution of forces in the desired directions. In this

regard, the stiffening impact of the varnish along the woods

weakest direction is likely beneficial. While varnishing has

a different influence on the longitudinal and transversal R,

the acoustic impedance z always decreased, up to 2.7 %

longitudinally and 10.5 % perpendicularly. z relates to the

transmission of vibrational energy from the soundboard to
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the air; thus, its reduction is more likely a drawback for the

musical instrument. The lab_2 showed the highest reduc-

tion in z. Luthiers who play their instruments before and

after varnishing report that the instruments often produce a

‘sharper’ sound before varnishing. However, varnishing is

an inevitable step of violin making, for the beauty of the

instrument and for protecting it from wear and moisture

exchange with air, which in turn negatively changes the

vibrational properties of wood in the short and long term.

In Fig. 7, X-ray tomography sections of wood speci-

mens treated with 4 different varnish coatings are pre-

sented. The thin-wall earlywood tracheids of Norway

spruce wood are distinguishable with larger cell lumina

with a diameter of approximately 30–40 lm. The latewood

tracheids have thicker cell walls, and their lumina were

smaller (8–15 lm) than the cells in the earlywood. Red to

yellow colors correspond to the higher gray values, due to

higher attenuation of X-ray in denser materials, while the

green to blue colors indicate material with a relatively

lower density. In this context, all 4 varnished sections had a

lower density than wood cell walls. They filled the wood

lumina, in a depth of a few hundred micrometers from the

surface. No significant differences were observed between

the depth of varnish penetration in earlywood and latewood

tracheids, even though they have different lumen size and

pit structure, and thus different permeability [26]. The

varnish lab_2 was different from the other varnishes, as it

penetrated deeper into the wood. In the latter case, there

were even lumina that were randomly filled up to 400 lm
beneath the surface. This may partially explain the inferior

properties of this varnish, regarding the impulse changes in

the sound radiation and acoustic impedance. However,

different varnishes may have different stiffness which may

significantly influence the vibro-mechanical properties of

the varnished wood. The averaged profile of the gray val-

ues over all sections confirms the above observation; gray
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value of the lab_2 specimens is significantly different from

the others, in 200 lm depth from the surface. As we

applied only one layer of varnish for simplification and

removing additional variables, e.g., discontinuities in

manually applying a multilayered varnish, the varnish on

top is too small for quantification and further discussions.

In Fig. 8a, b, the 3D rendered geometry of the varnished

wood from 2 old violins and a middle section from each

(inlet) are presented. The labeled specimen as Enrico is

extracted from an instrument made in 1640, with a varnish

of highest quality, while the other varnish, from the

instrument made in 1920s, is of average quality with traces

of repair and restoration over the years. The varnish was

thick and cracked all over the instrument, the wood was

infected by wood worm, and the instrument was in a poor

condition and cannot be restored or played anymore. In

both cases, the varnish thickness was greater in the labo-

ratory specimens, up to 40 lm in Enrico and 80 lm in

Saxony, as makers always implement several layers of

varnish and not only one coating. The varnish also pene-

trates weaker into the wood, which is likely due to the more

sophisticated primer application in a real instrument com-

pared to the laboratory varnish, but also can be dependent

in the viscosity of the varnish itself. One interesting

observation is different densities of the varnishes, which

was significantly higher in Enrico (red–yellow colors), than

in the Saxony and all the contemporary varnishes. Wood

density, especially in the latewood tracheids, was higher in

the Enrico specimen, and the growth rings were narrower,

when compared to the Saxony and contemporary tone

wood. A layer of glue was observed in the middle of the

Enrico specimen, with a density similar to the varnish and a

thickness of up to 80 lm. Microcracks, with an opening of

below 10 lm, were observed all around the surface of

Saxony varnish, which were locally covered by another

thin layer with a higher density on top (Fig. 8c). Also,
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some high density particles with dimensions of few lm
were observed on the wood surface and trapped inside the

varnish, which are parts of inorganic powders, e.g., Pumice

or chalk, used for filling the lumina on the wood surface to

avoid the penetration of varnish deep into the wood. The

assessment of the detailed chemical composition of these

components and also determining their mechanical prop-

erties for upscaling the microstructure–property relation-

ships in wood and varnish interface through a coupled

numerical and experimental approach are the topics of our

future studies.

4 Conclusion

Varnish coating plays an important role for the long-term

quality of sound of wooden musical instruments, but as

applied on the wood surface, impulse changes in the vibro-

mechanical behavior of wood can be recorded. We exam-

ined the change in the specific modulus of elasticity of

wood, which is correlated with the speed of sound and also

in the internal damping in the material, after coating with 4

different varnishes (professionally made or in the labora-

tory). It was demonstrated that all varnishes, independent

from their original compositions, increased the internal

damping of wood, along or perpendicular to the grain. The

specific modulus of elasticity and sound radiation were

decreased along the grain and increased in the perpendic-

ular direction. After exposure of varnished wood speci-

mens to UV light, the specific modulus of elasticity

increased and the internal damping decreased, as a result of

hardening of the varnish. X-ray microtomographs showed

no significant difference between extent of varnish pene-

tration into the earlywood and latewood tracheids. With all

coatings, the varnish penetrated approximately 100 lm
into the wood, with exception of the home-made laboratory

varnish that had the highest oil fraction (lab_2) and pene-

trated deeper into wood. The latter varnish caused a larger

scattering for all measured vibrational properties, and a

more significant reduction in the longitudinal sound
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radiation. However, the depth of varnish penetration was

not the only parameter that determined changes in the

vibro-mechanical properties of the varnished wood. Thus,

also the mechanical properties of varnish itself are an

important factor, which we will demonstrate in a future

study. The orthotropic changes in the sound radiation or
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speed of sound makes the continuation of this study on 2D

elements such as plates or the real curved soundboard of

the instrument important. Characterizing the orthotropic

change in vibro-mechanical properties of wood plates after

varnishing and numerical simulation of the relation

between these changes and the vibration of the violin body

are the topic of our next study.
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Brémaud for making it possible to use her developed vibrational

testing hardware and software.

References

1. R. Mayer, The Artist’s Handbook of Materials and Techniques

(Viking Press, New York, 1940)

2. R.B. Adusumalli, R. Raghavan, R. Ghisleni, T. Zimmermann, J.

Michler, Appl. Phys. A 100, 447–452 (2010)

3. C. Fritz, J. Curtin, J. Poitevineau, H. Borsarello, I. Wollman, F.C.

Tao, T. Ghasarossian, PNAS 111(20), 7224–7229 (2014)

4. M. Malagodi, C. Canevari, L. Bonizzoni, A. Galli, F. Maspero,

M. Martini, Appl. Phys. A (2013). doi:10.1007/s00339-013-7792-

2
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Abstract: In order to investigate the possibility of Oriental lacquer (urushi) as a coating for the
wooden-soundboard of musical instruments, the effects of urushi coatings on the vibrational properties
of wood were compared to those of conventional coatings. By coating, the dynamic Young’s modulus
of wood decreased slightly in its fiber direction whereas that in the radial direction increased. The most
remarkable changes due to coating were recognized in the internal friction of wood (Q−1), especially
that in the radial direction. The effect of the urushi coating on the Q−1 of wood was relatively small
and very close to those of polyurethane coating used for the soundboard of harp. The viscoelastic and
mechanical properties of urushi lacquer films were also similar to those of the polyurethane lacquer
film. These results suggested the possibility of urushi as a coating for the harp soundboard. The effects
of coatings on the vibrational properties of wood were explained by using a model considering three
layers, the uncoated wood, coating layer, and a layer consisting of lacquer and wood cell wall.

Keywords: Oriental lacquer, Wooden-soundboard, Dynamic Young’s modulus, Internal friction

PACS number: 43.75.Gh

1. INTRODUCTION
In recent years, various natural lacquers are reevalu-

ated for their safety and reproducibility. Urushi, the sap of
Japanese lacquer tree (Rhus verniciflua), is a natural lac-
quer which has been widely used in east-Asian countries
as the coating and adhesive for wooden-products. A lot of
ancient wooden-artifacts have been protected by the ex-
cellent indoor durability of urushi coating over thousands
of years. The urushi is still preferred today as it sym-
bolizes traditional Japanese beauty for its appearance, so
that, the artistic works with urushi coating are generally
called “japan” [1]. Recent investigations have clarified
that the urushi coating has high resistance to water and
chemicals [2], and its mechanical properties are compa-
rable to those of synthetic lacquer coatings [3]. However,
high cost and intractability of the urushi lacquer are seri-
ous problem for its utilization.
In order to utilize the excellent characteristics of

urushi, we focused on the possibility of urushi as a coat-
ing for the wooden-soundboard of musical instruments.

Most of wooden-instruments are made by hand with
much time and many processes. Therefore, the prolonged
drying duration and special technique required for the
urushi coating may cause few trouble, and an additional
cost for urushi coating will not induce serious increase of
total cost for making instruments. Thus the coating for the
wooden-soundboard seems a possible use left for urushi.
When we try to apply the urushi to the soundboard of

musical instrument, it should be confirmed that the urushi
is similar to conventional lacquers, in respect of their ef-
fects on the vibrational properties of wood. Although
the viscoelastic and mechanical properties of urushi have
been well investigated [4, 5], few studies have dealt with
the effects of urushi coating on the vibrational properties
of wood. In this paper, the vibrational properties of wood
with urushi coating are compared to those with conven-
tional coatings. Furthermore, the effects of coatings are
described with the viscoelastic properties of coatings and
wood, by using a model considering the porous structure
of wood.
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2. EXPERIMENTAL

2.1. Wood Specimens
Sitka spruce wood (Picea Sitchensis Carr.) for

the soundboard of piano was cut into a size of
3mm (T, tangential direction) × 15mm (R, ra-
dial direction) × 150mm (L, fiber direction), and
a size of 3mm (T direction) × 15 mm (L direction) ×
100mm (R direction). The former and latter specimens
were used for measuring the vibrational properties of
wood in the L and R directions, respectively.

2.2. Lacquers
Three kinds of urushi, clear (C), black (B) and vir-

gin (V) lacquers were used. These are called suki-urushi,
kuro-urushi and ki-urushi in Japanese, respectively. As
conventional lacquers, we employed a two-package type
polyurethane lacquer (Clear No. 200 W21F/F, Nihon-
Yushi Co.), a clear lacquer consisting of some synthetic
resins and nitrocellulose (LC-11, Gengen Chemical In-
dustry Co.) and a natural oil-based lacquer (Osmo-
color 3101, Ostermann & Scheiwe GmbH Co.). The
polyurethane lacquer (PU) is used for the soundboard of
harp at this time. The clear lacquer (CL) and the natural
lacquer (NL) are mainly used for common use. These lac-
quers were applied to both the LR surfaces of the wood
specimens. A brush was used for spreading the C, B and
NL lacquers, and the V lacquer was applied with a cloth.
The PU and CL lacquers were splayed on the wood spec-
imens. These processes were repeated 1 to 3 times for
the C, B and PU lacquers, 3 to 9 times for the V lacquer,
and 4 to 8 times for CL lacquer, to form their coatings
with sufficient thickness. The NL lacquer was applied 2
to 4 times after sealing with a sealer (Osmocolor 1101,
Ostermann & Scheiwe GmbH Co.), but its extremely thin
coating layer was not detectable because of its penetration
into the wood.
Since the polymerization of urushi lacquer requires

high humid condition, the urushi coated specimens were
dried in a chamber maintained at 20◦C and 80% relative
humidity (RH) for a day after each applying. The PU, CL
and NL lacquers were dried at a room temperature and
uncontrolled relative humidity. Finally, all wood speci-
mens were stored at 25◦C and 60%RH over a month be-
fore measurement of their vibrational properties.
All lacquers except for NL were also applied to a

poly-tetrafluoroethylene plate and dried, to obtain the lac-
quer films with a thickness from 0.2 to 0.4mm. These
films were cut into strips of 70× 5mm, and conditioned
at 25◦C and 60%RH over two months prior to the vis-
coelastic and tensile tests.

2.3. Measuring Methods
The dynamic Young’s modulus (E) and the internal

friction (Q−1) of wood specimens in the L and R direc-
tions were determined before and after coating by using
the free-free flexural vibration method. The measuring
apparatus is schematically illustrated in Fig. 1. A thin
piece of 3×10mm iron was attached to the end of a spec-
imen, and the specimen hung by silk threads was vibrated
by a magnetic driver. The amplitude of vibration was de-
tected using microphone, and the signal passed through
a band-pass filter was observed by a FFT analyzer. The
specimen and measuring devices were settled in a closed
box in which the condition was maintained at 25◦C and
60%RH. The E value of the specimen was calculated
from the resonance frequency of the first mode vibration,
and its Q−1 value was calculated from the peak width
of the resonance curve. The resonance frequency ranged
from 650 to 850Hz in the L direction, and 450 to 650Hz
in the R direction.
The E andQ−1 values of lacquer films were measured

by using a viscoelastometer (RHEOVIBRONDDV-25FP,
Orientec Co.). First, the E and Q−1 values of films were
measured in the frequency range of 1 to 100Hz and at
constant temperatures of −10, 0, 10, 20 and 25◦C. Next,
the temperature dependence of their E and Q−1 values
were examined at 11Hz and in the temperature range of
−50 to 150◦C with heating rate of 3◦C/min. The ampli-
tude of vibration was 25 μm for the urushi and PU lacquer
films, and 12 μm for the CL lacquer film.
To determine the tensile strength (σ ) and strain at

break (εmax) of lacquer films, ten strips for each films
were subjected to the tensile test, with an effective span
of 45mm and a loading speed of 10mm/min.

3. RESULTS AND DISCUSSION

3.1. Effects of Coatings on the Vibrational Proper-
ties of Wood

The density (ρ0), dynamic Young’s modulus (E0) and
internal friction (Q−1

0 ) of the uncoated wood are listed
in Table 1. The changes of dynamic Young’s modulus
(Ec/E0) and those of internal friction (Q−1

c /Q−1
0 ) due to

coating are plotted against the relative thickness of coat-
ings (t1/t0) in Fig. 2. Suffixes 0, 1 and c represent the
uncoated wood, coating, and coated wood, respectively.
The E values in the R direction increased with coating
whereas those in the L direction decreased slightly and
linearly with an increase of the coating thickness. The
Q−1 values of wood, especially those in the R direction,
were remarkably enhanced with coating. The effects of
coatings on the Q−1 values in both directions were anal-
ogous. These trends qualitatively agreed with the results
already reported [6].
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Fig. 1 Apparatus for measuring the vibrational proper-
ties of wood specimens.

Fig. 2 Changes in dynamic Young’s modulus (Ec/E0)
and internal friction (Q−1

c /Q−1
0 ) of wood specimens in

the longitudinal (L) and radial (R) directions due to
coating plotted against the relative thickness of coat-
ings (t1/t0).©, Clear lacquer for common use (CL);�,
polyurethane lacquer for the soundboard of harp (PU);
×, natural oil-based lacquer for common use (NL); ●,
clear oriental lacquer (C);■, black oriental lacquer (B);
▲, virgin oriental lacquer (V).

Table 1 Characteristics of uncoated wood specimens.

ρ0 (g/cm3) E0 (GPa) Q−1
0

L direction
X 0.442 14.3 0.0068
SD 0.035 1.18 0.0005

R direction
X 0.436 0.936 0.0206
SD 0.036 0.230 0.0021

X , average; SD, standard deviation.

The most remarkable effect of the coating was recog-
nized in the Q−1 value of wood, especially in its R di-
rection. The Q−1 values of wood with CL coating were
larger than those with the other coatings, and strongly
depended on the coating thickness. This suggested that
the Q−1 value of CL coating was larger than those of
the other coatings. The NL lacquer enhanced the Q−1

of wood to some extent while it formed no apparent coat-
ing layer. Since it has been confirmed that the NL lacquer
constituents could not penetrate into the wood cell wall,
the increase inQ−1 due to the lacquer should be attributed
to its internal coating, i.e. the coating on the inner surface
of the wood cell walls with the lacquer introduced into the
cell cavities. The effects of urushi and PU coatings on the
Q−1 values of wood were relatively small and indepen-
dent of their coating thickness. These facts indicated that
the Q−1 values of urushi and PU coatings were relatively
low and comparable to those of wood in the R direction.
It should be noted that the urushi coatings are similar to
the PU coating, with respect to their effects on the Q−1

value of wood which is remarkably affected by coating.

3.2. Viscoelastic and Mechanical Properties of Lac-
quer Films

As described above, different lacquers give different
effects on the vibrational properties of wood, especially
its Q−1 value. Such variations should be explained by
those in the viscoelastic profiles of coatings themselves.
In general, the viscoelastic properties of amorphous poly-
mers strongly depend on both the temperature and fre-
quency. Therefore, the effects of temperature and fre-
quency should be taken into consideration to clarify the
viscoelastic profiles of the coatings. Figure 3 shows the
temperature variations of E and Q−1 for the various lac-
quer films, except for the NL lacquer. Remarkable drops
in the E and apparent peaks in theQ−1 indicated the glass-
rubber transition of the lacquer constituents. Table 2
lists the transition temperature of the lacquer films (Tg)
evaluated from the temperature locations of Q−1 peaks
observed at 11Hz. Owing to the rigidity of backbone
molecules and cross-linking formation between them, the
urushi and PU lacquer films recorded higher Tg values
than the CL lacquer film.
The variation in Tg affects the viscoelastic profile of

lacquer film at a room temperature. Figure 4 shows the
frequency variations of E and Q−1 for the lacquer films
at 25◦C. Since the molecular motions in the urushi and
PU lacquer films were almost frozen at the room temper-
ature, their E andQ−1 varied only slightly with frequency.
On the other hand, the E and Q−1 of CL lacquer film de-
pended strongly on the frequency.
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Table 2 Viscoelastic and mechanical properties of lacquer films.

Lacquer
Density Viscoelastic properties Mechanical properties at 25◦C
(g/cm3) Tg (◦C)a) E (GPa) Q−1 σ (MPa) εmax

Synthetic lacquers
Polyurethane lacquer (PU) 1.20 110 2.5b) 0.050b) 38 0.06

Clear lacquer (CL) 1.18 50
1.4b) 0.250b)

1.7 0.021.3c) 0.260c)

Oriental lacquers
Clear (suki-urushi) (C) 1.15 128 2.6b) 0.015b) 53 0.06
Black (kuro-urushi) (B) 1.10 95 2.1b) 0.030b) 42 0.07
Virgin (ki-urushi) (V) 1.12 101 2.5b) 0.020b) 46 0.04

a) Temperature location of the Q−1 peak detected at 11Hz.
b) Values at 750 Hz evaluated from the frequency dependence at 25◦C.
c) Values at 550 Hz evaluated from the frequency dependence at 25◦C.

Fig. 3 Temperature variations of dynamic Young’s mod-
ulus (E) and internal friction (Q−1) at 11Hz for the lac-
quer films. Symbols, see Fig. 2.

When the characteristics of lacquer film as a coat-
ing for the soundboard are considered, we must clarify
its viscoelastic profiles over the audio-frequency range,
20Hz to 20 kHz, at least. The E and Q−1 values of urushi
and PU lacquer films at high frequencies could be eval-
uated from the experimental values determined at low
frequencies, because their frequency dependence could
be approximated with straight lines in the low frequency
range (Fig. 4), and these films showed no apparent re-
laxation process at low temperatures (Fig. 3). However,
such an evaluation was not applicable to the CL lacquer
films whose viscoelastic properties depended strongly on

the frequency. In this study, the time-temperature super-
position theory [7] was adopted to predict the E and Q−1

values of CL lacquer films at high frequencies, as its vis-
coelastic profiles were thermorheologically simple. Fig-
ure 5 shows the experimental values of E and Q−1 for
the CL lacquer films at various constant temperatures (a),
and calculated values at 25◦C (b). The experimental plots
were appropriately shifted along the frequency axis to
give a smooth “master curve” at the room temperature.
From these results, we now obtained the E and Q−1

values of lacquer films at 550 and/or 750Hz, as sum-
marized in Table 2. These frequencies are representa-
tives of audio-frequencies and correspond to the average
resonance frequency of wood specimens in the L and R
directions, respectively. The Q−1 values of urushi and
PU lacquer films were low and comparable to those of
natural wood in the R direction. This fact is consistent
with the experimental result that the Q−1 values of wood
with urushi and PU coatings were relatively low regard-
less of the coating thickness. On the other hand, higher
Q−1 values of wood with the CL coating is attributable
to high Q−1 value of CL lacquer film. Table 2 also lists
the mechanical properties of lacquer films determined by
the tensile test. The urushi lacquer films recorded high σ
and εmax values comparable to those of PU lacquer film,
whereas low σ and εmax values of CL lacquer films indi-
cated its fragile nature.
Generally speaking, the viscoelastic and mechanical

properties of urushi lacquer films are similar to those of
PU lacquer film. It must be remembered that the effects
of urushi coating on the Q−1 of wood is similar to those
of PU coating. These results suggest the possibility of
urushi as a coating for the soundboard of harp.
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Fig. 4 Frequency variations of E and Q−1 at 25◦C for
the lacquer films. Symbols, see Fig. 2.

Fig. 5 Frequency variations of E andQ−1 for the CL lac-
quer film. (a), Experimental values at 25◦C (●), 20◦C
(�), 10◦C (�), 0◦C (�) and−10◦C (�) plotted against
the measuring frequency ( f ); (b), calculated values at
25◦C plotted against the reduced frequency (aT f ), val-
ues beside plots indicate the logarithms of the shift fac-
tor (logaT).

3.3. Mechanical Model for the Wood with Coatings
To make clear understanding of the effects of coat-

ing on the vibrational properties of wood, it is necessary
to generalize the vibrational properties of coated wood
with an appropriate model. Although some researchers
have dealt with the effects of coating on the radiated
sound [8, 9], to our knowledge, only Ono has tried to re-
late the vibrational properties of coated wood to those of
wood and coating layer [6].
Figure 6 illustrates the most simple model for the

coated wood, namely model I, proposed by Ono. This
model is based on the assumption that the lacquer forms
its thin layer on the surface of wood without penetra-
tion. The coated wood specimen is regarded as a com-
posite plate consisting of the coating layer (1) and un-
coated wood (0). When the t1/t0 is small enough to en-
sure (t1/t0)2� 1, the dynamic Young’s modulus (Ec) and
internal friction (Q−1

c ) of coated wood are approximately
expressed by

Ec ≈ E0
[
1+3

(
E1
E0

−1
)
t1
t0

]
, (1)

Q−1
c ≈Q−1

0

1+3
E1
E0
t1
t0
Q−1
1
Q−1
0

1+3
E1
E0
t1
t0

, (2)

where the suffixes 0, 1 and c indicate the uncoated wood,
coating layer, and coated wood, respectively. The E1 and
Q−1
1 values for the coatings are given in Table 2. The t1
value was experimentally obtained from the thickness of
wood specimen before and after coating. The experimen-
tal values of Ec/E0 and Q−1

c /Q−1
0 are plotted against the

corresponding calculated values in Figs. 7 and 8, respec-
tively. With respect to the Ec/E0 in the L direction and
Q−1
c /Q−1

0 in the R direction, the calculated values agreed
well with the experimental ones. However, the calculated
values of Ec/E0 in the R direction and those of Q−1

c /Q−1
0

in the L direction deviated from the experimental values.
Thus, the model I seems insufficient to describe the ef-
fects of coatings on the vibrational properties of wood.
The problem is in the assumption that no lacquer pen-

etrates into the wood. Figure 9 shows the experimental
values of coating thickness (t1) plotted against the thick-
ness calculated from the weight and density of coatings
(t1′). The t1 and t1′ values should be identical if no lacquer
penetrates into the wood. However, the t1 values were al-
ways smaller than the t1′ values. This fact indicates a part
of lacquer penetrating into the wood did not contribute to
the apparent thickness of coating. As the wood consists of
porous cells, a lot of cell cavities are opened at the surface
of a wood specimen.
The lacquer constituents can hardly penetrate into the



Acoust. Sci. & Tech. 22, 1 (2001)

wood cell wall, but easily into the “open” cavities. It
seems reasonable that the difference between t1 and t1′
was 70 μm at most, within the range of the diameter for
the spruce wood cells.
Figure 10 presents a model considering the penetra-

tion of lacquer. In this model II, an additional layer (the
2nd layer) consisting of the penetrating lacquer and the
wood cell wall is considered, as shown in Fig. 10(a). In
microscopic level, the thickness of the 2nd layer is not
constant through the specimen because of the wide varia-
tion in the diameter of natural wood cells. However, two
assumptions are now introduced for the simplicity. First,
the thickness of the 2nd layer is macroscopically constant.
Second, the penetrating lacquer adheres tightly to the ad-
jacent wood cell wall without any interstice. In this case,
the thickness of the 2nd layer (t2) is related to the t1 and
t1′ by

t2 =
t1′− t1
1−φ

, (3)

Fig. 6 The cross section of a coated wood specimen as-
suming no lacquer penetrates into the wood (Model I).
0, uncoated wood; 1, coating.

Fig. 7 Experimental values of Ec/E0 plotted against the
values calculated by using the model I. Symbols, see
Fig. 2.

where the φ is the average volume fraction of the wood
cell wall in the specimen. The φ value can be deduced
from the density of wood (ρ0) and that of the wood cell
wall (ρw ≈ 1.43 [10]) by the following equation,

φ =
ρ0
ρw

(4)

By modifying the Eqs. (1) and (2), the Ec and Q−1
c

values of coated wood are given by

Fig. 8 Experimental values of Q−1
c /Q−1

0 plotted against
the values calculated by using the model I. Symbols, see
Fig. 2.

Fig. 9 Relationships between the coating thickness ex-
perimentally obtained (t1) and those calculated by as-
suming no lacquer penetrates into the wood specimen
(t1′). Symbols, see Fig. 2.
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Fig. 10 A model for a coated wood considering the
penetration of lacquer into the cavities of wood cells
(Model II). (a), The cross section of a coated wood
specimen; (b) schematic illustration at the surface of the
wood specimen; (c), a model for the 2nd layer consist-
ing of the penetrating lacquer and the wood cell wall, 0,
uncoated wood; 1, coating; 2, composite layer in which
the cell cavities are completely filled with lacquer.

Ec ≈ E02
[
1+3

(
E1
E02

−1
)
t1
t0

]
, (5)

Q−1
c ≈ Q−1

02

1+3
E1
E02

t1
t0
Q−1
1
Q−1
02

1+3
E1
E02

t1
t0

, (6)

where the E02 and Q−1
02 are the E and Q

−1 values of wood
including the 0th and 2nd layers, respectively. E02 and
Q−1
02 are expressed by

E02 ≈ E0
[
1+3

(
E2
E0

−1
)

t2
t0− t2

]
, (7)

Q−1
02 ≈ Q−1

0

1+3
E2
E0

t2
t0− t2

Q−1
2
Q−1
0

1+3
E2
E0

t2
t0− t2

, (8)

where the E2 and Q−1
2 are the E and Q−1 values of the

2nd layer, respectively.
Next, we have to derive the vibrational properties of

the 2nd layer, E2 and Q−1
2 , in both directions of wood.

As shown in Fig. 10(b) and (c), it was assumed that the
wood cell wall and penetrating lacquer in the 2nd layer
are aligned in parallel along the L direction and in se-
ries along the R direction. Since the imaginary part of
their complex modulus are always enough smaller than
the real part, the E2 and Q−1

2 in the L and R directions are

expressed by,

EL2 = φELw+(1−φ)E1, (9)

QL2 =
φELwQL−1w +(1−φ)E1Q−1

1
φELw+(1−φ)E1

, (10)

ER2 ≈
(

φ
ERw

+
1−φ
E1

)−1
, (11)

QR−12 ≈
[

φQR−1w
ERw

+
(1−φ)Q−1

1
E1

](
φ
ERw

+
1−φ
E1

)−1
,

(12)

where the suffixes L and R indicate the L and R direc-
tions of wood specimen, respectively, and the w indicates
the wood cell wall. The ELw and QL−1w values are equiv-
alent to the experimental values of ρwEL0 /ρ0 and QL−10 ,
respectively [10]. On the other hand, the ERw value was
calculated from the Young’s modulus of the cell wall con-
stituents. In the thickness direction of the wood cell wall,
the cellulose crystalline region and the other amorphous
substances mainly consisting of lignin are aligned in se-
ries. The former and the latter have 27GPa [11] and
4GPa [12] as their Young’s modulus, respectively. Since
the cellulose content in the wood is almost 50% and its
crystallinity are about 60% or higher, the volume fraction
of cellulose crystalline may be in the range of 30 to 50%.
Consequently, the possible value of ERw are in the range
of 5 to 7GPa. In this calculation, the 6GPa is adopted as
the ERw value. As there is little information about the Q−1

values of cell wall constituents, the QR−1w value was rep-
resented by the QR−10 value determined experimentally.
Finally, the Ec/E0 and Q−1

c /Q−1
0 values can be deduced

from the local quantities by combining Eqs. (3) to (12).
These values are compared to the experimental values in
Figs. 11 and 12, respectively. Considering the simplic-
ity of model and the natural variation in the wood cells,
the agreement with the experimental data was fairly good.
This fact suggests that the penetrating lacquer should be
taken into consideration when we want to predict the ef-
fects of coatings on the vibrational properties of wooden-
soundboards.

4. CONCLUSIONS
The effects of urushi coatings on the vibrational prop-

erties of wood were compared to those of some conven-
tional lacquer coatings. The urushi was similar to the
polyurethane lacquer for the soundboard of harp in vis-
coelastic and mechanical properties. These results sug-
gested the possibility of urushi as a coating for the harp
soundboard. The effects of coatings on the vibrational
properties of wood were expressed by a model consisting
of three layers, wood, coating, and composite layer of the
penetrating lacquer and the wood cell wall.
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Fig. 11 Experimental values of Ec/E0 plotted against
the values calculated by using the model II. Symbols,
see Fig. 2.

Fig. 12 Experimental values of Q−1
c /Q−1

0 plotted
against the values calculated by using the model II.
Symbols, see Fig. 2.
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Acoustical Effects of Violin Varnish 

JOHN c. SCHELLENG 

301 Bendermere Allen1te, Asbury Park, New Jersey 07712 

Acoustical effects of violin varnish-those of mass, stiffness, and internal friction-are examined qualita
tively and quantitatively. Dynamic measurements of Young's modulus, real and imaginary, are made for 
films of typical oil varnishes on a substrate of cross-grain spruce through aging periods of 1 yr or more 
and expressed in the practically useful terms of modulus over density. After 1i yr, the hard varnish had a 
real modulus per unit density of 2.5X 1010 cmf/sec> and Q about 23; after 1 yr, the values for the soft varnish 
were 1.6X 1010 and 8. A high-grade floor varnish had intermediate values. The imaginary component of the 
soft one was substantially independent of frequency from 400 to 5600 cps. Exact calculations of added loss 
and tuning shift, made for a "pseudofiddle" comprising rectangular top and back of orthotropic materials 
simulating spruce and maple, are believed roughly representative of the violin. Added loss is more apt to be 
damaging than is detuning of plates. The loss comprises two components: (1) a reduction in sound caused 
by the reactive parameters of varnish, i.e. mass and stiffness, and effective irrespective of resonance j and 
(2) one caused by internal friction and greatest at a resonance. With an intermediate varnish a coat of 
0.0127 gm/cm' (thickness about 0.005 in.) causes "flat" loss of about 1 dB and resonance loss about 3 dB j 
this is excessive. Varnish loss in the top plate is about three times that in the back j unless the spruce is 
overly resonant, its varnish should be thin. Top is more subject to detuDing than back. Loss due to varnish 
is best controlled by weighing, with final adjustment of wood thickness after varnishing. 

INTRODUCTION 

OVER the years, there has been endless discussion 
on the virtues and vices of violin varnish. Much 

has been well or poorly said about chemical nature and 
visual appearance and much has been affirmed or 
implied as to musical importance. R. E. Fryxell1 has 
forcefully commented, however, that very little has been 
done to determine exactly what it is that varnish does 
beside protecting the outside surface of a fiddle and 
giving it an attractive appearance: we should also know, 
"How much?" It is the present purpose to examine the 
several acoustical effects of varnish quantitatively. 
While it is important to understand the action of deeply 
penetrating fillers, they are best treated in connection 
with the study of violin woods. 

In their excellent Antonio Stradivari, His Life and 
Work, the Hill brothers2 argue at some length to show 
that of the three categories (1) material (wood), (2) di
mensions and construction, and (3) varnish, the last is 
the most important and the first the least. Today, there 

1 R. E. Fryxell, The Strad (Lowe and Brydone Ltd., London, 
1965). 

2 W. H. Hill, A. F. Hill, and A. E. Hill, Antonio StradilJari, His 
Life and Work (Dover Publications, Inc., New York, 1963), 
pp. 159-160, 178-179. 

seems to be general agreement among those who think 
in terms of physics rather than art that the acoustical 
virtues of varnish have been greatly exaggerated. Major 
stress is now placed on dimensions and their adjustment 
to the materials so as to achieve necessary vibrational 
patterns, frequencies and impedances, while varnishing 
has become the final protective operation that is 
covered by the injunction: not too soft, not too hard, 
not too much. 

Even today there seems to be no agreement in answer 
to the query: Is varnish helpful or harmful acoustically? 
We probably should not expect the same answer in all 
cases. Many years ago, H. Meinel published curves3 
showing how for a certain violin response over the fre
quency range was affected by application of (alcohol) 
ground, color, and cover varnishes. His first conclusion 
was that the over-all effects are .small compared with 
those induced by reductions in wood thick�ess made in 
the course of optimizing response, contrary to the some
what ambiguous statements of the Hills. The maximum 
amplitudes of the three lowest wood resonances de
creased about 2 dB, while the corresponding minima 
were scarcely affected. Subjectively, the violin seemed 

3 H. Meipel; Akust. Z. 2, 27-28 (1937). 
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to "speak" better, to have a somewhat pleasanter sound 
with a decrease in the previously noted slight roughness. 
There was no claim for anything striking. Incidentally, 
there was no clue as to how much varnish was used. 

The same investigator4 seems to be the only one to 
have made quantitative measurements of the acoustical 
effects of violin varnish. Curves showed an increase in 
the decrement of his wood strips (grain ran lengthwise) 
as frequency rises from 100 to 5000 cps, and he con
sidered this to be an important contribution by the 
varnish toward the suppression of vibration at ex
tremely high frequencies. Data given are insufficient to 
calculate the magnitude of the effect. 

A well-known German work on violin making6 em
phasizes the damage done by varnish. "How many 
newly-made instruments after completion sound soft 
and full only to forfeit their tonal beauty after the 
complete drying of the varnish." This loss depends on 
the resins, not on the solvent. Hard substances like 
amber and copal when aged hold the instrument "as in 
clamps of iron." A bad instrument cannot be ennobled 

by the best varnish. As a general precaution one avoids 
heavy layers. "The best-sounding of all violins, the 
Cremonese, had the thinnest varnish." This same view 
is held by the large number of makers who hold that 
a fiddle never sounds so well after varnishing as it did 
"in th� white." 

Reversing the varnishing process, Louis Condax has 
subjectively observed6 a remarkable improvement as a 

violin is freed by removal of an old and improper coat of 
varnish. 

The effect of varnish need not be large to be im
portant. According to W. Lottermoser and J. Meyer,? 
5 dB measure the difference, averaged over peaks and 
valleys, between an instrument of extraordinary power 
and one that is too weak. Clearly, the master maker 
must conserve every decibel with miserly care. 

R. K. Myers8 and associates in a broad investigation 
aimed at paints generally have studied the rheology of 
the drying process employing internal reflection of high
frequency shear waves from a quartz surface that has 
been painted. Such a study of violin varnish might be 
of interest with reference to the upper octaves of the 
spectrum where shear in the wood seems to be of 
importance. 

. 

Rheologists have accumulated a large body of in
formation on the viscoelastic properties of polymers. 
Violin varnish falls in a class of "amorphous polymers 
of high molecular weight below their glass-transition 
temperature" and measurements herein are consistent 

4 H. Meinel, J. Acoust. Soc. Amer. 29, 831 (1957). 
6 O. Mockel and F. Winckel, Die Kunst des Geigenbaues (Voigt, 

Berlin, 1954), p. 213. 
5 L. Condax (personal communication) (16 May 1963). 
7 Instrumentenbau Z. 12, 42-45 (1957). 
8 Raymond R. Myers, "The Rheology of the Drying Process," 

Official Digest, Fed. Soc. Paint Technol. (August, 1961). 
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in orders of magnitude with those encountered in this 
class.9 

Like other components in a vibrating system, 
varnish produces effects corresponding to mass, stiffness, 
and internal friction. The mass added by varnish to the 
light spruce plate is not negligible. If we assume a 
varnish thickness10 of 0.005 in., the mass of a violin top 
plate would be increased about 7 gm or about 1G%. 
This by itself would cause a lowering in tap-tone fre
quencies of 5%, which is the larger part of a semitone 
and not to be casually ignored. 

This lowering would be the same over the frequency 
range: a vibration controlled by stiffness along the grain 
would be lowered the same number of cents as one 
across the grain. In contrast with this are the effects 
that follow from stiffness added by varnish. Across 
the grain, the stiffness of spruce is less than that along 
it by a factor of about one-fifteenth; it is therefore 
markedly more susceptible to interference from the 
varnish. Indeed, a stiffness great enough to be important 
along the grain would be all but catastrophic across 
it. Our greatest concern therefore is with stiffness effects 
across the grain. 

' 

Whereas the application of varnish leads to an im
mediate decrease in frequency of the plate because of 
mass, stiffness effects develop gradually. When strips of 
spruce are varnished, the effect following the initial 
drop in frequency is a rise as volatile components 
evaporate. This continues beyond the time when 
tackiness disappears and may not be complete after a 
long period of aging. The change could be calculated in 
terms of Young's modulus of varnish if measurements 
thereof were available. In a fiddle, the frequencies of 
different resonances "ill be unequally affected because 
of differences in the relative bending in the two 
orientations. 

While these effects on frequency are to some extent 
self-canceling, the result of stiffness eventually pre
dominates over mass effect and might ultimately be a 
cause for serious concern. Even though stiffness nullifies 
the effect of mass on frequency, a damage remains con
cealed in an increase of impedance. Broadly speaking, 
the magnitude of impedance is determined by the 
square root of stiffness times mass (SM)I, both factors 
of which have been increased. If, for example, M in
creases 10% andS, 14%, then impedance increases 12% 
and response drops 1 dB. 

Finally, we have to evaluate the effect of internal 
friction in the varnish. Paralleling the effect of the real 
component of Young's modulus in altering frequency, 

v J. D. Ferry, Viscoelastic Properties of Polymers Gohn Wiley 
& Sons, New York, 1961), 1st ed. Curves labeled IV in Figs. 2-6, 
2-7, and 2-8, and Figure 14-2, all for polymethyl meth
acrylate, are of interest. 

10 This is approximately the thickness measured by Joseph 
Michelman and quoted in his Violin Varnish, published by the 
author (Cincinnati, Ohio, 1946), p. 110. From the context, the 
inference is that thickness in this order is typical among violin 
makers. 
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there is a loss of power because of the imaginary com
ponent. This, too, is especially important across the 
grain. Whereas the impedance effect reduces vibration 
in "valleys" as well as on "hills," internal friction pro
duces little change in the lows, or "nulls." However, it 
can be very important at peaks of resonance and is 
usually the most noticeable result of the use of varnish. 

I. EXPERIMENTAL METHOD AND RESULTS 
Throughout these studies, the effects of varnish have 

been measured by observing the degree of change in the 
resonance bandwidth of a strip of substrate vibrating 
in its lower-frequency modes. The first series of tests 
employed glass (16X1.5XO.2 em), but all later ones 
used quarter-cut cross-grain spruce (13X 1.6XO.38 em). 
Glass has the advantage of stability in the presence of 
changes in environment. For present purposes, however, 
its disadvantage is that its stiffness is so great as to 
obscure the stiffness of a thin coat of varnish whose 
modulus may be less than 1% of its own. In going to 
spruce, we avoid this difficulty because its modulus is in 
the same order as that of dried varnish, but now we 
court a different trouble, namely, instability of mass 
and elasticity in the presence of moisture, not only from 
summer to winter but from day to day as well. A labo
ratory with controlled atmosphere was not available. 
Keeping specimens in a small moisture-controlled space 
failed because changes in frequency set in as soon as the 
wood was brought out for test. 

The method used instead has shortcomings that 
admittedly limit accuracy, but it does permit a first 
step in the problem. The procedure is to use a "control" 
strip of spruce, which suffers the same vagaries as the 
wood in the varnished strip and can by subtraction 
eliminate variations introduced by changing ambient. 
The saving grace is that there are long periods of weather 
in which changes are not so abrupt as to require rapid 
change of correction, that, in fact, the "control" strip 
does work to a useful degree and that in the present state 
of our knowledge a high degree of accuracy is not 
necessary. 

With the glass strip, the first five tones had fre
quencies from 4Q0 to 5600 cps. The lowest six tones of 
the wood ranged from 330 to 5000 cps; most of the 
measurements, however, were made with the second 
and third having frequencies of about 900 and 1750 cps. 
Decrement measurement had an accuracy in the order 
of 10% with internal consistency somewhat better. A 
Hewlett-Packard Model 200 AB audio oscillator pro
vided with a simple vernier device served well for 
excitation. The 60-cps power supply, checked frequently 
by comparison with a tuning fork, proved amply 
accurate as a standard of frequency. 

Test strips were energized by a piece of 2-mil 
(0.002 in.) iron at the end, having length equal to the 
width of the strip and width of a couple of millimeters, 

acting under the influence of a Brilel & Kjrer magnetic 
transducer. 

The strip to be varnished and the control strip were 
first measured as to frequency of resonance and Q. The 
same comparison was made many times after the one 
was varnished. Changes in Q and frequency were 
interpreted in terms of real and imaginary Young's 
modulus of varnish. 

In a simple vibrating system, where a stiffness Sand 
mass M can be identified and angular frequency at 
resonance is therefore (S/M)t, the incremental change 
in stiffness occasioned by the thin coat of varnish is 

As/s=A.M/M+2Aj/j. (1) 
Actually, the effective mass M of a mode of vibration is 
not the simple mass obtained by weighing, but it is 
proportional thereto and undergoes the same percentage 
change as a result of varnishing. In the dimensionless 
tenus of Eq. 1, it is therefore permissible to treat M 
and tlM as results of weighing. 

It is readily shown that the real component of 
Young's modulus for the film of varnish is 

E�'=iE,/· (HI I:1H)· (l:1s/s), (2) 
where E",' is the real modulus for the wood substrate, 
H the thickness of the substrate, and tlB that of 
varnish. (V amish, being on the surface, is in position to 
increase stiffness more than a similar thickness within 
the wood; the factor one-third is the result of integrating 
this advantage over the thickness of wood.) To the 'extent that varnish penetrates the wood (and it is 
sometimes not a small effect), AH cannot be measured 
simply. If we interpret tlB as the thickness that the 
known weight would have at the normal density p�, 
Eq. 2 becomes 

E//p=iEw'·(V/tlM)·(tls/s), (3) 
in which V is volume of the wood strip. All factors in 
Eq. 3 are measurable. This establishes the modulus of 
varnish in tenus of that of wood, which is calculated 
readily by use of standard formulas for the transverse 
vibrational frequencies of strips. 

A little manipulation of Eq. 1 and 3 shows that at the 
stage of drying (with strips) when f has recovered its 
original frequency (Aj=O), E,'/E,,/=3p,,,/ p,. Thus, 
when p",=0.35 gm/cm3 (as in some spruce that I have 
used) and p.= 1.05 gm/cm8 (which seems typical), 
frequency is recovered when the modulus of varnish is 
passing through the same value as that of wood. Oil 
varnish on cross-grain spruce strips may pass through 
this value after drying for a day, more or less. Along the 
grain, frequency is never recovered. 

The Q of the varnish may be calculated as follows: 
7r(tls/ s) 

Q�= , (4) (Cl+I:1Cl)(1 + tls/ s)-Cl 
where Cl is the original logarithmic decrement and ACl is 

The Journal of the Acoustical Society of America 1177 



J. SCHELLENG 

TABLE I. One set of data for one varnish, with results according .08 
to the foregoing equations. �r"" .6¢ 

M =3.42gm 
/Uf =0.27 gm 
/Uf / M = 0.079 
Ill/l =0.041 
tls/s =0.161 
116 =0.050 

6 =0.059 
V =7.85 cma 
E,/ =0.89X1010dyn/cm2 
Q =7.6 
(E'/p)� =1.4X1Q1°cm'/secl 
(E"/ p).=0.185X1010 cm2/seCl 

its increment induced by varnish. Equation 3 gives the 
real component of modulus over density. Q being the 
ratio of real to imaginary modulus, the imaginary com
ponent is obtained from Eqs. 3 and 4 by division: 

E."/p=Q.-l. (E.'/p.). (5) 
(E/ p).i has the dimensions of velocity. 

Table I indicates magnitude of various quantities 
involved in a single measurement. Much detail, includ
ing data for the control strip, has been omitted. 

During drying, the aging of the outer surface is in 
advance of that within, and the moduli can only be 
regarded as "effective." It has even been speculated 
that thick coats of some materials may never attain 
real homogeneity, though it is not clear how such a 
condition could be a stable one. 

Figure 1 represents the behavior of a �oderately 
hard varnish on cross-grained spruce in the early stages 
of drying. Based on actual data, it is typical of all the 
varnishes measured except in matters of detaiL Devia
tions occur depending on manner of application, and 
the varnishing procedure used for this particular test 
was different from any that could be reasonably em
ployed in violin making, since the purpose was to 
produce a heavy layer quickly so as to avoid drying 
between coats as much as possible. Four coats were 
applied at 20-min intervals after which measuring was 
immediately begun. Data for two tones-the second 
and third near 700 and 1350 cps-were combined. 
Time is measured from application of the last coat. 
Stable weather conditions and the brevity of the experi
ment permitted omission of control strips and gave 
better continuity in data than was possible in long runs. 

Curve I shows the portion of the total decrement that 
was induced by varnish, the decrement of the wood 
having been subtracted from the gross measured 
decrement. 

Curve II represents the change in frequency that the 
varnish produced divided by frequency without varnish . 
In terms of Eq. 1, it is /ljl j. 

In Curve III is given /lm/M, the fractional increment 
of mass added by the coating. Actually, one-half of it 
is shown, plotted negatively so that the distance be
tween Curves II and III measures hali the relative 
change in stiffness of the strip, !/ls/ s (see Curves and 
Eq.l). The hook in the curve near zero time is the result 
of loss of volatile components .. 

If the wet coat merely added mass without stiffness, 
Curves II and III would diverge from the same point 
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FIG. 1. Early stages in aging of a moderately hard oil varnish: 
Curves I, n, and nI give experimental data for a varnished strip 
of wood; Curves IV, V, and VI, deduced therefrom, show real and 
imaginary Young's modulus over density and quality factor Q for 
varnish alone. Il indicates changes induced by varnish. 

at zero time. Some drying, of course, occurred prior to 
the last coat. These curves continue to diverge out to 
eight days, the length of the test. (The time scale is a 
hybrid, linear up to one day and logarithmic thereafter, 
being proportioned so as to avoid discontinuity at the 
point of division.) 

From the experimental data of Curves I-III and 
other information (e.g., dimensions and mass of strip), 
Curves IV-VI are plotted representing the elastic 
constants of the varnish without reference to the sub
strate. The ordinate of Curve IV is E�'/ P., the 
"ordinary" or "real" Young's modulus divided by 
density: Eo' indicates the degree in which the varnish 
affects the frequencies of resonance of a fiddle. Curve VI 
plots E." / P., corresponding to the imaginary modulus 
that governs loss of amplitude at resonance. Curve V 

. h' . E'/E"th ' Q  gIves t err ratIO, • . ,  at IS, •. 

Returning to Curve I, the first point, which was 
measured substantially at zero time, shows that im
mediately upon application, the varnish added some
what to the losses. Within 9 h, the decrement of the 
varnished strip had climbed to its highest value. (Slow
drying oil varnishes take more time, alcohol varnishes 
less.) At this point, the varnish was only slightly tacky. 
A somewhat similar test with a very slow-drying varnish 
indicated that while the varnish was still wet to the 
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touch the decrement began to climb, but not until the 
tacky condition had set in did the stiffness show signifi
cant increase. It is the volatile components that account 
for the moderately high Q at zero , and their relatively 
prompt disappearance that causes its quick drop, a 
consequence not at all surprising since the purpose of 
these components is to reduce viscosity. The increase in 
internal friction precedes the increase in stiffness, whose 
long climb takes place largely after the internal friction 
has ceased to increase, and the surface is no longer 
tacky. This striking tendency toward constancy or 
subsequent decrease is present in all the materials 
measured. A horizontal Curve VI representing decre
ment of varnish alone does not, in general, lead to a 
horizontal Curve I for the varnished strip, which dis
plays a gradual drop caused by the increment of stiffness 
in the varnish. For very thin coats, however, Curve I 
has the same shape as Curve VI. 

Figure 2 displays data obtained with three varnishes 
over a period beginning in July 1966 and ending in 
February 1 968. The growth of curves such as these 
depends not only on the varnish but also on the amount 
in which it is applied ; as one expects, the elastic proper
ties of thin coats mature more quickly than those of a 
thick one. In these tests, however, thickness did not 
differ radically from sample to sample. The heavy line 
is for a moderately hard violin varnish , the thin line for 
a reputedly soft one , and the broken line for a high-class 
commercial floor varnish. The latter (a tung-oil product) 
was chosen with the surmise that a material very good 
for floors might be very bad for violins ; it is a penetrat
ing varnish for heavy duty service. 

In Fig. 3, the two components of the modulus are 
plotted against each other instead of against time. In 
this way, we avoid much of the effect of aging-rate 
differences that separate the curves of Fig. 2 and obtain 
a more compact representation . Time remains concealed 
in the passage from the wet state at the left, along the 
shaded area and toward the rigb t ;  the ra te of progression 
along the path differs with different varnishes and 
different thicknesses. 

D ata such as these do not, of course, tell the whole 
story. For example, a product whose consistency does 
not permit the application of a thin, even coat must be 
judged bad regardless of its excellent showing in terms 
of elastic constants. 

Various conclusions concerning the elastic constants 
of varnish follow : 
• Since density of varnish is near unity, the real 
component E' for dry violin varnish films is in the order 
of 1 .0 to 2 .5X 101o dyn/cm2• This is about the same as 
the modulus for quarter-cut spruce across the grain , but 
much less than that along the grain. 
• Characteristically, the real component of Young's 
modulus increases with aging, and a decrease, if it 
occurs, indicates change in ambient. After 1! yr, the 
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h ard varnish attained an E'/p of about 2 . 5 X 1010 j after 
1 yr, the soft one reached 1 .6 X  10 cm2/sec2• 
• The imaginary component of Young's modu lus 
characteristically rises early in the drying cycle, levels 
off, and then undergoes a slow decline. During the 
decline, its fractional change is less than the accompany
ing rise in the real component . After 1! yr, the E" / p of 
the hard varnish was down to about 0.11 cm2/sec2 ; after 
1 yr, the soft one approximated 0.19X 1010 cm2/sec2• 

• The Q's of varnishes studied, excluding shellac, 
ranged up to about 25 (logarithmic decrement down to 
0. 12) .  With fixed ambient conditions, the Q always in
creased with aging. After Ii yr, the hard ones had a Q 
of about 23 ; after 1 yr, the soft one stood at about 8.5 
but may not yet have become stable . 
• Twelve hours after the varnishing, the E" / p of 
shellac was the highest observed in these tests. Seven 
months later, E" / p was the lowest observed and E' / p 
the highest, and the Q approached that in the substrate, 
in the order of 50. This extreme condition occurred in 
the dry winter months ; the following summer, it be
haved much like the other varnishes. Since temperature 
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in the'aboratory differed little in the two seasons the 
implication is that water content in the film follows

'
that 

in the ambient to some extent. The same accelerated 
drying in winter was found for the other varnishes but 
the recovery in summer was less pronounced. Wha�ever 

the reason for these changes, the conditions in the labo
ratory were throughout the year representative of the 
conditions in which violins are normally made and used. 
• It is not apparent in what way, if any, the tung-oil 
floor varnish is inferior to the violin varnishes since its 
elastic moduli fall between those of the hard' 

and soft 
types. It may be undesirable in some nonacoustical way. 
• Using methods basically the same as those employed 
here, Meinel' found that varnish changed decrement of 
his wood strips only slightly at a few hundred cps but 
increased it considerably at 5000 cps, the increase being 
greater with a soft varnish than with a hard one. I made 
one test with the soft varnish on glass ; this avoided 
capriciousness in the substrate. After the varnish had 
aged for 6 mo, the decrement of the strip was measured 
at five frequencies from 400 to 5600 cps ; the varnish 
was then removed, and readings were immediately 
repeated. Changes in decrement of the varnish were 
found to be independent of frequency within experi
m�ntal error, the largest difference from the average 
bemg 7%. The loss modulus over density is indicated 
on Fig. 2 by the point labeled "glass." Other measure
ments on wood with harder varnishes, though not as 
clear-cut, indicate the same conclusion. Differences in 
varnish may be enough to reconcile the difference in 
results at the high frequencies, but it is difficult to 
understand the negligible decrements observed by 
Meinel at low frequencies.3 

• While the differences in elastic constants of the 
varnishes tested are sufficient to produce significant 

differences when applied to an instrument, they are not 
as great as lore would lead one to expect. Perhaps not 
enough types were tested. However, if varnish degrades 
an instrument, one cannot prove the material at fault 
unless it is known, preferably by weighing, that the 
amount used was not excessive. 
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II. ESTIMATION OF AC OUSTICAL EFFECTS 

Estimating the effect of varnish on a violin is beset 
with many uncertainties owing to the complicated 
n�ture of the vib�ations and the mathematically 
bIZarre shape of the mstrument. It is possible however . ' , 
to contnve a simple substitute for which a calculation 
can be made with considerable confidence. Such a 
"pseudofiddle" may consist of rectangular plates of 
spruce an.d maple assumed perfect in uniformity, each 
plate haVIng the area and approximate thickness of the 
violin plate and a ratio of length to width of 2 .3,  a pre
sumed "average" ratio in the violin. Grain runs length
wise and the edges are "supported, "  not "clamped." 
The deviations from the real instrument-absence of 
sound post and bass bar, etc.,-are obvious. It is 
important to recall, however, that the elastic properties 
of wood and varnish are independent of frequency in 
the lower octaves. The lowering of frequency of reso
nance caused by absence of arch and soundpost will 
0erefore have little effect on the dimensionless quanti
tles-�ecrement and semi tones shift-provided that 
the thicknesses of the plates have been chosen in relation 
to the thickness of varnish. 

Attention is confined to what might be called the 
principal resonance of the box, namely , that in which 
the two plates vibrate in the (1 , 1 )  mode of a "sup
ported" rectangle, thickness having been chosen to 
mak� the� resonance frequencies identical. The shapes 
of vlbratlOn of the plates being the same in both 
dimensions (sinusoidal) , the assumption that their 
edges are immobile, which is implicit in the assumption 
that they are "supported," is satisfied if their velocities 

are inversely proportional to their masses and are 
opposed in direction so that the resultant forces on the 
ribs cancel. In regard to radiation, it approximates 
a simple source or what the German writers call a 
"Nullstrahler. " 

The method, mathematical details of which are given 
in Appendix A, consists in (1)  extending the standard 
expression for the vibration of a supported isotropic 
rectangle to apply to an orthotropic one in which 
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the principal axes of elasticity are parallel to the edges 
and in which the rigidity coefficient Dz'll equals (D:zD'II)l ,  
where Dz is the rigidity coefficient in the x direction and 
Dy is that in the y directionll ;  (2) recognition of the fact 
that Young's modulus as it appears in the expression 
for frequency has a small imaginary component leading 
to damping ; and (3) deriving therefrom the frequency 
and decrement following standard procedures. Finally, 
(4) varnishing the wood may be regarded as, in effect, 
altering the elastic properties of the substrate, and lead
ing to the changes in resonance frequency and damping 
in which we are interested. 

If it were not for penetration into the wood , the 
measurement of thickness of varnish on test strips would 
be a simple matter. The equivalent penetration differs 
with varnish, that of our interest being in the order of a 
thousandth of an inch in the absence of a sealer. This 
difficulty is not important, however, since measurement 

of change in weight is at least as significant and far 
more practical in the violin itself. For that reason, 
amount of varnish is here expressed in terms of grams 
per square centimeter. 

Of the assumptions made, the one most likely to be 
questioned is that a ratio of length to width of 2.3 
simulates the violin . The smaller we make this ratio, the 
more relatively does the Q of the plate depend on the 
modulus along the grain and th e higher it becomes . 
However, the measured Q of violins corresponds with 
my assumptions reasonably well. The thickness chosen 
-3 nun-is midway between thickness commonly 
found n ear edge and that in middle of the top plate. 

Results of such a computation are shown in Fig. 4 .  
Figure 4 (a) i s  derived from Fig. 3 b y  drawing a median 
line through the crosshatched region. Point A is believed 
to represent a medium hard varnish ; B ,  a very hard 
varnish ; and C, a soft one. 

Decrements of the spruce and maple pseudofiddle 
plates are plotted in Fig. 4 (b) . It is purely acciden tal 
that when unvarnished, they show exactly the same 
decrement. (Constants used are substantially those for 
two excellent woods, a spruce from West Germany and 
a maple from Czechoslovakia.) 

Figure 4 (c) shows the over-all effect of the varnish in 
terms having direct significance to the luthier. The 
dotted line shows the reduction in output of sound 
produced by increased weight and stiffness, that is, 
increased impedance : it is the "flat loss" independent 
of frequency mentioned earlier. To it is added the in
crease caused by the internal friction, most in evidence 
at resonances but of little effect between them . The com
bined effect appears in the curve labeled "total at 
peaks." In the calculation, radiation has been taken 

II Manfred A. HeckJ, Compendium oj Impedance Formulas 
(Armed Serv. Tech. Inform. Agency, Arlington, Virginia, 1961) , 
pp. 1 7  and 19. The statement is made that for plates made of 
nonisotropic material, etc . ,  it is true in most practical cases that 
this equality is approximated. Failure to hold in wood seems un
likely to alter seriously the present estimates. 
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FIG . 4. Calculated results for the pseudofiddle : (a) varnish data 
used ; (b) logarithmic decrements for plates separately and 
assembled with and without varnish ; (c) detUDing of separate 
plates by varnish and varnish losses in the assembly. 

into account, and this curve for total loss, therefore, 
tells what a sound-meter would show. The S.S-dB loss 
for soft Varnish C obviously makes the weight of 
varnish assumed excessive. Averaged over valleys as 
well as peaks, the loss would of course be much less. 
Hard Varnish B has about half this loss. In respect to 
detuning, however, the curves for the separate plates 
show the soft one to be entirely in the clear, since 
increased stiffness has canceled the effect of increased 
weight. The hard varnish, however, may be in trouble 
because of detuning, since the resonance for spruce has 
been raised a semitone. In a violin, this might be miti
gated to some extent by the fact that the maple follows 
part wayY 

12 The thickness of maple back required to tune to the same 
frequency as the spruce top turned out to be nearly the same as 
th.at of the spruce. The reason is that in spite of lower Young's 
modulus along the grain and greater density, both tending to lower 
frequency, the maple has a modulus across the grain that is 2.5 
times that of spruce. Along with �eater stiffness undoubtedly goes 
greater ultimate strength, making maple better suited than a 
coniferous wood in withstanding stress from string tension and 
giving a firm footing for the sound post. 
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In making the foregoing calculations, the relative 
motions of the plates had to be taken into account. 
From the previous assumptions, it follows that in the 
( 1 , 1 )  mode, their momenta are equal and opposite and 
their energies inversely as their masses. Numerically, 
this ratio is 1 .65 for the unvarnished plates. For the 
violin, data reported by MeineP3 for the principal reso
nance indicate a velocity ratio near 1 .6 or in the same 
order, althougb closeness of agreement is undoubtedly 
accidental. 

Conclusions concerning acoustical effects may be 
summarized as follows. Unless otherwise stated , nu
merical results refer to Varnish A weighing 0.0127  
gm/cm2• Qualitatively, I believe them true o f  both 
pseudofiddle and violin ; quantitatively, they seem in 
keeping with experience. 
• Neither the observations by Meinel nor the present 
measurements confirm the popular view of violin 
varnish as a major contributor to acoustical excellence. 
Small benefits can occur if the wood used is really overly 
resonant or if damping by varnish mounts dramatically 
above 4000 or 5000 cps, but of neither of these supposi
tions has the generality been established. 
• The impedance that the body of a fiddle offers to 
forces exerted by the strings approximates about a 
given resonance more or less that of a simple mechani
cally resonant circuit of stiffness S, mass M, quality 
factor Q, and numerical reactance X, which passes 
through zero at resonance ; this impedance may be 
written (SM)! ' ( l/Q+ jX) . Increase in (SM)\  decreases 
motion in the radiating plates more or less uniformly 
throughout the spectrum, while decrease in Q superposes 
additional reduction at resonance. For the pseudofiddle, 
the fiat loss caused by impedance increase following 
application of this varnish is about 1 .0 dB.  There can be 
no doubt that in a molin this effect is undesirable. Such a 
coat would increase the mass of the violin about 18 gro. 
• Added to this, at resonance peaks, is loss from 
internal friction. Assuming the same radiation decre
ment as in a violin and taking as reasonable for an out
standing instrument in the white a radiation efficiency 
of 35%, we have the decrements shown in Table II 
for the pseudofiddle at resonance. Corresponding to 
these decrements, therefore, the loss produced by varnish 
at resonance is 3.0 dB in addition to the 1 .0 dB of fiat 
loss. By way of comparison, the average of 10 decre
ments for body resonances in fine old violins as measured 
by F. A. Saundersl4 is 0.099 ; for 18 fine new violins, 
0.090. In the total decrement arrived at here, which is in 
the same order, an abnormally high varnish loss is 
probably balanced by a wood loss lower than usual. 
However i we would not be justified in expecting close 
agreement. 

],8 H. Meinel, Elek. Nachr.-Tech. 4, 1 1 9-134 (1937) .  . 
14 F. A. Saunders, J. Acoust. Soc. Amer. 17, 169-186 (1945) . 

Table IX. 
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TABLE II. Decrements for the pseudofiddle at resonance. 

Wood, calculated 
Varnish, calculated 
Radiation 

Total 

0.040 
0.026 
0.022 
0.0&8 

• In the calculation, varnish increases the decrement 
of the top by 0.03 1 ,  of the back by 0.018. Energy in the 
first being greater by a factor of about 1 .65, the energy 
loss per cycle in the top exceeds that in the back by a factor 
of O.65XO.031/0.0J8 or nearly three times regardless oj the 
description of the varnish coat. If one wishes 10 avoid 
varnish effects, he naturally reduces varn·ish on the top to 
the point of austerity, and is sparing on the back. 
• The opposing effects of added mass and stiffness 
produce a negligible change in the frequency in the 
maple (an increase of about 0.5%). In the spruce, it is 
about a quarter tone. Heavier coats .of a stiffer varnish 
could bring this up to serious detuning of top plate. 

• With test strips of the spruce assumed here cut, 
respectively, along and across the grain, the addition of 
varnish would change the ratio of stiffness from 1 2. 5  
to  10.0. 
• Answers to these questions may be unnecessary if 
quantity of varnish is kept to the minimum needed for 
protection. For example, if it is feasible to reduce varnish 
on the top to one third that on the back, losses in top and 
back will near equality, total loss will be halved, frequency 
dijf erence between plates caused by varnish will be sub
stantially eliminated and change in "velocity ratio" re
duced. The varnished violin will sound nearly like the 
violin in the white. 

• A good method of controlling varnish is by weighing 
before and after varnishing. A coat such as that 
assumed would weigh about 18 gm' a light coat one 
quarter to one half as much. (A violin including non
vibrating parts weighs around 400 gm.) 
• Final tuning of the plates could be postponed to 
advantage until just before the final finishing coat is 
applied. This involves new techniques in varnishing and 
possible revision of rules for tuning. 

• Since, with existing procedures, frequency of the top 
is raised by varnish with respect to the back, some 
protection may be obtained by tuning the top slightly 
flatter while in the white than would be best with un
varnished instruments. 
• Other instruments of the family, e.g., the cello, 
tolerate heavier coats than the violin in proportion to 
the greater thickness of their plates. 
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III. CONCLUSION 

The damping effects of varnish and the proper thick
ness of the coat are not matters unrelated to properties 
of the wood. The practice, if not the philosophy, of 
varnishing seems often to be to obtain wood of such low 
loss that heavy coats of varnish may be applied with 
impunity for cosmetic purposes without concern for 
musical damage. Up to a point, logarithmic decrement is 
necessary, but the skilled luthier obtains it as far as 
possible as radiation decrement, a gain in tonal volume, 

rather than a loss of energy in varnish. The "secret of 
varnish,"  therefore, may well be a secret of varnishing 
techniques for providing adequate but not excessive 
protection and acceptable appearance with the least 
possible material. 
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Appendix A : Varnished Orthotropic Plate 

Subject to the assumption made above,ll frequencies 
and decrements may be calculated following standard 
methods. Instead of flexural rigidity being proportional 
to E/ (1 -J.l.2) as in isotropic material, the correspond
ing factors in violin wood are Ez/ ( l -J.l.Ll�J.LRL) and 
Ey/ ( 1 -J.l.RLJ.l.LFt) , where L and R refer to longitudinal 
and radial coordinates of the tree trunk.. From measure
ments for kiln-dried Sitka spruce, Al the product of 
these two Poisson ratios is approximately 0.01 and 
negligible in the present context. Subject to these condi
tions, Huber's equation gives angular frequency, as 
follows, for a supported rectangular plate with edges 
parallel to the x- and y axes, which lie, respectively, 
along and perpendicular to the grain .  

where 

and 

K = �H/(2[3pJt) , 
Uz= Ezl (m/a)2, 

UII = E,} (n/b)2, 

(A l) 

and m and n are positive integers . Taking E =  £' + jE" , 
as usual, substituting in Eq . A l ,  taking into account 
the fact that in good violin wood the Q is high in both 
orientations, and writing E' / E" = Q, one obtains 
w = w'+ jw" 

= K[(Uz'+U/)+lj(Uz'/Q.:+ U//QII)], (A2) 
Al J. T. Drow and R.  S .  McBurney, Elastic Properties of Wood 

(Sitka Spruce) , Forest Products Lab., U .  S. Dept. Agriculture, 
No. 1 528-A,  (Nov. 1954) (reaffirmed June 1959), Table 5. 

and 
lw ' ( Uz'+ Uv') 

Qpl ate= -= • 
w I !  (U�'/Q�+ U//QII) 

The equations given do not relate directly to a plate 
that is a composite of varnish and wood, but they may 
be used by replacing the plate with one of the same 
thickness, whose density is increased in the same pro
portion as the total mass , whose moduli E' are increased 
in proportion to the corresponding total stiffness along 
or across the grain, as the case may be, and whose Q's 
are correspondingly altered. 

In this way, the new parameters becom e 

(A3) 
where AM is the mass of the varnish and A the 
varnished area. 

I E' I ", = Ew'+3[E'/ pJ� ' u/H, (A4) 
where w is x or y depending on orientation. Equations 
A3 and A4 may be substituted in Eq. At to obtain the 
new frequency. 

The new longitudinal and transverse Q's needed in 
Eq. 12 are 

Q",[l+As/s) 
I Qw l = 1 [1+ (As/s) (Qw/Q.)] 

(AS) 

where As/s=3[E'/p]� ' u/HEw', in which the wood 
parameters are taken in suitable orientation. 
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Abstract: Violin varnishes are known to alter the longitu-
dinal and radial material properties of violin tonewood. 
Here, the varnish-induced changes in the vibrational 
and elastic properties of spruce and maple wood were 
studied by modal analysis of rectangular plates. This 
contact-free investigation yields the eigenfrequencies and 
 corresponding mode shapes and modal damping ratios of 
multiple out-of-plane modes. The longitudinal and radial 
E-modulus and the in-plane shear modulus were deter-
mined by an inverse material property determination 
process. The influence of traditional European varnish 
materials and different coating build-ups, comprising 
alcohol-based as well as oil-based varnishes, was studied 
during their application and for several months during 
drying and aging of the multi-layered systems. The evo-
lutions of the changes induced by the different varnishes 
were rather similar and, except for modal damping, less 
pronounced for maple than for spruce. For the latter, the 
longitudinal E-modulus was slightly decreased while 
the shear modulus and radial E-modulus were increased 
after 18 months. The strong increases in modal damping 
ratios shortly after applying the coating systems (up to 
150%) were reduced over time but remained significant 
for the time-span studied. However, also small differ-
ences between the influence of different coating systems 

and varnish materials on the amplitude of the induced 
changes became apparent.

Keywords: maple, mechanical properties, modal analy-
sis, non-destructive testing, spruce, violin varnish, wood 
dynamics

Introduction
Besides aesthetical rationales and their protective func-
tion against humidity changes and wear, it is recognized 
that violin varnishes influence the vibrational proper-
ties of wood (Schelleng 1968; Ono 1993; Minato et  al. 
1995; Schleske 1998; Obataya et al. 2001; Sedighi Gilani 
et al. 2016; Lämmlein et al. 2019). The (tacit) knowledge 
about the varnish procedure of the renowned Cremonese 
violin makers, however, was not continuously handed 
down and got lost over the years (Cattani et  al. 2013). 
Therefore, most studies focus on revealing the varnish 
compositions and the preparation methods used by the 
famous luthiers (Echard and Lavedrine 2008; Echard 
et al. 2010; Bucur 2016; Spinella et al. 2017; Fiocco et al. 
2019).

The varnish influence on the eigenfrequencies, 
damping properties and elastic moduli has mostly been 
studied on wooden strips before and after varnish appli-
cation. Typically, the strips were excited, either electro-
magnetically or with an impact hammer, to vibrate in 
free-free flexural modes. The results, commonly based on 
the low-frequency modes, mainly show that for Norway 
spruce wood (Picea abies L.), the longitudinal stiff-
ness was slightly reduced, whereas the radial stiffness 
and especially the damping properties were (strongly) 
increased by varnishes (Hutchins 1991; Minato et al. 1995; 
Schleske 1998; Sedighi Gilani et al. 2016; Lämmlein et al. 
2019). Over time, during drying and aging of the coating, 
the effect of the varnish is further subjected to changes 
(Schelleng 1968; Holz 1995; Minato et  al. 1995; Schleske 
1998; Sedighi Gilani et  al. 2016). The described changes 
are visualized in Figure 1. The figure also shows the effects 
on the torsional properties, which have so far not been 
described in the literature, but which are reported in this 
publication.
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The varnish impact is associated with the different 
elastic constants of tonewood and varnish materials. 
Wood, as an anisotropic material, has a higher longitudi-
nal E-modulus (EL) and a lower radial E-modulus (ER) than 
most traditional isotropic varnish materials (Obataya et al. 
2001; Simonnet et al. 2002). In addition, varnish materials 
have a higher density and higher loss factors than spruce 
and maple (Acer pseudoplatanus L.), the wood species 
usually used for the construction of the front and back 
plates of a violin. Moreover, previous studies revealed 
that the varnish influence depends on the type of varnish 
applied and on the multi-layer build-up (Hutchins 1991; 
Schleske 1998, 2002). However, most studies investigated 
specific varnishes or coating systems without identifying 
the individual and cumulated contribution of treatment 
layers.

Besides the importance of ER and EL, numerical sen-
sitivity analyses showed an important influence of the 
in-plane shear modulus GLR on violin top and back plates 
(Rodgers 1988; Viala et  al. 2016) and, generally, also 
of the maple back on the final eigenfrequencies of the 
entire instrument (Viala et al. 2016). Nonetheless, meas-
urements on maple are very rare and one can find more 
general comments on the damping properties (Meinel 
1957; Eichelberger 2006), eigenfrequency changes (Woo 
Yang Chung 2000) or a single measurement of the impact 
of a particular varnish (Haines 1980). The potential influ-
ence of varnish on the shear properties of both, spruce 
and maple, has not been studied to date.

In this publication, the influence of differently com-
bined traditional multi-layer and multi-material coating 
systems on the vibrational and elastic properties of spruce 

and maple wood, and the evolution of these changes 
over time, were investigated. To study this, wideband 
modal analysis was performed on rectangular spruce and 
maple plates. Being non-invasive, this approach allows 
to measure the changes during the varnishing process 
and in a dynamic manner, as for real instruments. The 
method yields the eigenfrequencies and corresponding 
modal damping ratios. The in-plane elastic moduli, i.e. 
ER, EL and GLR, were obtained with an inverse method by 
minimizing the difference between the eigenfrequencies 
of a numerical model and the experimental measure-
ments. The applicability of this method has previously 
been demonstrated not only on simple rectangular plates 
(Larsson 1997; Pérez Martínez et  al. 2011), but also for 
more complex geometries such as violin soundboards 
(Viala et al. 2018). Due to the rectangular plate geometry, 
this approach allows an assessment of the influence on 
the shear properties and a determination of the aniso-
tropic properties in one  measurement on a single sample.

Materials and methods
Wood and coating materials: Fifty spruce plates of 
140 × 100 × 2.9 mm3 (L × R × T) and 30 maple plates of 95 × 60 × 2.6 mm3 
(L × R × T) with planed radial (LR) surfaces were sampled out of quar-
ter-sawn wood blocks. The wood for the specimens was taken from 
the same trees and in the case of the spruce plates all specimens were 
twin samples (five rows in the tangential direction each with 10 sam-
ples aligned in the longitudinal direction). The mean dimensions, 
weight and density are summarized in Table 1. In order to avoid 
potential superposition of the fundamental eigenmodes [see equa-
tions (4)–(6)] and to obtain a significant number of samples, different 
dimensions for spruce and maple were chosen.

Following the traditional violin varnishing methods, the stud-
ied coating systems comprised several layers and different varnish 
materials. Referring to the Byzantine finishing system as described 
by Koen Padding (Padding 2005), which is still being used today 
and allows a systematic analysis of different possible build-ups as 
encountered on antique and modern instruments, the following 
coating materials were chosen and applied with a brush:

Table 1: Dimensions and weights of studied samples at 20°C and 
65% RH.

Spruce plates Ø (std) Maple plates Ø (std)

Mass (g) 18.49 (0.12) 9.77 (0.16)
Length (mm) 140.02 (0.03) 95.12 (0.02)
Width (mm) 100.20 (0.10) 60.44 (0.05)
Thickness (mm) 2.894 (0.011) 2.56 (0.02)
Density (kg m−3) 455.3 (2.7) 665.1 (6.2)

The standard errors of measurement (SEM) are reported in 
Supplementary material S3. Std, standard deviation.

Figure 1: General trends for varnish-induced changes in 
eigenfrequency (left) and damping ratios (right) for spruce (for the R 
radial, L longitudinal and T torsional vibration modes) compared to 
the unvarnished state.
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 – Primer (N), one layer: 4.3 wt% sodium nitrite NaNO2 dissolved 
in distilled water

 – Sealing (S), one layer: mastic resin dissolved in turpentine (Mas-
tic Varnish from Kremer Pigmente GmbH & Co. KG, Aichstetten, 
Germany)

 – Grounding (G), one layer: clear oil varnish (OldWood classical 
amber, OldWood Colours & Varnishes S.L., Madrid, Spain) and 
29 wt% pumice powder (Pumice Powder 6/0 from Kremer Pig-
mente GmbH & Co. KG, Aichstetten, Germany)

 – Alcohol varnish (A), four layers: known as “1704 varnish”, based 
on shellac (Shellac Orange from Kremer Pigmente GmbH & Co. 
KG, Aichstetten, Germany), gum elemi (from Hammerl GmbH 
& Co. KG, Baiersdorf, Germany), spike oil (Spike-Lavender Oil 
from Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany) 
and ethanol

 – Oil varnish (O), four layers: Hammerl standard quality oil var-
nish golden brown.

The varnish application was performed by a scientist, who was 
taught by a professional luthier. Subsequent layers were applied 
with 24 h intervals, including 8 h of ultraviolet (UV) irradiation. To 
study the impact of the individual materials and to reflect different 
coating systems as used for historical and modern violins, different 
combinations (Table 2) were investigated. In general, the applied 
coating materials can be separated into pretreatments (N, S and G), 
which penetrate the outer wood cells, and the main varnish (either 
A or O) which forms a homogenous layer on the pretreated wood 
surface. In the case of the spruce plates’ measurements, all possi-
ble combinations of pretreatments were studied and combined with 
both the alcohol and oil varnishes. For the maple plates, the different 
combinations of pretreatments were studied for the alcohol varnish. 
Besides, the influence of the oil varnish was examined on a NSG 
pretreatment system. As Table 2 shows, this results in eight different 
coating systems for the spruce plates and five different coating sys-
tems for the maple plates. For statistical analysis, each wood/coating 
combination was examined on five plates. The samples were weighed 
on a precision balance (±1 mg) after each varnishing step and at each 
measurement time. To enable a direct comparison between the mass 
changes of the spruce and maple plates, the changes were evaluated 
as a coating system-induced areal mass loading:

 initialAreal loading
m m

b l
−

=  (1)

where m is the mass, b the width and l the length of the plate. The 
subscript initial refers to the initial, unvarnished plate. The plates’ 
thicknesses, which were considered in the density and numerical 
calculations, were determined during the varnish application as an 
average of three measurements per plate with a micrometer (±1 μm), 
and considered as constant during drying and aging.

Modal analysis: To eliminate any influences of temperature and rela-
tive humidity (RH) changes, all wooden plates were preconditioned, 
varnished and measured in the same climatic chamber (20°C and 65% 
RH). The general setup and process of the measurements are shown 
in Figure 2. The vibration was excited contact free with a sine sweep 
between 150 Hz and 10 000 Hz, generated by a loudspeaker positioned 
behind the plate. The out-of-plane vibration velocity frequency response 
function (FRF) was measured with a PSV-500 scanning laser vibrom-
eter (Polytec GmbH, Waldbronn, Germany) using the H1 estimator. This 
non-intrusive approach is of great advantage with regard to potential 
investigations on valuable violins. The measurements were conducted 

at several equidistant points along one short and one long edge of the 
plate whereby the mode shapes were clearly identifiable (Figure 2b). 
The eigenfrequencies and their modal damping ratios were calculated 
by a modified method of linear prediction (Tufts and Kumaresan 1982; 
Lebedev 2002), which was applied for wooden beams in Van Damme 
et al. (2017). The procedure is based on fitting a sum of exponentially 
damped sine waves to the experimentally determined response. Figure 
2 exemplarily shows a measured FRF (blue curve) and the calculated 
linear prediction (red curve) for a spruce (Figure 2d) and a maple (Fig-
ure 2e) plate measurement. The labeling of the eigenmodes refers to the 
number of node lines, i.e. the blue lines in  Figure 2, along the short and 
the long edge of the plates (no. of node lines along the short edge, no. 
of node lines along the long edge). Due to the material properties and 
the dimension of the plates, different eigenmodes can fall on the same 
eigenfrequency, making it difficult to assign them individually. For com-
plex FRFs, with many overlapping resonance peaks, the linear predic-
tion method results in a more reliable estimation of the eigenfrequency 
and modal damping ratios than the straightforward peak identification 
(Remillieux et al. 2015). In Figure 2, the eigenmodes that were clearly 
recognizable for all measurements and that were subsequently used for 
further analysis are displayed and highlighted in the FRFs.

In the case of small damping values (ζ < 0.07), the determined 
modal damping ratios ζ can be converted to other common damping 
measures according to Graesser and Wong (1992):

 
1tan( )

2 2 2 2 
Qδ η Λ

ζ
π

−

= = = =  (2)

where tan(δ) is the loss tangent, η the loss factor, Q the quality fac-
tor and Λ the logarithmic decrement. The modal damping ratios 
of the fundamental bending modes, i.e. mode (1,1), (2,0) and (0,2), 
can directly be transferred to the directional properties [(1,1) = LR, 
(2,0) = R, (0,2) = L]. The modal damping ratio of the second torsional 
bending mode, however, also strongly depends on the longitudinal 
damping properties (McIntyre and Woodhouse 1988).

Inverse mechanical property determination process: Wood, owing 
to its different properties in the longitudinal, radial and tangential 
directions, is commonly modeled as an orthotropic material with nine 
elastic constants and a physical parameter, the density. Based on an 
iterative optimization process, by minimizing the difference between 
the results obtained experimentally and by a numerical model of the 
plate vibrations, it is possible to determine the elastic properties of the 

Table 2: Term and composition of the studied coating systems (✓ 
present, ✗ not present).

Term   Na   Sb Gc  
Varnish 
(Ad or Oe)  

No. of spruce 
samples  

No. of maple 
samples

Reference   ✗   ✗ ✗   ✗   10   5
NA   ✓   ✗ ✗   ✓ (A)   5   5
NO   ✓   ✗ ✗   ✓ (O)   5   –
NSA   ✓   ✓ ✗   ✓ (A)   5   5
NSO   ✓   ✓ ✗   ✓ (O)   5   –
NGA   ✓   ✗ ✓   ✓ (A)   5   5
NGO   ✓   ✗ ✓   ✓ (O)   5   –
NSGA   ✓   ✓ ✓   ✓ (A)   5   5
NSGO   ✓   ✓ ✓   ✓ (O)   5   5

aSodium nitrite solution; bsealing; cgrounding; dalcohol varnish; eoil 
varnish.
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plates. In the case of thin rectangular wooden plates, this approach 
allows identifying the in-plane stiffness properties, i.e. EL, ER and GLR 
(McIntyre and Woodhouse 1988; Larsson 1997; Pérez Martínez et al. 
2011). Within the optimization, these design variables were deter-
mined by minimizing the objective function:

 
2

,num ,exp

,exp

  i i
i

i i

f f
g w

f
 −

=  
 

∑  (3)

where i indicates the modes considered for the analysis [i.e. (1,1), 
(2,0), (0,2) and (2,2)], f the corresponding eigenfrequency determined 
numerically and experimentally, respectively, and w a weighting 
factor. As initial presumption, the parameters were estimated by a 
closed-form eigenvalue solution for a free-free beam (Larsson 1997):
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where ρ is the homogenized density, l the length, b the width and 
h the thickness of the plates. For the remaining elastic constants, 
common values were taken from the literature (Kretschmann 2010). 
As apparent from equations (4)–(6) and from sensitivity analyses 
(Larsson 1997; Pérez Martínez et al. 2011), the mechanical properties 
strongly correlate with certain eigenfrequencies. In the case of rectan-
gular free plates, the eigenfrequencies are generally calculated with 
approximations obtained by the Rayleigh’s method, the Rayleigh-Ritz 
technique or using finite element method (FEM) (Hwang and Chang 
2000). For the study of the varnished plates, the density is averaged 
and assumed to be homogenous. The elastic moduli were calculated 
with the different dimensions of the spruce and maple plates in the 
numerical model. A preliminary comparison of the results obtained 
with an FEM model to a calculation based on the Rayleigh-Ritz 

method using the xyz algorithm (with n = 12) (Visscher et al. 1991) was 
conducted. As for the first 18 eigenfrequencies, the relative changes 
between these two methods remained below 0.5%, the calculation of 
the vibrational response for the optimization problem was performed 
with the computationally less expensive xyz algorithm. The optimiza-
tion was conducted in MATLAB using the Nelder-Mead simplex algo-
rithm [fminsearch (The MathWorks 1984–2017)].

Test sequence, statistical evaluation and error quantification: All 
spruce and maple plates were measured in their unvarnished state 
and subsequently after each varnishing step. This resulted in four 
measurements during the varnishing process: (i) initial (unvarnished), 
(ii) after the sodium nitrite solution application, (iii) after the remain-
ing pretreatment application (either S, G or S and G), and (iv) after the 
application of alcohol or oil varnish. Moreover, drying and aging of the 
coating systems was studied by additional measurements that were 
conducted after (v) 1 month, (vi) 3 months and (vii) 6 months, and for 
the spruce plates additionally after (viii) 12 months and (ix) 18 months. 
Generally, the impact of the freshly applied layers differs from the var-
nish-induced changes occurring over time and are therefore consid-
ered separately. The significance of different factors (e.g. pretreatment 
system, alcohol or oil varnish, time evolution, spruce or maple) on the 
measured and calculated properties was determined using a one-way 
analysis of variance (ANOVA) at the 5% significance level in MATLAB.

Results and discussion

Areal loading

Figure 3 shows the mean areal mass loadings that resulted 
from the varnish application during the varnishing process 
and over time. The final loadings varied between 62 g m−2 

Figure 2: General setup and process of measurements for modal analysis.
(a) Setup with a scanning laser vibrometer, a plate and the loudspeaker positioned behind the plate, (b) the measured points aligned along 
one short and one long side shown on a spruce plate, (c) the identified mode shapes corresponding to the measured (blue) and fitted (red) 
frequency response functions of a (d) spruce and a (e) maple plate measurement.
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for an NA sample and 173 g m−2 in the case of spruce and 
129 g m−2 in the case of maple for an NSGO plate. A direct 
comparison between the same coating systems on spruce 
(Figure  3a) and maple (Figure 3b) showed that with the 
exception of NA, the areal mass loading for spruce was 
significantly higher than that for maple. When compar-
ing the alcohol (A) and oil varnishes (O), the oil varnish 
always resulted in a significantly higher loading. Con-
sidering the pretreatments, NSG showed significantly 
higher and N significantly lower loadings compared to 
the remaining systems at the end (after 18 and 6 months, 
respectively). Between NS and NG, the only significant dif-
ference occurred in combination with the alcohol varnish 
for the spruce plates. Moreover, the results showed that 
the pretreatments had an influence on the final amount of 
alcohol and oil varnish applied: the total areal loading of 
alcohol or oil varnish in combination with NSG was higher 
than the sum of combining NG and NS and deducting N 
(e.g. NSGO > NSO + NSG − NO). This can be explained by 
the sealing function of the pretreatments, which avoided 
an unrestricted alcohol or oil varnish penetration as for 
the samples treated only with N. Therefore, in the case 
of manual application, more alcohol and oil varnish was 
present on samples without S and G, especially in the case 
of the oil varnish with a slowly advancing drying process 
and thus more time for varnish penetration. Over time, 
during drying and aging of the coating systems (after 
1 month), the areal loadings did not change significantly.

Inverse mechanical property determination 
process

The initial optimization was performed with equal weights 
wi = 1 for all modes. In the case of the spruce plates, the 

starting and optimized values of EL and ER differed less 
than 1.4% and 0.2%, respectively. Therefore, the optimi-
zation problem was reduced to an optimization of GLR. 
From the identified modes, GLR depends mainly on the 
first and second torsional bending modes (1,1) and (2,2). 
Of these two modes, (2,2) is not overlapping with neigh-
boring modes, as observed for (1,1) (Figure 2). Therefore, 
the eigenfrequency and modal damping ratio determina-
tion is more precise and reliable for (2,2). Accordingly, the 
changes in GLR showed similar median changes but less 
variation, when (2,2) is weighted higher than (1,1) ([w(1,1) 
w(2,0) w(0,2) w(2,2)] = [1 1 1 2] and [0 1 1 1] in Figure 4a) and 
thus lead to statistically more meaningful results. Hence, 
the influence of (2,2) was weighted twice within the optimi-
zation problem for the spruce plates ([w(1,1) w(2,0) w(0,2) 
w(2,2)] = [1 1 1 2]). The choice of weighting factor also shows 
an influence on the absolute value of GLR. Figure 4b shows 
the distribution of GLR for all spruce plates before varnish-
ing and after 18 months. In the case of higher weighting of 
(2,2), i.e. fitting more precisely the higher frequency mode 
(2,2), higher absolute values for GLR were obtained ([w(1,1) 
w(2,0) w(0,2) w(2,2)] = [1 1 1 2] and [0 1 1 1] in Figure 4b). 
This suggests that, similar to EL (Ouis 2002), GLR increases 
with frequency and thus that the method is also suitable to 
investigate frequency dependencies of the elastic moduli.

The averaged resulting moduli and modal damping 
ratios for the unvarnished spruce and maple plates are 
summarized in Table 3. Most initial properties were in the 
range of typically observed values and anisotropy ratios (cf. 
Brémaud et al. 2011). The modal damping ratio in the radial 
direction of spruce, however, was significantly higher than 
the previous measurements in the literature (cf. Haines 
1979; Hutchins 1991; Sedighi Gilani et al. 2016). The values 
were probably estimated higher due to the close pres-
ence of a second vibration mode. The detailed data for all 

Figure 3: Mean areal mass loadings induced by the coating systems for (a) spruce plates and (b) maple plates.
The slight loading increases during drying and aging resulted from an increased weight of the wood itself (see changes for reference 
samples), which might be explained by a potential additional moisture uptake for the aged wood.
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individual samples and measurements (including the input 
parameters, i.e. the dimensions, masses and eigenfrequen-
cies) are provided in Supplementary materials 1 and 2.

Results for spruce plates

The results for the mean relative changes in eigenfrequen-
cies, elastic moduli and modal damping ratios (ζ) for the 
coating systems with the alcohol varnish are shown in 
Figure 5.

Generally, the initial influence of the coating systems 
differs between the longitudinal, radial and torsional 
modes. Regarding the eigenfrequencies and elastic 
moduli, the freshly applied coating systems resulted in a 
significant increase for the radial bending mode, whereas 
for the torsional (except NA and NGA) and longitudi-
nal modes, the properties were reduced. With regard to 
the modal damping ratios, the freshly applied coatings 
resulted in a strong increase, which was most pronounced 
in the radial direction and for NSGA-coated samples.

The trends for the further changes occurring over time 
during the drying and aging of the coating systems were 
rather similar. Proceeding from the finished coatings, 
all eigenfrequencies and elastic moduli were increased. 
As meanwhile the mass was not subjected to significant 
changes, as described earlier, these increases indicate a 
stiffening of the coating systems over time. After 18 months, 

the changes in eigenfrequencies and elastic moduli of all 
coating systems were significantly different compared to 
the changes occurring for the reference plates, showing 
increased radial and torsional and slightly decreased 
longitudinal properties. For NSGA, these changes were 
strongest and for NA they were less noticeable. The differ-
ences observed between the different coating systems and 
the different wood directions diminished over time. More-
over, the large damping increases measured for freshly 
applied coating systems were less pronounced with time. 
However, in the case of the longitudinal and torsional 
modes, the general increase remained.

When comparing the development of the changes over 
time, an influence of the solvents is evident. For the NA 
samples, with ethanol as the main solvent, most changes 
happened within the first month. For the NSGA samples, 
with two pretreatment layers based on turpentine (S) and 
linseed oil (G), the dynamics of the changes were slower 
and still apparent after 18 months. This finding is in good 
agreement with previous studies that also showed more 
rapid changes for alcohol varnishes than for (siccative-) 
oil-based varnishes (Barlow and Woodhouse 1990; Minato 
et al. 1995; Brémaud et al. 2016). Schleske (Schleske 1998), 
on the other hand, only noticed this effect for simple var-
nishes, consisting of one resin dissolved in a solvent. For 
more complex varnishes, containing multiple ingredi-
ents, he did not observe an influence of the solvent on the 
drying dynamics (Schleske 1998).

Figure 4: Influence of varnishing and the weighting factors of the eigenmodes [w(1,1) w(2,0) w(0,2) w(2,2)] on the shear modulus GLR.
Box plots showing the influence of the weighting factors on GLR of the spruce plates for (a) different coating systems induced changes on GLR 
after 18 months and for (b) absolute values of GLR (of all plates) before the varnish application and after 18 months.

Table 3: Longitudinal and radial E-moduli, shear modulus and modal damping ratios of the plates before varnishing.

EL (GPa) ER (GPa) GLR (GPa) ζ(0,2) = ζL (%) ζ(2,0) = ζR (%) ζ(1,1)/ζ(2,2) (%)

Spruce plates Ø (std) 14.77 (±0.19) 0.60 (±0.12) 0.734 (±0.014) 0.30 (±0.02) 1.6 (±0.4) 0.54a (±0.03)
Maple plates Ø (std) 12.5 (±0.4) 1.55 (±0.10) 1.58 (±0.07) 0.65 (±0.08) – 0.81b (±0.05)

The modal damping ratios correspond to the values obtained for the identified longitudinal, radial and torsional bending modes. The 
standard errors of measurement (SEM) and their influence on the elastic moduli are reported in Supplementary material S3. Std, standard 
deviation. aFor mode (2,2); bfor mode (1,1).
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To allow for comparison of the oil and alcohol var-
nishes, the mean relative changes for all oil varnish-
containing systems are shown in blue in Figure 6. The 
general trends and pretreatment influences were similar 
to the alcohol varnish systems (indicated in gray in 
Figure 6). However, some differences are obvious: the 
final increases for the radial and torsional eigenfrequen-
cies and elastic moduli were smaller for the oil than for 
the alcohol varnish, whereas the reductions for the lon-
gitudinal properties were more pronounced. Moreover, 
the modal damping ratio increases were more distinct 
for the oil than for the alcohol varnish systems. A direct 
comparison between the alcohol and oil varnishes for the 
coatings with identical pretreatment systems showed that 
these differences are significant for the longitudinal and 
torsional modes. The findings prompt that the oil varnish 

has a lower E-modulus but a higher tan(δ) than the alcohol 
varnish.

As for both varnishes, the impact was increased with 
the number of pretreatment layers applied, a depend-
ency of the investigated parameters on the mass changes 
can be presumed. Figure 7 shows the relative changes in 
eigenfrequencies, elastic moduli and modal damping 
ratios after 18 months as a function of the correspond-
ing relative mass change. Obviously, there is a correla-
tion to the mass changes, but also a strong dependency 
on the type of varnish materials applied. The blue and 
brown ellipses illustrate the influence of the applied 
varnish (alcohol or oil varnish). While the results for the 
alcohol and oil varnishes for the longitudinal bending 
mode fall roughly on one line, the results for the radial 
bending mode and especially for the torsional bending 

Figure 5: Mean relative changes for (left) mode (2,0), (middle) mode (0,2), (right) mode (2,2) of the corresponding (top) 
eigenfrequencies, (middle) elastic moduli and (bottom) modal damping ratios for the coating systems containing alcohol varnish 
(A) applied to spruce plates.
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mode clearly indicated the influence of the varnish, and 
thus its mechanical properties.

Overall, the measured changes for the radial and 
longitudinal properties showed similar results as previ-
ous studies on wood strips (Hutchins 1991; Minato et al. 
1995; Schleske 1998; Sedighi Gilani et al. 2016; Lämmlein 
et al. 2019), i.e. the highest impact was recorded for the 
damping ratio (increase) and, in general, for the proper-
ties in the radial direction. These conclusions hold for 
all studied varnish materials. Even though the material 
properties changed less with the passage of time, they did 
not reach constant conditions after 18 months. The results 
reflect the complexity of the impact of the multi-layered 
coating systems and are dependent on the type of varnish 
materials and their mechanical properties as well as on 
the amount applied and the age of the coating system. 

Moreover, the underlying wood properties also come into 
play, as shown with the following results for the varnish 
impact on maple wood that is commonly used for the 
 construction of the violin back plate.

Results for maple plates

The mean changes for the different coating systems 
applied to the maple plates are shown in Figure 8. As the 
response of the radial eigenmode (2,0) is overlapped by 
the strong longitudinal bending mode (0,2) (see Figure 2), 
it was not possible to determine the precise radial modal 
damping ratio values.

In general, the changes in eigenfrequency and 
elastic moduli were less pronounced compared to spruce.  

Figure 6: Mean relative changes for (left) mode (2,0), (middle) mode (0,2), (right) mode (2,2) of the corresponding (top) eigenfrequencies, 
(middle) elastic moduli and (bottom) modal damping ratios for all coating systems applied on spruce plates.
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The results for the radial eigenfrequency and ER had a 
similar trend as the torsional changes of the spruce plates: 
the freshly applied varnishes resulted in a decrease, but 
over time, the radial eigenfrequency and ER showed an 
increase. This change in behavior over time could explain 
the contradictory results of previous studies, which 
observed a decrease of ER for maple (Haines 1980) and an 
increase in eigenfrequency for mulberry (Brémaud et  al. 
2016). In the longitudinal direction, the alcohol varnish-
containing systems resulted in an increase in eigenfre-
quency after 6 months, whereas the corresponding EL was 
only significantly changed for NSGA. Regarding the tor-
sional eigenfrequency and GLR, the only significant change 
was measured for the NSGA system.

The modal damping ratios showed a strong and sig-
nificant increase [with an exception of the NA system for 
mode (1,1)], as also previously reported for wood strips 
(Meinel 1957; Haines 1980; Eichelberger 2006). Unlike the 

spruce plates, the increase for the longitudinal mode was 
higher than that for the torsional mode.

The lower influence of the coating systems on the stiff-
ness properties for maple than for spruce plates might be 
explained by the higher density of maple wood (Table 1). 
Moreover, the areal mass loadings of the coating systems 
were higher for spruce than for maple wood. Thus, the 
changes in mass and density were more pronounced for 
the spruce plates resulting in an overall higher impact. 
In addition, the initial wood properties also differ. The 
spruce plates showed a higher anisotropy than the maple 
plates with a higher EL but lower ER-modulus (Table 3). 
For common mechanical varnish properties [around 
E = 1–4  GPa for shellac varnish, copal varnish, linseed 
oil, lacquers and nitrocellulose sealer (Ono 1993; Obataya 
et  al. 2001; Simonnet et  al. 2002)], EVarnish is higher than 
ER,wood and smaller than EL,wood, thus, in both cases, closer 
to the maple than to the spruce properties.

Figure 7: Relative changes in eigenfrequency, elastic moduli and modal damping ratios as a function of Δm for the measurement after 
18 months. All A and O varnish containing coating systems are consolidated in the blue and brown ellipses, respectively.
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Conclusions
An interrelated analysis of the time-dependent influ-
ence of representative, traditional multi-layer and multi-
material violin coatings with a focus on their impact on 
the shear modulus and the elastic properties of spruce 
and maple was conducted. The varnish influence on 
the bending mode eigenfrequencies, elastic moduli and 
damping properties was investigated by laser vibrom-
eter measurements. Multimodal analysis of rectangular 
plates was used to determine the material properties. 
This approach enabled a simultaneous determination of 
the different properties on an individual sample within 
one measurement. In general, the effect differed for the 
respective wood directions and depended on the wood 
and varnish material properties, the amount of varnish 
applied and the elapsed time span since application. The 
study showed that the varnishes significantly change 
the longitudinal, radial and shear properties, which are 

known to affect the instruments’ vibrations and thus its 
sound. The modal damping ratios were strongly increased, 
while the eigenfrequencies and elastic moduli showed 
direction- and material-dependent evolutions. In contrast 
to the changes for spruce, the impact of varnishing on the 
eigenfrequencies and elastic moduli of the maple plates 
was relatively low.

The knowledge of the potential influence of a coating 
system on the vibrational properties and elastic moduli is 
important for luthiers, as it prevents unwanted changes. 
However, it should be considered that the varnish influ-
ence is also subjected to changes in time, especially during 
the first 3 months after treatment. Being non-invasive, the 
approach of performing modal analysis and a subsequent 
inverse mechanical material property determination is, 
in combination with an accurate FEM model, suitable for 
further investigations on the impact of coating systems on 
violin plates, the complete instruments or on frequency 
dependencies of the studied properties. Moreover, the 

Figure 8: Mean relative changes for (left) mode (2,0), (middle) mode (0,2), (right) mode (1,1) of the corresponding (top) eigenfrequencies, 
(middle) elastic moduli and (bottom) modal damping ratios for all coating systems applied to maple plates. Due to the smaller scaling of the 
y-axes, the step-wise changes over time appear less smooth than for the spruce plate measurements.
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method can be employed to study the influence of wood 
treatments or new materials used for the manufacture of 
instruments.

Acknowledgments: The first author thanks R. Viala and 
S. Cogan of FEMTO-ST, Besançon, for an introduction to 
the general approach and methods and the possibility to 
conduct a feasibility study. Further acknowledgements 
go to M. Sedighi Gilani for initiating the COST project, to 
U. Dederer for providing and explaining her knowledge 
about traditional varnish materials and processes and to 
D. Heer for the wood sample preparation.

Research funding: The work was funded by the COST 
Project C15.0082.
Employment or leadership: None declared.
Honorarium: None declared.
Conflict of interest: The authors declare that they have no 
conflict of interest.

References
Barlow, C., Woodhouse, J. (1990) The influence of varnish on the 

properties of spruce plates. Proc. Ins. Ac. 2:765–770.
Brémaud, I., Gril, J., Thibaut, B. (2011) Anisotropy of wood vibra-

tional properties: dependence on grain angle and review of 
literature data. Wood Sci. Technol. 45:735–754.

Brémaud, I., Karami, E., Bardet, S., Gilles, N., Perego, F., Zare, S., 
Gril, J. (2016) Changes in vibrational properties of coated wood 
through time from application of varnish, with recipes used 
in European or Iranian string instruments making. In: Wooden 
Musical Instrument Conservation and Knowledge Conference, 
WoodMusICK. Barcelona. pp. 93–96.

Bucur, V. (2016) The varnish. In: Handbook of Materials for String 
Musical Instruments. Springer International Publishing, Cham. 
pp. 373–453.

Cattani, G., Dunbar, R.L.M., Shapira, Z. (2013) Value creation and 
knowledge loss: the case of Cremonese stringed instruments. 
Organ. Sci. 24:813–830.

Echard, J.P., Lavedrine, B. (2008) Review on the characterisation of 
ancient stringed musical instruments varnishes and implemen-
tation of an analytical strategy. J. Cult. Herit. 9:420–429.

Echard, J.P., Bertrand, L., von Bohlen, A., Le Ho, A.S., Paris, C., 
Bellot-Gurlet, L., Soulier, B., Lattuati-Derieux, A., Thao, S., 
Robinet, L., Lavedrine, B., Vaiedelich, S. (2010) The nature of 
the extraordinary finish of Stradivari’s instruments. Angew. 
Chem. Int. Ed. 49:197–201.

Eichelberger, K. (2006) Ermittlung von Kriterien zur Beurteilung der 
Lackqualität im Musikinstrumentenbau und Untersuchung von 
neuen Lackrezepturen. Inst. f. Musikinstrumentenbau, Techn. 
Univ. Dresden, Zwota. pp. 77. DOI: 10.2314/GBV:512069697.

Fiocco, G., Rovetta, T., Invernizzi, C., Albano, M., Malagodi, M., 
Licchelli, M., Re, A., Lo Giudice, A., Lanzafame, G.N.,  
Zanini, F. (2019) A micro-tomographic insight into the  

coating systems of historical bowed string instruments.  
Coatings 9:81.

Graesser, E., Wong, C. (1992) The relationship of traditional 
 damping measures for materials with high damping 
 capacity: a review. In: STP1169-EB M3D: Mechanics and 
 Mechanisms of Material Damping. Eds. Kinra, V., Wolfenden, A. 
ASTM, West Conshohocken, PA, USA. pp. 316–343.  
https://doi/org/10.1520/STP17969S.

Haines, D.W. (1979) On musical instrument wood. Catgut Acoust. 
Soc. Newsl. 31:23–32.

Haines, D. (1980) On musical instrument wood Part II. Catgut Acoust. 
Soc. Newsl. 33:19–23.

Holz, D. (1995) Materialuntersuchungen zum langjährigen  
akustischen Einfluß einer Lackierung. Musikinstrum. 6–7: 
98–105.

Hutchins, M. (1991) Effects on spruce test strips of four-year applica-
tion on four different sealers plus oil varnish. Catgut Acoust. 
Soc. J. 1:11–12.

Hwang, S.-F., Chang, C.-S. (2000) Determination of elastic 
constants of materials by vibration testing. Compos. Struct. 
49:183–190.

Kretschmann, D. (2010) Mechanical properties of wood. In: Wood 
handbook: wood as an engineering material. US Dept. of Agri-
culture, Forest Service, Forest Products Laboratory, Madison, 
WI. pp. 5.1–5.46.

Lämmlein, S.L., Mannes, D., van Damme, B., Burgert, I., 
Schwarze, F.W.M. (2019) Influence of varnishing on the vibro-
mechanical properties of wood used for violins. J. Mater. Sci. 
54:8063–8095.

Larsson, D. (1997) Using modal analysis for estimation of aniso-
tropic material constants. J. Eng. Mech. 123:222–229.

Lebedev, A. (2002) Method of linear prediction in the ultrasonic 
spectroscopy of rock. Acoust. Phys. 48:339–346.

McIntyre, M., Woodhouse, J. (1988) On measuring the elastic and 
damping constants of orthotropic sheet materials. Acta Metal-
lurgica. 36:1397–1416.

Meinel, H. (1957) Regarding the sound quality of violins and a 
scientific basis for violin construction. J. Acoust. Soc. Am. 
29:817–822.

Minato, K., Akiyama, T., Yasuda, R., Yano, H. (1995) Depend-
ence of vibrational properties of wood on varnishing during 
its  drying process in violin manufacturing. Holzforschung 
49:222–226.

Obataya, E., Ohno, Y., Norimoto, M., Tomita, B. (2001) Effects of 
oriental lacquer (urushi) coating on the vibrational properties 
of wood used for the soundboards of musical instruments. 
Acoust. Sci. Technol. 22:27–34.

Ono, T. (1993) Effects of varnishing on acoustical characteristics of 
wood used for musical instrument soundboards. J. Acoust. Soc. 
Jpn. (E). 14:397–407.

Ouis, D. (2002) On the frequency dependence of the modulus of 
elasticity of wood. Wood Sci. Technol. 36:335–346.

Padding, K. (2005) A rational look at the classical Italian coatings.  
J. Violin Soc. Am.: VSA Papers. 1:11–25.

Pérez Martínez, M.A., Poletti, P., Gil Espert, L. (2011) Vibra-
tion  testing for the evaluation of the effects of moisture 
 content on the in-plane elastic constants of wood used in 
musical instruments. In: Vibration and Structural Acoustics 
Analysis: Current Research and Related Technologies. Eds. 

S.L. Lämmlein et al.: Influence of varnish on violin wood dynamics 775



Vasques, C.M.A., Dias Rodrigues, J. Springer Netherlands, 
Dordrecht. pp. 21–57.

Remillieux, M.C., Ulrich, T.J., Payan, C., Rivière, J., Lake, C.R., Le Bas, 
P.-Y. (2015) Resonant ultrasound spectroscopy for materials 
with high damping and samples of arbitrary geometry. J. Geo-
phys. Res-Sol. Ea. 120:4898–4916.

Rodgers, O.E. (1988) The effect of the elements of wood stiffness on 
violin plate vibration. J. Catgut. Acoust. Soc. 1:2–8.

Schelleng, J.C. (1968) Acoustical effects of violin varnish. J. Acoust. 
Soc. Am. 44:1175–1183.

Schleske, M. (1998) On the acoustical properties of violin varnish. 
Catgut Acoust. Soc. J. 3:27–43.

Schleske, M. (2002) Empirical tools in contemporary violin mak-
ing: Part I. Analysis of design, materials, varnish, and normal 
modes. Catgut Acoust. Soc. J. 4:50–64.

Sedighi Gilani, M., Pflaum, J., Hartmann, S., Kaufmann, R., 
 Baumgartner, M., Schwarze, F.W.M.R. (2016) Relationship of 
vibro-mechanical properties and microstructure of wood and var-
nish interface in string instruments. Appl. Phys. A. 122:1–11.

Simonnet, C., Gibiat, V., Halary, J.-L. (2002) Physical and chemical 
properties of varnishes and their vibrational consequences. 
PACS Ref. 43:75.

Spinella, A., Malagodi, M., Saladino, M.L., Weththimuni, M.L., 
Caponetti, E., Licchelli, M. (2017) A step forward in disclosing 
the secret of stradivari’s varnish by NMR spectroscopy.  
J. Polym. Sci. Pol. Chem. 55:3949–3954.

The MathWorks, I. (1984–2017) MATLAB and Statistics Toolbox 
Release 2018a. Natick, Massachusetts, United States.

Tufts, D.W., Kumaresan, R. (1982) Estimation of frequencies of multi-
ple sinusoids: making linear prediction perform like maximum 
likelihood. Proceedings of the IEEE. 70:975–989.

Van Damme, B., Schoenwald, S., Zemp, A. (2017) Modeling the 
bending vibration of cross-laminated timber beams. Eur. J. 
Wood Wood Prod. 75:985–994.

Viala, R., Placet, V., Cogan, S., Foltête, E. (2016) Model-based effects 
screening of stringed instruments. In: Model Validation and 
Uncertainty Quantification, Volume 3. Eds. Barthorpe, R., 
Platz, R., Lopez, I., Moaveni, B., Papadimitriou, C. Springer 
 International Publishing, Cham. pp. 151–157.

Viala, R., Placet, V., Cogan, S. (2018) Identification of the anisotropic 
elastic and damping properties of complex shape composite 
parts using an inverse method based on finite element model 
updating and 3D velocity fields measurements (FEMU-3DVF): 
Application to bio-based composite violin soundboards. 
 Compos. Part A-Appl. S. 106:91–103.

Visscher, W.M., Migliori, A., Bell, T.M., Reinert, R.A. (1991) On the 
normal modes of free vibration of inhomogeneous and aniso-
tropic elastic objects. J. Acoust. Soc. Am. 90:2154–2162.

Woo Yang Chung, S.H.P. (2000) Studies on the vibrational modal 
analysis of solid woods for making the violin – Part 2. The 
effects of coating materials on the resonant frequency of 
 European spruce and maple. Korea Furnit. Soc. 11:45–52.

Supplementary Material: The online version of this article offers 
supplementary material (https://doi.org/10.1515/hf-2019-0182).

776 S.L. Lämmlein et al.: Influence of varnish on violin wood dynamics

https://doi.org/10.1515/hf-2019-0182


J. Acoust. Soc. Jpn. (E) 14, 6 (1993) 

Effects of varnishing on acoustical characteristics of 

wood used for musical instrument soundboards 

Teruaki Ono 

Department 0/ Physics, FaCilIty 0/ Engineering, Gifu Universily, 

1-1 Yanagido, Gi/II, 501-/1 Japan 

(Received 18 March 1993) 

Tapping sounds were measured for the varnished boards and the uncoated ones of Sitka 
spruce wood used for musical instrument sound boards, and the acoustical effect of 

varnishing was investigated from their sound power spectra. The Young's modulus and 
the internal friction were measured for these boards, and the equations for the case of a 
coated board were derived theoretically. From these experiments and theories, the 

important mechanisms were clarified. With varnishing, the sound power level decreased 

at low-frequencies « 300 Hz), and it increased or decreased at high-frequencies (> 3 
kHz) and overall. This difference in frequency characteristic variations was due to the 

difference in the variations of Young's modulus (Ell) and internal friction (QR-I) in the 

direction, R, perpendicular to the grain. The level drop at low-frequencies was due to 

the shifting upwards of the lowest mode frequency with increasing ER• For wood 

having a low ER value the power level increased at frequencies above about 300 Hz 
because of the larger increase of ER• whereas for wood having a high ER value it decreased 

at high-frequencies because of the larger increase of QlI-l. The varnishing is beneficial 

acoustically in the former but harmful in the latter regardless of varnish thickness. 

Keywords: Varnishing, Tapping sound, Sound power spectrum, Young's modulus, 

Internal friction 
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1. INTRODUTION 

Sound boards of musical instruments such as the 

violin family, pianos, and guitars have been coated 

with varnish. It has been generally considered that 

the varnishing is done for the purposes of improving 

the acoustical characteristics, suppressing moisture 

absorption, improving the appearance, and protect

ing against stains. The acoustical effect of varnish

ing has been praised by artisans and players, and in 

violins it has become legendary because of the secret 

of varnishing. Although there is much interest in 

this effect, there are only a few scientific studies, i.e. 

H. Meinei,!) J. C. Schel\eng,Z) and D. W. Haines.3) 

It is very difficult to investigate analytically because 

of the secrecy about varnishing by the musical in

strument makers and the complex fabric of the 

musical instruments. Among scientists today there 

seems to be general agreement that varnishing may 

be harmful acoustically. However, the secrecy 

about varnishing still remains and has not been 

resolved, so an accumulation of scientific data is 

needed. 

For the basic study of the effect of varnishing on 

the acoustical characteristics of the musical instru

ments, the power spectrum of tapping sounds and 

the Young's modulus and internal friction were 

measured for the varnished boards and the uncoated 

ones of Sitka spruce wood used for the sound boards, 

and the latter was measured for the film pieces of 

varnish and sealer, also. Furthermore, the equa

tions for calculating the Young's modulus and the 

internal friction of a coated board were derived 

theoretically, and the effects of the varnishing and 



the appropriate varnish thickness were considered. 

2. EXPERIMENTAL 
2.1 Samples 

Violin top plates of about 3 mm thickness and 

piano soundboards of about 10 mOl thickness have 

been coated with varnish on the outer surface only 

and on both surfaces, respectively. In this experi

ment, however, in order to detect the delicate effect 

of varnishing and to make the analysis easier, the 

boards with a thinner thickness of about 2 mill 

which were Sitka spruce wood (Picea sitchellsis 
CARR.) lIsed for the sound boards were covered over 
with varnish. Test boards were made by a piano 

maker, because it was very difficuh to obtain the 

cooperation of violin makers. Therefore, the wood 

boards, the varnish, and the coating procedure are 

the same as those used for piano sound boards. 

Examples of the making of test boards are shown in 

Fig. I. Thr ee long boards were prepared. The 
boards have a length of 650 mm in the direction, L, 

parallel to the grain, and a width of 105 mm in the 

direction, R, perpendicular to the grain. The blank 

portions in the figure were masked with paper and 

the long boards were coated with a sealer which has 

nitrocellulose for its principal constituents, and 
after sanding they were coated with varnish to a 

thickness of about 651tm. The varnish has a copal 

resin for its principal constituents and a toluene for 

its solvents, and it was diluted with a thinner which 

was composed of 50-60% toluene, 10-20% acetone, 

and 10-20% ethyl acetate by weight. The finished 

test boards were square and 105 mm long. The 
test boards were given a number in order as shown 

in the figure. In the number, the letters V (shadow 

• L • 

12S 13V 
I 

14S 0:: 

t .L!""""4---f'L"�� �105 105-1 
unit:fIIl1 

Fig. 1 Examples of making lest boards. 
Letters V (shadow portion) and S (blank 
one) in the board number suffix represent 
varnished and uncoated boards, respec
tively. Letters Land R repr esent direc
tions parallel and perpendicular to gra in , 
respecti ve ly. 
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portion) and S (blank one) represent varnished and 

uncoated (solid) boards, respectively. There were 

nine varnished test boards and nine uncoated ones. 

The grain angles of cross section, 0°, for them arc 

shown in Table I. 
It has been reported that the acoustical properties 

of varnish change with the passage of time.2) Also, 

it has been generally recognized that the frequency 

characteristics of the musical instruments arc in

fluenced considerably by the variation of relative 

humidity. In our previous paper on the wood 

diaphragm for loudspeakers, it was observed that 

the frequency characteristics changed with relative 

humidity}) Therefore, all the test boards were 

stored in a room maintained at about 23°C and 55-

65 % relative humidity for abollt a half year before 

testing. 

J n making the test film pieces of varnish, the 

varnish was poured into a mold with a base of poly

ester film and hardened in an oven kept al 40°C over 

about eight months. 1n making the test film pieces 

of sealer (i.e. nitrocellulose lacquer), the sealer was 

poured into a mold with a base of glass and harden

ed in a room over about three weeks. Subsequent

ly, these molds were submerged in tepid water and 

the films were separated. From them, test pieces 

were then cut into a rectangular shape with a razor 

blade. The dimensions are shown in Table 2. In 

the table, I shows length, I thickness, and w width. 

The standard deviation of thickness for varnish 

test pieces and for sealer test pieces was 3 % and 4 % 

of each average value, respectively. 

2.2 Measuring Methods 
The measurements of tapping sounds were made 

llsing the apparatus shown in Fig. 2. The distance 
between a board and a condenser microphone 

should make long for the measurement of spectrum 

envelopes. The ratio of SIN at high-frequencies, 

however, becomes lower with increasing distance. 

The great interest in varnishing effect is in the high 

frequency range and the range is important. The 
distance effect on spectrum envelopes can be elim

inated by taking the manner that the varnishing 
effect is shown by the difference in level between a 

varnished board and a solid one. Therefore, a 

condenser microphone was set up 30 mm in front 

of the board surface center. The board was sus

pended vertically by two fine threads attached to 

both corners at one end. The momenlllm of the 
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Thread _____ 

C. Mit. (1) linn) 

�-; f I 'fln 

FFT 

Steel ball 
(5.5g.¢1111l11) 

dll.)lylcr Test board 
(7.S·10g,105x105xZI\111) 

Fig, 2 The apparatus for measuring tapping 
sounds. 

ball just before impacting the board is 1.72 x lo-a 

kg·m/s. In a FFT analyzer, the window function 

was a rectangle window, the data transmission time 

(data length) 40 illS, the sampling frequency 25.6 

kHz, the sampling number 1,024 points, and the 
input sampling in an AID converter (quantization 

level) 12 bits. 

The analyses of sOLlnd power spectra and 1/3 

octave spectra and the calculations of overall power 

levels were made by the FFT analyzer. In the FFT 

analyzer, the analyzed frequency range was 10 kHz 

and the resolution frequency 25 Hz, and the indicat

ed sound power level was standardized by the power 

which showed 1 volt in half amplitude, that is, the 

power level to show I volt in the half amplitude of 

a sinusoidal wave was 0 dB. The power spectrum 

hardly changed with repeated tapping. 

The Young's modulus and the internal friction 

for the boards were measured by using a flexural 

vibration at the 1st mode: The board was suspended 

horizontally by two fine threads at the nodes. The 

middle of one end of the board, to which a thin iron 

piece was glued, was set to face an electromagnetic 
transducer and that of the other end was set to face 
a condenser microphone. The same measurements 
for the film pieces of varnish and sealer were made 

by using a reed vibration at the 1st mode. The 
Young's modulus and the internal friction were cal

culated lIsing the peak frequency and the half-value 

width in the resonance curve, respectively. 

The density of the film pieces was measured by 

the Archimedes water-displacement technique. All 

measurements were made in a room maintained at 

20-25°C and 50-60% relative humidity. 

3.1 

3. RESULTS AND DISCUSSION 
Variations of Tapping Sound Waves and Their 

Power Spectra with Varnishing 

Examples of tapping sound waveforms and their 

power spectra are shown in Figs. 3-4 and Fig. 5, 

respectively. In Fig. 5, a solid line and a dotted 

line show the relative sound power levels (relative 

sound pressure levels: ReI. SPL) of an uncoated 

board and a varnished board, respectively. The rela

tive overall power levels, ReI. Po, for each board are 
shown in Table I. From these figures and table, 
conflicting effects of varnishing are observed; Figs. 

3 and 5(a) and Figs. 4 and 5(b) show typical ex

amples of the level increase and the level decrease 

with varnishing, respectively. 

The results of vibrational experiments for the un

coated and the varnished boards are shown in Table 

I. In this table, t shows thickness, p density, f 
resonant frequency, E Young's modulus, E/p 
specific Young's modulus, and Q-l internal friction. 

From a comparison between Fig. 5 and Table 1 ,  

(a) No.12S 

E 0 
> 

-so L��������..o...-J 

� 0 
> 

o 20 40 
Time(ms) 

(b) No.l1V 

-so '-��������� 
o M 40 

Time (ms) 
Fig, 3 Waveforms of tapping sound. (a) 

board No . 12S, (b) board No. IIV. 



Board 
No. 

II V 
12 S 
13 V 
14 S 
15 V 
16 S 

I S  Av. 
IV Av. 

21 V 
22 S 
23 V 
24 S 
25 V 
26 S 

2S Av. 
2V Av. 

31 V 
32 S 

33 V 
34 S 

35 V 
36 S 

3 S  Av. 
3V Av. 

f 
(mm) 

2.133 
2.050 
2.157 
2.045 
2.187 
2.072 

2.056 
2.159 

2.178 

2.049 
2.155 
2.021 
2.164 
2.042 

2.037 
2.166 

2.227 
2.040 
2.167 
2.050 
2.199 
2.052 

2.047 
2.198 

Table 1 Char acteristics of varnished boards and uncoated ones of Sit k a  spruce wood. 

o p 
(deg.) (g/cm') 

10 0.400 
8 0.335 

II 0.396 
9 0.336 
9 0.397 

10 0.338 

9 0.337 

10 0.398 

8 0.412 

7 0.341 
5 0.405 
8 0.347 
8 0.408 
8 0.353 

7 0.347 
7 0.408 

II.. Itt EI.. 
(Hz) (Hz) (GPa) 

860.2 346.3 7.34 
898.6 205.6 7.22 
857.2 342.8 7.04 
915.2 219.6 7.55 
893.4 345.3 7.45 
940.8 226.6 7.83 

918.2 217.3 7.53 

870.3 334.8 7.27 

894.4 348.6 7.69 
907.2 226.5 7.40 
832.4 347.6 6.70 
852.6 237.4 6.84 
844.8 350.8 6.83 
872.8 249.0 7.16 

877.5 237.6 7.13 
857.2 349.0 7.07 

9 
6 
7 
8 

13 
7 

0.418 863.4 359.8 6.98 
0.352 913.6 242.3 7.77 
0.425 872.2 358. I 7.68 
0.358 931.6 265.2 8.24 

0.429 898.0 377.3 7.97 
0.363 956.0 274.4 8.85 

7 
9 

0.357 933.7 260.6 8.29 
0.424 877.9 365. I 7.54 

Ell. EL/p ER/p 
(GPa) (GPa) (GPa) 

1.20 18.3 2.99 

0.382 21.6 1.14 

1.14 17.8 2.87 
0.439 22.5 1.31 

1.12 18.8 2.83 

0.458 23. I 1.35 

0.426 22.4 1.27 
1.15 18.3 2.90 

1.21 18.7 2.93 

0.476 21.7 1.40 
1.21 16.6 2.98 
0.545 19.7 1.57 
1.19 16.8 2.93 
0.596 20.3 1.69 

0.539 20.6 1.55 
1.20 17.3 2.95 

1.24 16.7 
0.565 22.1 

1.32 18.1 
0.679 23.0 
1.42 18.6 
0.731 24.4 

0.658 23.2 
1.32 17.8 

2.97 
I. 61 

3.11 
1.90 

3.30 
2.02 

1.84 
3.12 

0.0119 
0.0080 
0.0117 
0.0083 

0.0119 
0.0074 

0.0079 
0.0118 

0.0125 

0.0077 
0.0125 
0.0082 
0.0133 

0.0089 

0.0083 
0.0128 

0.0137 
0.0081 
0.0133 
0.0077 

0.0127 
0.0075 

0.0078 
0.0132 

0.0341 
0.0180 
0.0336 
0.0178 

0.0400 
0.0177 

0.0178 
0.0359 

0.0439 

0.0163 
0.0386 
0.0173 
0.0342 
0.0169 

0.0168 
0.0389 

0.0436 
0.0169 
0.0416 
0.0166 

0.0395 
0.0160 

0.0165 
0.0416 

0.163 2.87 
0.053 2.25 
0.162 2.87 
0.058 2.14 

0.151 3.37 
0.058 2.37 

0.057 2.25 
0.159 3.04 

0.157 3.51 
0.064 2. II 
0.180 3.09 
0.080 2.10 
0.175 2.58 
0.083 1.89 

0.076 2.03 
0.170 3.06 

0.177 3.19 
0.073 2.09 
0.172 3.13 
0.082 2.14 
0.178 3.11 
0.083 2.13 

0.080 2.12 

0.176 3.14 

ReI. Po 
(dB) 

-39.5 
-41.6 
-39.8 
-41.5 
-40.0 
-41.5 

-41.5 

-39.8 

-40.3 
-40.5 
-40.1 
-37.2 

-39.9 
-37.2 

-38.3 
-40.1 

-40.0 
-37.4 
-39.8 
-36.6 
-40.3 
-37.9 

-37.3 
-40.0 
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., 
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> 

(a) No.34S 
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> 

o 20 
Time(ms) 

(b)No.3SV 
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> 

-so '-______ __ ........J 
o 20 40 
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Fig. 4 Waveforms of lapping sound. (a) 

board No. 34 S, (b) board No. 35V. 

it is found that peaks at 200-300 Hz and aboul 900 

Hz, which are shown by arrows in the figure, arc the 

resonances in the R direction and in the L direction 

at the first mode, respectively. So, with varnishing 

the resonance frequency at the first mode in the L 
direction hardly changes, but that in the R direction 

increases remarkably. From Table I, with varnish

ing, £/p decreased slightly and Q_L increased in the 
L direction. whereas in the R direction both E/p 
and Q-I increased considerably_ Consequently, 

the variations of (£/ p) ... and (£1 ph. correspond to the 

frequency variations of peaks in the L direction and 

in the R direction, respectively. 

The effects of varnishing on sound power spectra 

were investigated by taking the difference (LIP) 
between the level of 1/3 octave power spectrum for a 

solid board and the mean level of 1/3 octave power 

spectra for varnished boards adjacent to both sides 

of the solid board. Examples of the increase (No. 

11-13 boards) and the decrease (No. 33-35 boards) 

in overall power level are shown in Fig. 6(a) by a 

dolled line and solid line, respectively. The stan

dard line of 0 dB is the sound power levels of each 

band in 1/3 octave spectra for their solid boards 

-' a. 

-20 

-" 

-60 

' "  

(f) -80 

.. �';'.J � 
& -100 NO.llV � " 

, 
-120 �2�0--t.SO"'10�0'2t.00'-S"0�0-f1'''2�'--�5''"'0�' 

Frequency (Hz) 

L 
, 

Ibl 

Frequency (Hz) 
Fig. 5 Power spectra of tapping sounds. (a) 

boards No. 12S and No. 11 V, (b) boards 
No. 345 and No. 35 V. Arrows L an d R 
show the resonance points at the first mode 
in the!L direction and R d irectio n, respec
tively. 

(No. 12 and 34). For reference, they arc shown in 

Fig. 6(b), having the problem in spectrum envelopes 

which is described in section 2.2. With varnishing, 

the sound power levels for No. 11-13 and No. 33-
35 boards decrease at frequencies below 300 Hz. 
The sound power level for No. 11-13 boards in

creases at frequencies above 300 Hz and notably at 

frequencies above 3 k Hz in particular. Whereas, 

that for No. 33-35 boards hardly changes in the 

frequency range of 300 Hz-3 kHz and decreases at 

frequencies above 3 kHz. Thus, the sound power 

levels in both cases decrease at low-frequencies and 

there is a greater level difference between them at 
high-frequencies. This mechanism is considered in 

Section 3.3. 

3.2 Relationships between Variations of the Over

all Power Level and the Young's Modulus and 

Tnternal Friction with Varnishing 

From Table 1, it is typical that the varnishing 

heightens considerably the En and Qn -I of the wood. 
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Fig, 6 The effect of v arnishing on 1/3 oc
t ave power spectra. ( a) v ariations of 
power level with v arnishing in boards No. 
11-13 and No. 33-35. (b) OdS in Fig. 
(a). that is, 1/3 octave power spectra for 
unco ated bo ards No. 12 and No. 34. 
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].0 

2.5 

2.0 

1.5 

r::, Y--O.470x+ 3.40 
(r"-O.632) 

-2.5 0.3 

·��8:-:' I e 1�6� 
2.0 

1.0 L.._-' __ -'-__ -'-__ '--_--' 
1.0 1.5 2.0 2.5 3.0 3.5 

{Ec,c:olR 
Fig. 7 Relationship between the v ariations 

of Young's modulus in the R direction, 
(�/Eoh. and of intern al friction in the R 
direction, (Qe-'/Qo-'h. with v arnishing. 
Numbers in this figure are the v ari ati on of 
LlP. (dB). 

L. 

(x) 

J. Acolls!. Soc, Jpn. (E) 14, 6 (1993) 

Then, in order to investigate the relationship be
tween the variations of ER and QR -1 with varnishing, 

the values of (Ee/Eo}R and (Qe-I/Qo-Ih were cal

culated, where Eo and QO-I are the values of a solid 

board and Ee and Qe -I are the mean values of the 
varnished boards adjacent to both sides of it. The 
result is shown in Fig. 7. From the figure, there is 
a negative correlation between them, though they 

are scattered. 

The values of (E/p)I/2/p and Q-I are proportional 

to an acoustic radiation damping factor5) and the 

ratio of loss energy to vibrational energy per cycle, 

respectively. Therefore, the E and the Q-I should 

have the positive correlation and the negative one 
with sound power, respectively. The variations of 

the overall power level with varnishing, L1Pu. were 

noted near each measured point. From the figure, 

in the boards with larger increase of Young's 

modulus, the increase of internal friction is smaller 

and the increase of Po is larger, whereas in the 
boards with smaller increase of Young's modulus, 
the increase of internal friction is larger and the 

decrease of Po is larger. These results agree with 
above reasons. 

The relations round above can be made more 

clearly by using the quantity of ER/QR -I, which con

cerns in the acoustical conversion efficiency from 

above reasons. The ratio of Ell variation to QIl-1 

variation with varnishing, (Ec/Eoh/(Qc-I/Qo-I>n, was 

taken, and the relationship between this ratio and 

(V) 
6 

, 

2 
� � 

�o 0 
< 

., 

., 

, 

;. ... . '  , 
, 

0.5 1.0 

• 

(r=0.821) 
\. N."X· 8.19 

• 

1.5 2.0 2.5 (X) 

Fig. 8 Relationship between the v ari ation 

of LlPo and the r atio (EcIEo)n/(Qe-I/Qo-l)n. 
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LlPo was investigated. The result is shown in Fig. the wood board with large increase of Ell, than in 

8. From the figure, there is a positive correlation that with small increase, the drop effect is smaller 

between them as expected. On the whole, the in the former. 

varnishing acoustically brings about a positive effect 

for the boards whose ratios increase (> 1) and 
brings about a negative effect for the boards whose 

ratios decrease « I). In Fig. 6(a), the ratios in the 

dotted line and in the solid line are 1.6 and 0.8, 

respectively. 

At tapping, the contact time for the steel ball with 

a wood board having higher Young's modulus must 
be shorter, and the sound must include the higher 

frequency spectrum. Therefore, a harder board 
receives higher vibrational energy from the steel ball 

and the inputted energy differs with boards. The 

both Figs. 6 and 8 must have this influence, and so 

these results can not be applied directly to the fre

quency characteristics and the acoustical conversion 

efficiency of practical musical instrument sound

boards under forced vibration. It is estimated that 

the level difference at high-frequencies in Fig. 6 and 

the rising slope in Fig. 8 become lower under con

stant input energy. 

3.3 Mechanisms of the Variations of Sound Power 

Spectra with Varnishing 

As there is the theoretical relationship of foe (£/ p)1/2 between eigenfrequency f and Young's 

modulus E regardless of vibrational modes, the 

increase of En should shift each mode frequency 

upwards. From Table 1, the ER variation is greater 

in No. 11-13 boards than in No. 33-35 boards and 

their spectrum variations agree qualitatively with 

this theory. From the facts of this and Sections 3.1 

and 3.2, the variations of sound power spectra with 

varnishing can be explained as follows: 

a) The level drop at low-frequencies is caused 

by shifting the lowest mode frequency upwards with 

increasing ER, and this variation occurs not only 

under tapping, but also under forced vibration. 

b) The peak level of sound spectra in wood 

decreases with increasing frequencies. Also, the 

spectrum of a wood board whose ER increases larger 

with varnishing shifts larger upwards in whole. As a 

result, the spectrum level increases at high-fre

quencies with increasing ER• 
c) In addition to these, the QR -I increases with 

varnishing in all the frequencies, that is, the effect 

to make the level drop in whole is added to these. 

As the increase of QR-1 with varnishing is smaller in 

d) From above a)--c), the difference in spectrum 

variation at high-frequencies is caused by the dif

ference in degree in the increase of En with varnish

mg. 

This consideration receives a support from Sec

tions 3.4 and 3.5, also. Consequently, when the 

ER increases largely with varnishing, the frequency 

characteristics of soundboards are improved. 

3.4 Mechanism of the Variations of Young's 

Modulus and Internal Friction with Varnishing 

From the result of Section 3.2, the values of the 

Young's modulus and the internal friction in the 

wood board used for a base plate and the coating 

thickness of varnish at which the varnishing has a 

positive acoustical effect can be found by clarifying 

the mechanisms of the variations of Young's mod

ulus and internal friction with varnishing. Thus, 

the equations for calculating the Young's modulus 

and the internal friction of a wood board coated 

with varnish were derived theoretically. 

The varnish hardly soaks into the wood due to 

the sealer, which is sanded out. Therefore, our 

varnished wood board can be considered to be ap

proximately a sandwich composite which has the 

cross section shown in Fig. 9. In the figure, numbers 

o and I show the wood board of a base plate and the 

varnish film of a coated plate, respectively. The 

Young's modulus of a sandwich composite, Ee, 
can be expressed by the following equation that is 

generally known: 

10 11 E"�TE"+-l E, ( 1) 
" , 

where, Eo and EI are the Young's modulie of each 

layer, and 10 and II are the moment of inertia of each 
plane figure with respect to the horizontal axis of 

Coating 
plate I -"':::'::'::::"'-4Z'==�1l1Zlli'-l.. 1 

o 
T" ,t, 

x t 0 Sase 
P late -�· 

I=-=-T�+t' 
Fig. 9 The cross section of a s andwich 

composite. 



symmetry, the x-axis. The thickness or each layer, 

to and 11> was taken as shown in Fig. 9, and fo/le and 

Idle were calculated. The results were as rollows: 

�: - (1+ :: f'''1-3 :;, ( :; 1:1) ( 2 )  

( 3 )  

Substituting Eqs. (2) and (3) into Eq. (I), we obtain 

the following equation: 

. ( 1. ) 1. Ee=7 t -3- Eo+3-E. 
to to 

Ee ':"""1+3 ( E1 _1)2. 
Eo . Eo to 

(4a) 

(4b) 

The theoretical equation ror the internal rriction 

of a sandwich composite has been unestablished. 

A. Tatemichi has derived the equation under the 

condition or no slide between layers6l: 

..\e = 1\.0 + (£I/\/Eo/o)l\.\ 
1 + (£\/\/Eolo) ( 5 ) 

where, I\.c( = Qe-I) is the internal friction or a sand

wich composite. 1\/10 was calculated, and the result 

was as rollows: 

.!2.. _ (1+�)' - 1 ·. 3� . (6) 10 10 to 
Substituting Eq. (6) into Eq. (5), we obtain the rol

lowing equation: 

.'1,'-. A,+3(E./E,)(I./I,)A. 
. 

1 +  3(E./E,)(I./I,) 
A, � I + 3(E./ E,)(A./ .'1,)(1'/1,) 
A, � I +3(E./E,)(I./I,) 

(7a) 

(7b) 

From Eqs. (4b) and (7b), the variations or Young's 

modulus and internal rriction with varnishing are 

determined by two or three relative quantities, i.e. 
the ratios or the Young's modulus and internal rric

tion of varnish to those or wood and the thickness 

ratio of varnish to wood. The experimental results 

ror the film pieces or varnish and sealer are shown 

in Table 2. In comparison with Table J, both the 

value of Young's modulus in varnish and that in 

sealer lie between those in the Land R directions in 

wood, and the values or internal friction in both 

varnish and sealer are much higher than those in 

both directions in wood. Thererore, from Fig. 8 
and Eqs. (4b) and (7b), it is estimated that the 

varnishing has a positive acoustical effect on wood 

boards having a low Young's modulus and high 

internal friction in the R direction. Generally, wood 

J. Acousl. Soc. JpII. (E) 14, 6 ( 1993) 

having lower Young's modulus has higher internal 

rriction, so this is possible. In addition, the mea
sured resonant frequencies in Table 2 were about 

100-270 Hz. 

The relationships between the variation or 

Young's modulus in the R direction, (Ee/Eo)n= Y, 
and the thickness ratio or varnish to wood, '\/'0 = X, 

were investigated using Eq. (4b) for each board 

having 0.35 GPa and 0.70 GPa in Young's modulus, 

EGR, in the R direction at no coating. The former 

and the latter were expressed by the straight lines or 

m: Y = 1 + 27 .9X and 11: Y = 1 + 12.4X, respectively. 
These rel ationships are shown in Fig. 10. From the 

figure, it is observed that there is a great difference 

between lines or m and 11, and that the m line being 

the case of a low EOR is influenced more strongly by 

varnishing. The experimental results were plotted 

in the figure, and the Eon values were noted near 

Table 2 Characteristics of the te st film 
pieces or v arnish and sealer. 

Coating I , "' P E Q-' 
(mm) (mm) (mm) (g/cm3) (GPa) 

Varnish 25-40 0.5 8.0 1. 124 3.6 0.053 

Sealer 20 0.2 9.8 1.368 2 . 1  0.057 

t1/tO()(10-2) 
Fig. 10 Relationship between the v ari ation 

of Young's modulus in the R di re ctio n, 
(E�/Eo)n, and tbe r atio of varnish to board 
thickness, tllto. Nu mbers in this figure are 
the v alue (GPa) or EOI\. m: Y= 1 +27.9X, 
II: Y=I+12.4X. 
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each point. At the measured points, the lower the with increasing varnish thickness, the internal fric-

EOR values, the higher the increasing rates of Young's 

modulus with varnishing, and their values agree 

qualitatively with the theoretical values. However, 

in the low range of Young's modulus in the R direc

tion it is observed that the measured values are 

greater than the theoretical values. This can be 

explained by considering that the Young's modulus 

in the R direction increases due to the sealer having 

higher Young's modulus in comparison with wood, 

which is shown in Table 2. Paradoxically, this fact 

shows the efficacy of sealer. 
As preparation for calculating the variation of 

internal friction, the relationship between the 

Young's modulus, EoR, and the internal friction, 

QOR -I, in the R direction was investigated for the 

solid wood boards. The results is shown in Fig. II. 
From the figure, it is observed that there is a very 

high correlation between them, and that the internal 

friction decreases linearly with increasing Young's 

modulus. The values of internal friction corre

sponding to 0.35 GPa and 0.70 GPa in Young's 

modulus are 0.0183 and 0.0164, respectively. Then, 

for each board having this pair of values in the R 
direction, the relationships between the variation of 

internal friction in the R direction, Qe-I/Qo-I = Y, and 

the thickness ratio, td/o=X, were investigated using 

EQ. (7b). They were expressed by curves of m: 
Y�2.89-1.89/(1+30.9X) and II: Y�3.24-2.24/ 

(I + 15.4X), and shown in Fig. 12. From the figure, 

(V) 
0.022 

0.020 

O.OlB 

0.016 

0.014 

(r=�0.9B4) y Y=�0.0056X+ 0.0202 

� 
-.,\. e 'e, e� 

0.012 �'-:-':-'-:j'-:j'-:j-'-'-'....J (X I 
a 0.2 0.4 0.6 O.B 1.0 

EOR(GPa) 

Fig. 1 1  Relationship between the Young's 
modulus in the R direction, EOlh and the 
internal friction in the R direction, Qon-I, 
for sitka spruce wood. 

lion in the R direction increases and then the rate 

decreases gradually. Also, the difference between 

curves In and 11 is small, because the difference in 
internal friction between their base plates is small 

itself. The relationship in the L direction also was 

investigated because the variation of the internal 

friction in the L direction with varnishing was some� 

what high from Table I. It was expressed by the 

curve of I: Y= 6.63 - 5.63/(1 + I.44X ), and shown in 

Fig. 12. In this calculation, the average values of 

Young's modulus and internal friction in the L direc

tion for the solid boards. 7.50 GPa and 0.0080, 
were used as the values of Eo!. and QOL -I. The jnter� 

nal friction in the L direction increases almost linear

ly with increasing varnish thickness, but the increase 

is smaller than that of the internal friction in the R 
direction. The experimental results were plotted 

in this figure, and solid and open circles show the 

values in the R direction and L direction, respec

tively. It is observed thal the measured values in 

both the R direction and the L direction almost 

agree with the theoretical values in each direction, 

so, it may be said that Eq. (7b) is almost valid. In 

addition, it is observed that the measured values in 

both directions are slightly higher than the theoret

ical values. This is due to the sealer whose internal 
friction is higher than those of wood in both direc� 

tions. 
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Fig. 12 Relationship between the internal 
friction variation Qe-I/Qo-l and the thick� 
ness ratio tdto. Solid circles: R direc� 
tion, open circles: L direction. I: Y= 
6. 63-5.63/0 + I.44X), m: Y�2.89- 1.89/ 
(\ +30.9X), n: Y�3.24-2.24 /0 + 15.4X). 



From Figs. 10 and 12. the vanatlOn of ER with 

varnishing large depends on the ER value of wood 

and the En increases large for the board having a 

low EfI, value. whereas the variation of QfI,-1 small 

depends on the En and Qn -I values of wood and the 

Qn-I increases. Consequently. the principalmechan

ical factor of the varnishing effects is the EI\ for the 

board having a low En value and is the Qn-l for 

the board having a high En value. 

3.5 Effects of the Coating Thickness of Varnish on 

the Acoustical Conversion Efficiency of Wood 

From Section 3.2. the qllantity of EfI,/QR-1 con
cerns in the acoustical conversion efficiency. Then, in 

order to investigate the variation ratio of En 10 QR-l 
with the coating thickness of varnish. (Ee/Eo)R/ 
(Qe-I/Qo-I)R, the equation to express the relationship 

between the ratios (Ee/Eo)/(A,:/Ao) and 11110 was 

derived [rom Eqs. (4b) and (7b): 

Ee/Eo 
A,/A. 

� (I +3(E./E.)(r./r.»{1 +3«E,/E.)-I)(r,/r.)} 
� 

1 +3(E,/E.)(A,/A.)(r,/r.) 

( 8 ) 

For each board having the same pair of values in 

the R direction as those used for Fig. 12, the re

lationships between the ratios (Ee/Eo)n/(Qe-l/Qo-Ih 
( = Y )  and 1, /10 (=X) were investigated using Eq. 

(8). The results are shown in Fig. 13, and the 

equations of the In curve and II curve are }'= 
(1 +58.8X+862X')/(1+89.3X) and Y�(1+27.8X 
+ 19IX')/(1 +49.9X). respectively. In the III curve, 

with increasing varnish thickness the ratio Y de

creases slightly and after reaching the minimum 

value at the thickness ratio of about 0.01, it begins 

to increase. Whereas, in the 1/ curve, with increas

ing varnish thickness the ratio Y decreases slightly 

and after reaching the minimum value at the thick

ness ratio of about 0.03, it begins a slow increase. 

The main factor of the difrerence between m and II 

is the En, because the variations of ER and QfI,-1 

depend large and small on the values of wood, re

spectively. The curve III is over Y= 1.0 above X= 
0.035, whereas the 11 curve never is over Y = 1.0 
because of t, <to. 1f the varnish is replaced with 

other paint, this result should change according to 

Eq. (8). The experimental values were ploued in 

the figure, and the Eon values were noted near each 

measured point. The measured values agree quali-

2.5 

2.0 

I:f' ..... 1. 5 

"" 
�o 1.0 
" 
e 0.5 

a 

(V) 

a 

J. Acolisl. Soc. JpII. (E) 14, 6 (l993) 

2 4 6 
tl/tO(xl0-�) 

8 ( X) 10 

Fig. 13 Relationship between the ratios of 
(Ec/Eo)n/(Qc-I/Q,,-I)R and 1,/10, Numbers 
in this figure are the value (GPa) or Eon. 
Open circle: board No. 12 shown in Fig. 6, 
open square: board No. 34. 111: Y=(I + 
58.8X +862X')/(I +89.3X). n: Y�(I + 
27.8X+ 19IX')/(1 +49.9X). 

t3tively with the calculated ones and the difference 

between them is mainly due to the sealer. In the 

figure, the open circle and the open square show the 

values for the boards No. 12 and No. 34. respec

tively. The main factor of the ratio increases in the 

former is the En because of having a low En value, 

and that of the ratio decrease in the lauer is the Qn-1 
because of having a high En value. The ratio varia

tions bring about the sound power spectrum varia

tions as shown in Fig. 6, which includes the varia· 

tions that are due to the difference in input power. 

Thus, it was verified that the experimental results 

almost agreed with the theoretical equations derived 

in this study, and the mechanism of the acoustical 

characteristic variations of the wood boards with 

varnishing was clarified. 

4. CONCLUSIONS 
It was found that whether the varnishing was 

beneficial or harmful acoustically could not be con

cluded simply. The factors of acoustical charac

teristic variations with varnishing were the Young's 

modulus in the R direction (En) and the internal 

friction in the R direction (Qn-l). The variation of 

En large depended on the En value of wood and the 

EfI, increased large for the board having a low En 
value, whereas the variation of Q,,-I small depended 

on the En and QR-l values of wood and the QlI-I 
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increased. From these results, the principal factor of measurements, and to Y. Katch of Katah Design 

of the varnishing effect is the En for the board Systems Co., Ltd. who kindly assisted in making 

having a low En value and is the QR-1 for the board varnish films. 

having a high Ell value. Therefore, the acoustical 

characteristics in the former are improved with 

varnishing and the sound power level increases at 

frequencies above about 300 Hz; but on the other 

hand, those in the latter are worsened regardless of 

varnish thickness and the power level decreases al 

high frequencies. These facts mean that the fre

quency characteristics of the wood boards can be 

controlled to some degree by varnishing. 
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EFFECTS OF FIVE YEARS OF FILLER AND VARNISH SEASONINGS
ON THE EIGENMODES IN FOUR PAIRS OF VIOLA PLATES

Carleen M. Hutchins
112Essex Avenue

Montclair, New Jersey 07042

ABSTRACT
In 1979-1980, four pairs of top andbackviolaplates finished

andtuned according to Hutchins' plate tuning method, were
measured for the frequency and damping of modes #1, #2
and #5 and weighed carefully. Twoof the abovepairs were
tested with filler on, and two "in thewhite"with subsequent
application of filler. Each pair of top and back plates was
then glued to its own set of ribs and six coats of violin oil
varnish applied. The four varnished "corpora"were hung in
an unheated attic for five years. The plates were then
removed from theirribs and a similarseriesof tests applied.
The measuredchanges in mode frequencies, damping and
overall weight of each plate are presented.

In these five year changes we are dealing with two oppos-
ing factors: increased stiffness which tends to raise fre-
quency; increased mass which tends to lower frequency.
The column showing the increase in the weight of each

plateshows the most changefor it is simply the totalmass
added.
Percentage-wisethe changes with addedmass areshown

in Figure 3.
If it were not for the addedstiffness of thefiller and var-

nish, the increasedmass would lower theresonance frequen-
cies considerably.Thuswe see that mode#5, thering mode,
changed hardly at all, since one or two Hertz are within the
limit of measurement error. The mode#2 frequencies in all
four top plates increased in frequency more than mode #2
in the back plates. This could be expected since mode #2
is largely a factor of the crossgrain stiffness,particularly in
the spruce of the tops. Since the crossgrain stiffness of
spruce (Young'smodulus) is approximately1/3 thatof maple,
the stiffness of the coatings has more effect on the spruce
than the maple.

There is considerableconcern amongviolin makersas to
theeffects ofvarnish on a violin orviola. It is often mention-
ed in the violin literature that a violin will sound better "in
thewhite" thanwhen it is varnished. In a 2-year studyof var-
nish coatingson wood samples, JohnSchellengreported that
the importantfactors are the lossescaused (1) by increased
mass and stiffness which are effective irrespective of
resonance and (2) losses caused by internalfriction which
are the greatestat a resonance. He found losses with var-
nish in the spruce to be about three times those in maple,
suggesting that the topof a violin is more subject to detun-
ing than the back (Schelleng, 1968).

The rangeof internalfriction as indicated by the variation
in Q numbers from 53 to 85 is well within therange of error
for the techniqueofmeasurement is ± 5 units (Haines, 1984).
The five year changes in plate modefrequencies,weight and
Q's of mode #5 are summarized in Figure 4.

The present study was conceivedfrom the violin maker's
point ofview, to check theeffects of agambogefiller (Heron
Allen, 1895), and six coats of a medium-hardviolin varnish
on four pairs of viola plates, the tops with f holes and
bassbars andpreliminaryelectronictuningofeach platepair
(Hutchins 1981, 1983). The plates were kept for several
months before testing at 50% relative humidity and 65°F.
The plates varied in size and pattern:

It comes as somewhatof a surprise that the changes in
mode frequencies and Q factors are not more drastic with
the amount ofaddedvarnish. A further study seems indicated
to check such changes at intervalsof one year.

REFERENCES
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#229 16V4 modified Stradivarius pattern

Haines, D.W., 1984, Personal communication.
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October,

1981, pp 126-135.The filler coat was allowed to dry for one year and then
rubbed backto the wood.The varnish was applied,two coats
in two days, with at least two weeks allowed for each pair
to dry beforerubbing smooth with 180 silicon carbide paper,
six coats in all with the final coat not rubbed. Before final
varnishing, each pair of plates was glued lightly to its own
set of ribs so that the varnish would match when the instru-
mentwas finallyassembled.The four corpora,no necks, each
with six coats of varnish, were hung for 5 years in an
unheated non-air conditioned attic room where the
temperature and humidity varied with the seasons. Figure
1 shows type and age of wood used.

Hutchins, CM., 1983, "PlateTuning for the Violin Maker,"
Catgut Acoust. Soc. Newsletter #39.

Schelleng, J.C, 1968, "Acoustical Effects ofViolin Varnish."
J. Acoust. Soc. Amer. 44, No. 5, 1175-1183.

WOOD TYPESAND AGE

TOP

PLATE

VIOLA

BACK PLATE

#228 Vermont spruce 1968 Vermont maple 1920
Picea rubra Acer rubraAcer rubra

#229 Sitka

spruce 1960 European maple 1930
P. sitchensis A. piatanoides

At the end of the 5-year period, the plates were removed
from the ribs and testedat the same 50% relativehumidity
and 65°F temperature.Tests are shown of the frequencies
of free plate modes #1, #2 and #5, and the damping
characteristics (Q values) of mode #5, first with no filler or
varnish on twopairof plates, and filler on twopair, and then
with the filler and six coats of varnish, seasoned for five

#236 Vermont spruce 1920 N.Y.

State

maple 1955
P. rubra A. rubraA. rubra

#237

Europeanspruce 1929 European maple 1925
P. Abies A. piatanoidesA. piatanoides

Figure 1

years. (Figure 2).

JCAS

#48,

November 1987
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EFFECTS OF SIX COATS OF VARNISH SEASONED FIVE YEARS

TOP PLATE BACK PLATE
MODE# WEIGHT

Q5

MODE # WEIGHT Q5

12 5 12 5

77Hz 138 316 132g 75 93Hz 147 311 183g 57VIOLA #228
3/2/80
white

143 317 136g 65 90 151 311 188g 601/16/85 75

VIOLA #229
80 121 306 120g 68 105 133 306 158g 603/4/80

white
132 305 129g 80 101 134 306 168g 601/16/85 80

VIOLA #236
121 296 118g 77 93 130 293 168g 603/4/80 08.

filler
1/17/85 y 126 297 130g 85 92 133 293 186g 62

VIOLA #237
147 294 147g 87 77 127 265 175g 533/4/80 70

filler
152 293 163g 83 75 129 270 195g 561/17/85 68

Figure 2

PERCENT CHANGES IN WEIGHT

SIX COATSOF VARNISH - SEASONED FIVE YEARS
BACK PLATETOP PLATE

VIOLA WEIGHT % CHANGE WEIGHT % CHANGE SIZE

Figure 4

JCAS

#48,

November 1987

#228 132g +4= 3% 183g +5= 2.7% 161/t"

#229 120 + 9= 7.5% 158 +10= 6.3% 161/4"
#236 118 +12= 10% 168 +18= 10.7% 16%"

175 + 20 = 11.4% 171/4 "
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Two violins were investigated. The only intentionally introduced difference between them was the
type of varnish. One of the instruments was covered with a spirit varnish, the other was oil varnished.
Experimental modal analysis was done for unvarnished/varnished violins and a questionnaire inquiry on
the instrument’s sound quality was performed. The aim of both examinations was to find differences
and similarities between the two instruments in the objective (modal parameters) and subjective domain
(subjective evaluation of sound quality). In the modal analysis, three strongly radiating signature modes
were taken into account. Varnishing did not change the sequence of mode shapes. Modal frequencies
A0 and B(1+) were not changed by oil varnishing compared to the unvarnished condition. For the oil
varnished instrument, the frequency of mode B(1+) was lower than that of the same mode of the spirit
varnished instrument. Our two violins were not excellent instruments, but before varnishing they were
practically identical. However, after varnishing it appeared that the oil-varnished violin was better than
the spirit-varnished instrument. Therefore, it can be assumed with a fairly high probability that also in
general, the oil-varnished violins sound somewhat better than initially identical spirit-varnished ones.

Keywords: violins, modal analysis, varnish, subjective sound quality evaluation.

1. Introduction

Wooden musical instruments are usually coated
with a so-called ‘varnish’, in order to protect them from
moisture and dust and to enhance their visual appear-
ance. These varnishes consist of one or more layers of
mixed organic and mineral materials prepared by a
luthier by grinding, mixing, solubilising and/or heat-
ing the raw materials. The mixtures are subsequently
applied with a brush or a piece of cloth on a sur-
face of a violin (Echard et al., 2008). Violin-makers
distinguish three main varnish types: (a) solutions of
resins in alcohol, the so-called spirit varnishes, drying
quickly by evaporation of the solvent, (b) solutions of
resins in volatile oils, i.e. essential oil varnishes, dry-
ing more slowly, (c) mixtures of resins with siccative
oils, i.e. oil varnishes, drying slowly. Volatile oils mainly

used are turpentine oil and spike oil. The siccative oils
most often used for oil varnishes are linseed and wal-
nut oils. Colophony, Strasburg and Venice turpentines,
sandarac, copals, benzoin, elemi, and mastic are vege-
tal resins typically used in violin varnishes. Shellac is
a resin exuded by an insect (Echard et al., 2007).
The dynamic behaviour of violins may be in-

vestigated by experimental and computational meth-
ods. Among those former, the most popular are op-
tical measurements and modal analysis. A detailed
modal analysis of a violin was done by Marshall
(1985) and many others (Bissinger, 1995, 2003, 2008;
Bissinger, Keiffer, 2003; Skrodzka et al., 2009).
However, a few reports were published on the effect
of structural modifications on vibrational behaviour of
violins, among them by Weinreich et al. (2000), ex-
amining a violin with holes drilled in the ribs, and theUnauthenticated
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report by Meinel (1937), who measured the response
curves for violins with and without varnish, with thick,
normal, and thin plates. Thus, there are many papers
about modal analysis of violins and one, rather histor-
ical (Meinel, 1937), on the influence of varnishing on
violin’s modal behaviour.
Basic information about the nature of vibration

of a complete violin and its parts and behaviour of
particular elements when strings are excited by differ-
ent playing techniques can be found in handbooks by
Cremer (1981); Fletcher and Rossing (1998), and
Hartmann (1997).
Modal analysis technique has been extensively

used to investigate a behaviour of particular ele-
ments of cellos, violins, and guitars, like a cello
tailpiece (Fouilhe et al., 2011), the violin bridge,
and a soundpost (Bissinger, 1995; 2006; Sald-
ner et al., 2006), symmetric and asymmetric brac-
ing patterns on guitar soundboards (Skrodzka et al.,
2011), isolated guitar soundboards (Elejabarrieta
et al., 2000; Boullosa, 2002), a complete Hutchins-
Schelleng violin octet (Bissinger, 2003), complete vi-
olins (Marshall, 1985; Dünnwald, 1999), and many
others.
The aim of the present work was to show differ-

ences (if any) in natural vibrations between two com-
plete violins with intentionally introduced differences
in varnishes. Parameters of natural vibrations (modal
frequencies, modal damping, and modal deformations
associated with them), being inherent properties of the
structure, are responsible for the sound radiation from
any vibrating mechanical system. Additionally, a sub-
jective evaluation of the sound quality of violins was
done by a simple auditory test.

2. Experiment

2.1. Violins

Two replicas of the “Ysaÿe” violin of Giuseppe
Guarneri del Gesu (1740) were made by a profes-
sional luthier. We named them “1” and “2”. Top plates
of both instruments were made of the same piece of
spruce. Back plates, ribs, and heads were made of
maple (sycamore). Special attention was paid to make
both violins as similar as possible, if not identical. The
only intentionally introduced difference was the coat-
ing varnish. Figure 1 shows the thickness of the front
(right) and back (left) plates in millimetres. Violin sizes
are listed in Table 1.
Both instruments were equipped with identical

sets of strings: G – Pirastro Flexocore, D – Thomastik
Infeld Red, A – Pirastro Chromcore Eudoxa, E –
Pirastro Gold.
The first modal experiment was performed for both

unvarnished instruments. The second modal experi-
ment was done after varnishing. Before varnishing both

Fig. 1. Thickness of the front (right) and back (left) plates
in mm.

Table 1. Violin sizes (mm).

Front
plate

Back
plate

Body length 353 353

Maximum width in the upper
bout

167.5 167.5

Width at the waist (arch)
110.5
(113.5)

110.5
(114.5)

Maximum width in the lower bout 206 206

Mensur length – 195

Maximum height of arch 14 15.5

Ribs height 29–32

Bass beam length 270

Maximum bass beam height 13

Bass beam width 3–6

Bass beam position according to
the instrument axis of symmetry

18 (upper part)
20 (bottom part)

violins were painted using wood stain of golden-brown
colour tone. Next, the instruments were prime painted
using linseed oil. Subsequently, instrument 1 was var-
nished using the spirit varnish; for instrument 2 the
oil varnish was applied. The spirit varnish prepared by
our luthier consisted of transparent spirit, ruby shel-
lac, sandarac, mastic, gummi elemi, and benzoin. The
oil varnish was JOHAr Oil Varnish, IA. This varnish
contains a mixture of natural and synthetic resins, dis-
solved in turpentine and linseed oil, as well as essen-
tial oils such as lavender or rosemary. Golden yellow,
golden brown, and amber colour extracts were used
to obtain the desired colour shade. No siccatives were
used. A badger painting brush was used. Violin 1 was
covered with 20 layers of the spirit varnish and violin 2
with 10 layers of the oil varnish, following the common
rules of varnishing, well known among violin makers.
Both violins were measured in playing conditions withUnauthenticated
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undamped strings at tension, without chin, or shoulder
rest, similarly to Bissinger (2008).

2.2. Measurements

2.2.1. Modal analysis experiment

Modal analysis is a popular experimental method
of studying dynamic behaviour of structures, including
violins and guitars (Marshall, 1985; Ewins, 1995;
Skrodzka et al., 2005, 2006, 2011). The main assump-
tion of the modal analysis is that the system under
investigation is linear. In terms of the modal analy-
sis, linearity means that interchanging the positions of
the accelerometer and the impact hammer does not
change the course of Frequency Response Functions
(FRFs) obtained at these two positions. Thus, if the
FRFs are the same, the Maxwell’s reciprocity principle
is valid and the system is linear. In reality, no mechan-
ical system is linear but the assumption is not very
strict (Marshall, 1985; Skrodzka et al., 2011).
In terms of the modal analysis, the FRF for the

response Xi at the point i, due to an excitation force
Fk applied at the point k, has the form (Ewins, 1995;
Marshall, 1985; Skrodzka, Sęk, 1998):

Xi

Fk
= Hik(s) =

n∑
r=1

(
rikr

s− pr
+

r∗ikr
s− p∗r

)
, (1)

where rikr is a residue for r-th mode, s is Laplace vari-
able, pr = σr + jωr, for k = 1, . . . , r is the eigenvalue
or the pole of the FRF, σr is the modal damping of
the r-th mode, ωr is the modal frequency of the r-th
mode.
If all points i and k are taken into consideration,

then Eq. (1) takes the form:

H(ω) =

n∑
r=1

(
{ur} {ur}t

jω − pr
+

{u∗
r} {u∗

r}
t

jω − p∗r

)
. (2)

The Laplace variable s in Eq. (1) has been replaced by
the frequency ω along the frequency axis; rikr and {ur}
are complex quantities. Thus, each mode of vibration
is defined by a pair of complex conjugate poles (pr, p∗r)
and a pair of complex conjugate mode shapes ({ur},
{u∗

r}); {ur}t and {u∗
r}t are transpositions of {ur} and

{u∗
r}, respectively. A set of FRFs with indices i and k
is usually arranged in a matrix called a modal matrix.
The modal analysis method describes the dynam-

ics of any vibrating system in terms of modal pa-
rameters: natural frequencies and natural damping,
as well as deformation patterns (mode shapes) associ-
ated with them. As the measurement setup was similar
to that described in our previous works (Skrodzka
et al., 2005, 2009, 2011), only the most crucial de-
tails are given below. For measurements, the instru-
ments were mounted in a wooden cage of a significant
mass, allowing the soundboard and the back plate to

vibrate without any obstacles. The instruments were
excited by an impact hammer to provide a broad-band
excitation (PCB Impact Hammer 086C05, sensitivity
2.25 mV/N). As the version of the modal analysis with
a fixed response point was used, the response signal
was measured at the fixed measuring point marked
as a black dot in Fig. 2. An ONO SOKKI NP-2910
accelerometer, with the mass of 2 g and sensitivity
0.3 pC/m/s2 was used. The mass of the accelerometer
was significantly less than 10% of the mass of the top
of each instrument (about 120 g) and did not affect the
results of the measurements. Both the excitation and
the response signals were measured perpendicularly to
the top plates, i.e. in the most important direction as
regards the vibration of the final instrument. The ac-
celerometer was mounted on a beewax. On the basis of
these signals, the frequency response functions (FRFs)
were calculated between all 230 excitation points on
the front plate, see Fig.2, and the fixed response point
where the accelerometer was mounted. The modal pa-
rameters extracted from the FRFs were calculated by
means of an SMS STAR-Modalr package (The STAR
system, 1990). The FRFs were measured at 230 points
on the front plate. Geometry of the measuring mesh
is shown in Fig. 2. A black dot in Fig. 2 denotes the
position of the accelerometer. The position was chosen
experimentally, avoiding areas of the top plate, where
the bass bar was attached, and after a preliminary
test, when the FRFs measured between some tested
accelerometer positions and some points of excitation
were evaluated by the experimenter with respect to a
proper course of the coherence function and repeatable
frequencies of peaks in FRFs.

Fig. 2. Geometry of the modal analysis measuring mesh.
The black dot denotes the position of the accelerometer.

All FRFs were measured in the frequency range
0–3200 Hz with a 4 Hz spectral resolution, and their
quality was controlled by the coherence function. Ten
spectral averages were used to improve the signal-to-
noise ratio and FRFs. Unauthenticated
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2.2.2. Performance subjective remarks

To judge the sound quality of the varnished in-
struments, it was decided to evaluate them in natural
playing conditions. Thirteen people with some expe-
rience in comparison of violin’s sound (luthiery stu-
dents) took part in the experiment. Their task was to
fill up a questionnaire shown in Table 2 by assigning
the mark “+” to the subjectively better instrument
and mark “−” for the worse instrument. In the case
when both instruments were evaluated equally they
gave “+” (both good) or “−” (both bad). The ques-
tionnaire was similar to those used during luthier com-
petitions. Subjects listened to sounds of violins in the
concert hall of I.J. Paderewski Academy of Music. Sub-
jects were informed about the symbol of presented in-
struments (1 or 2) and they were not informed about
varnishing. Instructions concerning the questionnaire
were given before the test. A professional violinist was
the player. Subjects evaluated the sound of individual
strings listening to the sounds: g (196 Hz), h (245 Hz),
d1 (294 Hz), f1 (349 Hz), a1 (440 Hz) on string G; d1

(294 Hz), f#1 (370 Hz), c2 (523 Hz), e2 (659 Hz) on
string D; a1 (440 Hz), c#2 (554 Hz), e2 (659 Hz), g2

(784 Hz), h2 (988 Hz) on string A; e2 (659 Hz), g#2

(831 Hz), h2 (988 Hz), d3 (1175 Hz), f#3 (1480 Hz) on
string E. Then scales were played on all strings and the
task of the subjects was to evaluate the level and vol-
ume of the sound of all the strings. Finally, the Largo,
C-major Sonata, BWV 1005 by J.S. Bach was played
and the task of the subjects was to point out the instru-
ment which according to them was better, with a more
noble and interesting sound, or, in other words, they
were asked about their general opinion about the level,
range, and timbre of the sound.

Table 2. Questionnaire for the subjective evaluation
of the sound quality.

Sound Violin 1 Violin 2

Sound of indi-
vidual strings

Scale on string G

Scale on string D

Scale on string A

Scale on string E

Level and equal
volume of the
sound of all the
strings

Scale on all the
strings

Level Level

Equal
sound
volume
of strings

Equal
sound
volume
of strings

General opinion
about the level,
range and tim-
bre of the sound

J.S. Bach, Largo,
C-major Sonata,
BWV 1005

General remarks

3. Results

3.1. Modal analysis

A dozen or so modes were found in the frequency
range measured. The mode shape sequence was similar
to that well described in earlier papers and analyzed
in a descriptive manner, being a widely accepted stan-
dard in the literature (Marshall, 1985; Dünnwald,
1999; Bissinger, 1995; 2003; 2008; Bissinger, Keif-
fer, 2003; Schleske, 2002; Skrodzka et al., 2005;
2009, 2011). Our discussion of individual modes will be
limited to three strongly radiating modes A0, B(1−)
and B(1+) (Bissinger, 2008) of the top plate. These
modes fall into the first Dünnwald frequency band
(190–650 Hz) and are responsible for the sound “rich-
ness” (Dünnwald, 1999). A0 is a Helmholtz resonance
(“air mode”). B(1−) and B(1+) are “plate modes”
which arise from the bending and stretching of the
front plate. For the top plate, the mode shape B(1−)
has two longitudinal nodal curves placed almost sym-
metrically on both sides of the main axis of sym-
metry. Mode B(1+) on the top plate has two nodal
curves crossing the upper and the lower bouts. In Ta-
ble 3 the mode shapes, modal frequencies (f), and per-
centage of the critical damping (d) are shown for the
above modes. Mode B(1−) of the oil varnished violin
2 presented in Table 3 was excluded from the anal-
ysis because of a high value of the critical damping
(> 10%). The main assumption of the modal analysis
is linearity of the system under investigation. Strictly
speaking, none of the violins is a linear system but
it can be treated as such when critical damping is
smaller than 10% (Skrodzka et al., 2009; Ewins,
1995).

3.2. Performance subjective remarks

The results of the subjective evaluation of the
sound quality of both varnished instruments are
shown in Table 4. The evaluation of the individual
strings was as follows: string G – nine persons pointed
at violin 2, two persons – violin 1, and two subjects
stated that in both instruments it sounded well.
String D – eleven subjects preferred instrument 2, one
subject – instrument 1, and for one person the string
was good for both violins. String A – seven persons
pointed at instrument 1, six – instrument 2. String E
– eleven subjects preferred instrument 2, one subject –
instrument 1, and for one subject the string was good
in both instruments. When the sound level was evalu-
ated, none of the instruments was significantly better:
six subjects pointed at violin 2 and five persons pre-
ferred instrument 1; for one person both instruments
were good, and for one both were bad. The strength
of the sound was evaluated as better for violin 2
(twelve subjects); only one subject pointed out instru-
ment 1. Instrument 2 covered with the oil varnish wasUnauthenticated
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Table 3. Modal parameters for the top plate modes A0, B(1−) and B(1+). Mode B(1−) for the oil
varnished instrument had a damping value exceeding 10% of the critical damping.

Mode Violin 1 (white) Violin 2 (white)

A0

f = 281 Hz, d = 10.0% f = 280 Hz, d = 9.0%

B(1−)

f = 476 Hz, d = 9.6% f = 451 Hz, d = 7.1%

B(1+)

f = 548 Hz, d = 8.1% f = 540 Hz, d = 5.0%

Violin 1 (spirit) Violin 2 (oil)

A0

f = 277 Hz, d = 5.2% f = 276 Hz, d = 6.4%

B(1−)

f = 492 Hz, d = 4.6% f = 419 Hz, d = 17.0%

B(1+)

f = 598 Hz, d = 4.1% f = 534 Hz, d = 5.1%
Unauthenticated
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Table 4. Results of the subjective evaluation
of the sound quality.

Violin 1
(spirit)

Violin 2
(oil)

Both
good

Both
bad

(+) (−) (+) (−) (+) (−)
String G 9 2 2 9 2 0

String D 1 11 11 1 1 0

String A 7 6 6 7 0 0

String E 1 11 11 1 1 0

Sound level 5 6 6 5 1 1

Sound strength 1 12 12 1 0 0

Total 2 10 10 2 1 0

evaluated in total as better (10 persons) than the violin
covered with the spirit varnish (2 subjects). For one
subject the overall evaluation of both instruments was
good.

4. Discussion

For unvarnished (“white”) and varnished instru-
ments, the mode shapes, modal frequencies, and modal
damping of the modes under consideration were sim-
ilar to those described in earlier papers (Marshall,
1985; Bissinger, 2003; 2008; Schleske, 2002). While
comparing the modal frequencies of the unvarnished
violins the only significant difference was found for
mode B(1−), Table 3. Thus, modal parameters of
the “white” instruments were very similar. Varnish-
ing did not change the mode shapes but it influenced
the modal frequencies, especially of modes B(1−) and
B(1+). There was no systematic trend in the modal fre-
quency changes. The modal frequency A0 was the same
for both instruments before and after varnishing (mea-
surement accuracy was 4 Hz). For mode B(1−) the
modal frequency of “white” instrument 1 was 476 Hz
and for the same instrument with the spirit varnish it
was 492 Hz. A significant increase in the modal fre-
quency for violin 1 was also observed for mode B(1+):
from 548 Hz for the “white” instrument to 598 Hz for
the varnished corpus. For unvarnished instrument 2,
the frequency of mode B(1−) was 451 Hz; for the
same violin with the oil varnish this mode was not
observed with the assumed “damping limit” (10% of
the critical damping). The modal frequency of mode
B(1+) before varnishing was 540 Hz and 534 Hz after
it. Thus, it was not changed by oil varnishing of violin 2
within the measurement accuracy of 4 Hz. By compar-
ing the modal frequencies of the varnished instruments
it was found that the modal frequency B(1+) was
significantly lower for instrument 2 with the oil var-
nish (534 Hz) than for violin 1 with the spirit varnish
(598 Hz). The modal damping was slightly reduced for
both varnished corpuses when compared to the unvar-

nished instruments (Table 3), but this fact did not in-
fluence the violin’s quality, as damping trends are not
robust quality discriminators (Bissinger, 2008).
The frequency of mode B(1+) is very important for

the violin sound and may be a “mechanical’ gauge of
the sound quality. According to Schleske it acts as a
“tonal barometer” of the violin sound quality. When
the frequency of mode B(1+) is lower than 510 Hz,
an instrument is “soft”, with a rather weak ‘resistance’
to the player, and its sound is dark. The instrument
with B(1+) frequency higher than 550 Hz is ‘stubborn’,
‘resistant’ to the player, with a bright sound with a
tendency of harshness (Bissinger, 2008; Schleske,
2002). The sound of our both varnished instruments
was evaluated subjectively and the subjects pointed at
the oil varnished violin to be better “in total” than the
spirit varnished violin. This subjective feeling was ob-
jectively confirmed by the frequency of mode B(1+):
for the oil varnished violin it was 543 Hz (less than
550 Hz) and for the spirit varnished violin it was much
higher (598 Hz). Thus, by comparing the sound quality
of the two varnished violins, oil varnished instrument,
as evaluated subjectively and in agreement with com-
parative judgments of other authors (Bissinger, 2008;
Fritz et al., 2007; Schleske, 2002), was found bet-
ter. It is worthwhile to note that famous 18th and 19th
century instruments were usually oil varnished.
However, there are some reasons that keep us far

away from a conclusion that the oil varnish has advan-
tages over the spirit varnish when the sound quality
of the violin is concerned. First, only two instruments
were investigated. This number is obviously not ap-
propriate for any statistical considerations. Nonethe-
less, similar situations, when only a few instruments
were investigated with the aim of formulating general
conclusions, can be found in some reports (Marshall,
1985; Skrodzka et al., 2009;Weinreich et al., 2000).
Next, the “better” violin 2 probably is not acousti-
cally ‘excellent’ because it did not outperformed violin
1 in all categories in the subjective test, and in the ob-
jective modal experiment the strongly radiating mode
B(1−) was missing. Therefore, a better score obtained
by violin 2 can be explained by the lower frequency of
the “tonal barometer” B(1+). Finally, our investiga-
tions were carried out just after hardening of the var-
nish. Its drying and ageing induce important changes
in its composition and may influence both the visual
appearance and sound quality of the instrument.

5. Conclusions

An experimental modal analysis of two unvarnished
and varnished violins, as well as a subjective evaluation
of the sound quality of the varnished instruments, was
done to find differences and similarities in the modal
parameters and subjective judgment. Hence, we con-
clude that: Unauthenticated
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1. Our violins were not ‘excellent’ instruments, but
before varnishing they were practically identical.
However, after varnishing the subjects pointed out
the oil-varnished violin as better than the spirit-
varnished one. Therefore, it can be assumed with
a fairly high probability that also in general, the
oil-varnished violins sound somewhat better than
initially identical spirit-varnished ones.

2. In the case of unvarnished violins the only differ-
ence in the modal frequency was observed for mode
B(1−).

3. Varnishing did not change the mode shape se-
quence.

4. For the oil-varnished violin mode B(1−) was not
taken into account due to a high value of the criti-
cal damping. The modal frequencies A0 and B(1+)
were not changed by oil varnishing within a 4 Hz
frequency measurement accuracy.

5. The frequency of a “tonal barometer” (mode
B(1+)) was lower for the oil varnished instrument
than the frequency of the same mode of the spirit
varnished instrument. Thus, the objective value of
this frequency suggested that the violin 2’s sound
quality was better.
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Summary
Assessing the tonal qualities of an acoustic musical instrument is a challenge that has long been pursued by 
researchers in musical acoustics. This is a topic of particular interest when it comes to discussing the case of 
violins. Historical violins are often believed to owe a great deal of their celebrated timbral qualities to the choice 
and the make of their finishings, particularly the ground coat and the varnish. The impact of such finishings on the 
instrument’s tonal qualities, however, is not so well understood. In this paper we investigate the impact of the 
finishing process on the instrument’s timbre through a joint analysis of the characteristics of the materials involved 
for this process (ground coat and varnish) and audio features extracted from the sound produced by such violins at 
various stages of their finishing. Some of the results are compared with those found in the literature for validation 
purposes. The characterization of the impact of ground coat and varnish has been conducted during the finishing 
process of a new violin.

1. Introduction

The violin occupies a special place in the history of
musical instruments. Although its ancestors date back
to the early renaissance period, for centuries its shape
and structure have remained practically unchanged.
Its name comes from the Italian word violino (small
viola), and is probably derived from the Medieval
Latin word vitula, which means “stringed instrument”.
The first modern violins were built in the early six-
teenth century, about the time when the viola and the
cello made their first appearance as well. The acoustic
qualities of acoustic musical instruments, especially
violins, depend on all aspects of the construction pro-
cess, from the properties of the wood, to the geome-
tries of the parts, all the way to the finishings. In
particular, they are heavily dependent on the chemi-
cal characteristics of the materials used by the violin
maker, as well as their interactions with the wood.

The finishing process turns the untreated instru-
ment (bare wood) to a ready-to-play one. It includes
two main steps. First, a “ground coat” on the un-
treated violin is applied, with the purpose of filling the
pores of the wood, thus preventing the wood from ab-
sorbing the varnish. Many natural substances are tra-
ditionally used (siccative oils, gums, hide glue, bone

glue, rabbit glue, egg white, casein, etc) and, among
them, proteinaceous substances such as casein, which
are still the most widely used. The second step con-
sists of the application of several layers of varnish,
with a twofold purpose: (i) protecting the wood from
dirt, sweat and biological degradation of the wood
[1], (ii) covering the instrument with a colored coat-
ing, which has a purely aesthetic function. The var-
nishes used for stringed instruments can be divided in
three main categories: essential oil varnishes, oil var-
nishes and spirit varnishes. [2]. These varnishes some-
times contain substances of vegetable (e.g. dammar
resin, elemi gum, siccative linseed oil) and/or animal
(e.g. shellac) origin. There are thousands of historical
recipes for the preparation of varnishes for surfaces
finishing, and a few hundreds of them are found suit-
able for musical instruments1.

The fact that a violin exhibits different layers of
non-homogeneous material [3, 4], such as wood, filler,
varnish and so on, makes the study of the correlation
between material and tone quality quite complex [5].
A question that researchers and scholars often ask is:
how can the finishing (which amounts to a very thin
layer of material) affect the timbre of this instrument
so much?

1 VERNIX: Une base de données de recettes de vernis issues de
sources écrites anciennes - http://vernix.citedelamusique.fr.
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In order to study the impact of finishings on the
tonal qualities of the violin it is important to anal-
yse some aspects of the timbral characteristics of the
instrument at every relevant step of the finishing pro-
cess. In this contribution we analyse the violin and its
tone in three different moments of its construction:
before the application of ground coat and varnish; af-
ter the application of the ground coat; and after the
varnish has been applied and is completely dry. At
each one of these steps, we analysed the material as
well as some features related to the timbre of the vi-
olin. These analyses have been conducted on a violin
that has been constructed for this specific purpose by
an expert violin maker, and all steps are described in
detail.

As far as the analysis of materials is concerned,
in order to study the physical interaction between
ground coat and varnish; measure the penetration
depth into the wood; and measure the thickness of the
varnish layer, a qualitative and a quantitative analysis
using optical (OP) and electronic (SEM-EDX) micro-
scopes were conducted.

As for the sound analysis, we analyzed the timbre
of the violin in its different finishing steps, by record-
ing, with the help of a professional musician, a set
of notes, musical scales and excerpts of song. Record-
ings have been accomplished in a semi-anechoic room
with controlled environmental conditions. From the
recorded sound we extracted a set of descriptors that
characterize the different aspects of the timbre [6, 7].
In particular, we enriched the set of descriptors intro-
duced in [8].

Our analysis proceeds through the measurement of
the variation of the descriptors along the various fin-
ishing steps. In order to select the descriptors whose
variation is actually determined by the finishing, we
also computed the variation of the descriptors from
recordings of a reference violin played by five mu-
sicians. Only the descriptors that exhibit a relevant
variation in the violin under study and small varia-
tions for the reference one are used in our work. Some
interesting conclusions can be drawn from this analy-
sis. The ground coat covers the material with a com-
pact layer of about 20µm. Despite its limited thick-
ness, it has a significant impact on the timbre, as it
reduces the overall emitted acoustic energy, and em-
phasizes the spectral peaks at high frequency. The
application of the varnish, on the other hand, is more
limited and it only partially attenuates the modifica-
tions brought by the ground coat. In order to further
motivate our study, we also measured the vibrometric
frequency response of a soundboard before and after
the application of the ground coat.

The rest of the manuscript is structured as follows:
Section 2 offers an overview of the state of the art.
In section 3, we illustrate the material analysis and
the main results. We then discuss in 4 the impact
of the ground coat on the vibroacoustic behavior of a

soundboard. In section 5.2 we offer a spectral analysis
of the recordings of the violin at different stages of the
finishing. This motivates the feature-based analysis
illustrated in 5.3, whose main results are presented in
6. Finally, in Section 7 we draw some conclusions.

2. State of the art

The violin has been a subject of research for decades,
due to its complex behaviour, which is the result of
the interaction of many parts and is affected even by
the smallest changes. Several aspects have been con-
sidered by scientists: the vibroacoustic behaviour, the
properties of the woods that are traditionally used,
the composition of the varnishes and their interaction
with the wood, and finally the relation between ma-
terials and sound quality. In this section we provide a
short overview on each of the above research areas.

2.1. Violin physics and acoustics

In [9], Woodhouse presents a review on the acous-
tics of string instruments. The review includes the
non-linear vibration of the strings, the response of
the instrument’s body and the sound radiation. Fur-
thermore, it also touches perceptual studies on the
playability of the instrument. Another overview of the
physics of bowed instruments is provided in the book
by Rossing [10], where the mechanical interactions,
the frequency response and the modes of vibrations
are explained in depth. The interaction between bow
and strings is illustrated also in [11], while the vibra-
tion of the body is discussed in [12].

The bridge-hill [13] [14] was recently suggested as a
major physical measure for evaluating the quality of
a violin. In this regard, in [15] the author evaluates
three violins of professional quality and one soloist’s
instrument made by Guadagnini in 1778. Four notes
were recorded for each violin: the open string G (196
Hz), the fifth note A4# (466 Hz), the 12th note A5#
(932 Hz), and the G6 (1568 Hz). In order to get a sub-
jective judgment on the timbre quality, the notes were
played back and filtered by an equalizer in octave sub-
bands. Each band was isolated and classified by the
author according to the magnitude of influence on the
overall timbre. The results highlighted that for each
note played, the band which has the strongest influ-
ence on listening is the one that includes the bridge-
hill prominence (∼ 2.5 kHz).

2.2. Materials and their relations with sound

There are several studies that concern violin var-
nishes, in particular for old Italian violins. Indeed,
researchers showed a great interest towards both the
preparation of the varnish and the effect on the instru-
ment’s behaviour. In [16] and [17], the author presents
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a survey on the studies on Cremonese varnishes, tak-
ing into account both the inorganic and organic com-
position and the coloring. He highlights how the sci-
entific analysis revealed that the Cremonese finishes
are much more complex than traditionally assumed
and characterized by many ingredients, so that differ-
ent results could be obtained by modifying the recipe.
In [2], Optical Coherence Tomography (OCT) is ap-
plied to an old Italian violin in order to examine the
3D structural elements of the varnished wood. This
study shows the efficiency of OCT and the possibility
of using OCT to image varnish coatings on wood, in
terms of morphological properties and compositional
properties. In 2010, Brandmair and Greiner published
an in-depth study on the finishing process performed
on several Stradivari violins [18], using non-damaging
methods such as visible spectrum, UV light, infrared
and X-ray spectroscopy, histochemical staining and
solubility. SEM (Scanning Electron Microscope) and
EDX (Energy-Dispersed X-ray spectroscopy) are used
in [19] in order to analyse varnishes from ancient Cre-
monese violins (Guarnieri, Ruggeri, Stradivari). They
revealed the presence of crystals both in the varnish
and in the ground-coat layers. Calcite, quartz, potas-
sium feldspar, gypsum and hematite were identified
as the main components in the samples under study.
According to the authors, these findings cannot be ex-
plained as accidental, and the role of these varnishes
is more than decorative.

The interest in varnishes is motivated by the fact
that they have a great impact on the final tone (as
well as other manufacturing materials), and an in-
vestigation is in order as remarked in [17]. Some of
the above studies, indeed, focus on the interaction
between the finishing operation and the acoustic re-
sponse [20], [21], [22]. As far as the impact of the
ground coat is concerned, a summary of some stud-
ies is presented in [23] along with a new study on
different types of substances, but no particular atten-
tion is paid to casein-based materials, which is widely
used by violin-makers. This motivates us in investi-
gating on the impact of casein-based ground coat on
the response of the instrument. Minato [20] showed
that the Acoustic Converting Efficiency (ACE) falls
down drastically just after varnishing, but it recovers
for 1 year. Furthermore, the change of Young’s modu-
lus (ER) becomes almost undetectable within several
months, whereas the decrease of the loss factor con-
tinues for a longer period. Schelleng [22] conducted
dynamic measurements of the Young’s modulus on
spruce wood with different types of varnish and mea-
sured the acoustical effects in terms of mass, stiffness,
and internal friction. He pointed out how the varnish
layer causes a loss in terms of emission and resonance,
concluding that the varnish layer should be thin and
that some final adjustments to the plates thickness
should be done after varnishing. In the second half
of the 20th century, Meinel [21] studied the correla-

tion between such response curves and the type of
wood, as well as the correlation with the type of var-
nish.The author drew some conclusions on the per-
ception of sound quality, by pointing out a number
of frequency bands of interest. Meinel’s observations
were not able to confirm that the varnish could of-
fer any relevant contribution to acoustic indicators
of quality. In [24] Ono conducted a study based on
Schelleng’s and Meinel’s works in order to investigate
the properties of the wood before and after the fin-
ishing in terms of Young’s modulus and internal fric-
tion (Q−1

R ). This work was also unable to conclude
whether the finishing had any beneficial impact on the
instrument’s acoustics, but some interesting conclu-
sions were drawn. The authors noticed that the appli-
cation of the varnish would cause the response at low-
frequencies (<300Hz) to be diminished, whereas the
measured energy at high-frequencies (>3 kHz) would
vary depending on the values of ER and Q−1

R of the
wood. Using wood of low ER, the frequencies above
300Hz would be enhanced due to a relevant growth of
ER after the application of the varnish. Conversely,
using wood of high ER, the frequencies above 300Hz
would be attenuated due to a more relevant growth
of Q−1

R . This led to the conclusion that the frequency
characteristics of the soundboards can, in fact, be con-
trolled to some degree by the finishing process.

Broadening our focus to the relation between wood
and sound, several studies have been conducted, like
[25], [26], [27]. In [25], some parts of a violin have
been subjected to a chemical treatment. It is shown
how some properties (like the internal friction and
the Young’s modulus) change, improving the violin
tone from a perceptual point of view. In [26], the ef-
fects of aging on the vibrational properties of wood
are studied. It is shown that the aged wood exhibits
higher sound velocity and lower mechanical loss tan-
gent than the new wood. The ratio of Young’s modu-
lus and shear modulus (EL/GL) remained unchanged
or increased slightly during the aging period. In [27],
the authors studied if it is possible to treat the wood
in order to make it acoustically similar to the wood
used by Stradivari, which was characterized by high
modulus of elasticity and low density. They show how
it is possible to achieve a density reduction and an
improvement of the radiation ratio [28] by incubating
wood specimens with suitable fungal species.

2.3. Feature-based timbral analysis

Feature-based methodologies are widely considered as
particularly effective for the analysis of the violin tone
[29]. The first studies based on audio feature extrac-
tion and analysis aimed at investigating sound qual-
ity perception began to appear over two decades ago.
In [30] Łukasik et al. analyzed the dissimilarity fac-
tors of the timbre of various master violins, i.e. the
features that enable to automatically distinguish be-
tween instruments. Two methods for the feature ex-
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Figure 1: The violin in the three steps of the making
process. Untreated (left), with ground coat (center)
and varnished (right).

traction process have been applied: one based on the
harmonic spectral parameters (brightness, relative en-
ergy of odd and even harmonics, three tristimulus co-
efficients) and one based on the auditory model of the
human ear. The original set of features was very large,
therefore a feature reduction stage was introduced in
the analysis chain.

Timbral analysis that relies on feature-based repre-
sentations is also applied to musical instrument iden-
tification. In [31, 32] the authors used a set of multi-
scale Mel-Frquency Cepstral Coefficients to the pair-
wise discrimination of musical instruments. As far as
bowed instruments are concerned, in [33] the author
used Long Term Cepstral Coefficients to characterize
the subtleties of violin sound.

In [34] the author extracted several harmonic fea-
tures from a collection of 53 violin recordings. A set of
linguistic descriptors of the violin timbre was related
to these features. The result of the analysis was the
allocation of the recorded violins in several seman-
tic categories. This study also showed that the four
strings exhibit different values for the same feature.
Therefore, each string was evaluated separately.

A semantic description of the violin timbre was also
provided in [35] and [36], where a set of bipolar de-
scriptors from natural language are modeled by means
of large sets of acoustic cues extracted by 28 historical
and modern violins.

3. Material analysis

In this Section we motivate the analysis of the impact
of the varnish and the ground coat by showing the
modification induced to the instrument by the appli-
cation of ground coat and varnish layers .

3.1. Finishing procedure

For our study, we took advantage of the collabora-
tion with an expert violin maker, who built a violin
purposely for our studies.

In order to analyse the materials used in the violin
making process and their interaction, we had to ac-
quire a sample. We could not get one directly from the
violin without compromising or affecting the acous-
tic properties of the musical instrument. This is why
two wooden boards were taken from the same pieces
of wood used for the top (spruce Picea abies from
Val di Fiemme, Trento, Italy) and back plate (maple
Acer pseudoplatanus from the Balkans) of the violin,
respectively. These boards were cut along the same
radial-longitudinal direction of the top and the back
plates of the violin. The specimens, free from visible
defects or knots, were cut for a length of 14 cm along
the direction of the wood fibers; 11 cm along the ra-
dial direction of the annual rings; and with a thickness
of 4 mm. All the treatments that the maker applied
on the top plate and the back plate of the violin, i.e.
the ground coat application and the varnishing, were
exactly replicated on one side of the sample boards.
Each layer of material was laid upon the previous one
in a subsequent portion of the board, the last portion
of which ended up including the whole stratigraphy.
Each treatment was done simultaneously on the vio-
lin and on the specimens, in order to match the en-
vironmental conditions. The various treatments along
with a representation of the corresponding stratigra-
phy, are shown in Fig. 2.

1

2

3

Figure 2: The various treatments applied to the maple
sample board (left) and a representation of the cor-
responding stratigraphy (right): untreated (t1), with
ground coat (t2) and with varnish (t3).

3.2. Analysis methodology

In this study the sampling was realized on the two
boards in correspondence of the untreated wood (t1),
with ground coat (t2) and with varnish (t3). The
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preparation of the ground coat (t2) begins with the
casein, composed of different proteinaceous organic
molecules , which are made soluble by adding to it a
basic (pH>7) substance (e.g. lime, i.e. Ca(OH)2), thus
resulting in calcium caseinate in an aqueous solution.
The varnish (t3) is composed of several resins (i.e.
mastic, turpentine, shellac, benzoe, elemi) dissolved
in alcohol (therefore called spirit varnish), added with
various raw pigments and colorants. As mentioned
above, the portion on which the last treatment was
performed includes all of the underlying layers. A pre-
liminary evaluation of the samples (5x5x4mm in size)
was carried out with an Olympus SZ61 stereoscopic
microscope equipped with a LEICA CLS 50x illumi-
nator in visible light. The samples were then embed-
ded in epoxy resin and cut using a diamond blade. The
resulting cross sections, were first abraded with car-
bon papers (600-4000 mesh) and then polished with
diamond pastes of decreasing grain size (6, 3, 1, 0.25
µm). We looked at such samples using an Olympus
BX51TF polarized light microscope equipped with an
Olympus TH4-200 lamp (visible light) and an Olym-
pus U-RFL-T (UV radiation). This allowed us to
study both the morphology and the stratigraphy of
the samples, inspecting the interaction among differ-
ent layers and the thickness of each one. The cross sec-
tions were then coated with a gold film, using a Cress-
ington 208HR sputter coater, in order to make the
surface conductive. Higher magnification observations
(backscattered electron - BSE - images) and micro-
chemical analyses (energy-dispersive X-ray spectra)
were thus performed using a Tescan Mira 3XMU-
series FESEM equipped with an EDAX spectrome-
ter. The penetration of calcium as a casein marker
was then measured through a semi-quantitative anal-
ysis performed transversely through the section. The
operating conditions were as follows: accelerating volt-
age 20 kV, counts of 100 s per analysis, and working
distance 15 mm. The semi-quantitative data were ob-
tained by processing the experimental results with the
EDAX Genesis software.

3.3. Results

As the results of the material analysis were found to
be nearly identical for both wood species, only spruce
samples are here shown. As it can be noticed in Figure
3, where early wood is displayed, optical microscopy
observations of the spruce wood layer show a very ho-
mogeneous structure that primarily consists of longi-
tudinal tracheids and/or fiber tracheids (tr), generally
with uniseriate bordered pits. In addition to the ves-
sel cells, thin medullary rays (mr) and a resin canal
(rc) can be distinguished. The microscopic images col-
lected in visible (Figure 3a) and ultraviolet (Figure
3b) light, which is characteristic of the spruce sample
treated with filler and varnish (t3), clearly show the
presence of the varnish layer, uniformly distributed on
the wood substrate. This upper layer, which does not

penetrate wood cells, appears in a dark brown hue un-
der visible radiation, and in an orange-color hue under
ultraviolet light. As predicted, no evidence of calcium
caseinate between varnish and wood can be found.
Notice that the wood is not excited by the ultravi-
olet radiation and the blue-violet visible component
(as spurious) of the source is entirely reflected. In or-

Figure 3: Optical microscopy images (20X) of the
cross section after applying ground coat and varnish
(t3): visible light (a) and UV induced fluorescence (b).
Anatomical wooden structures: medullary ray (mr),
resin canal (rc), tracheid and/or fiber tracheid (tr)

der to check whether the casein layer (t2) could be
recognized at higher magnification levels, electronic
microscopy observations were carried out. The bright-
nesses/darknesses of SEM-BSE images are correlated
to the atomic number of the elements within the sam-
pling volume. In particular, the greater the atomic
number, the greater the brightness, which provides us
with useful information about the distribution of dif-
ferent elements in the sample. However, the atomic
number of the calcium caseinate elements is similar
to that of the wood. This means that the gossamer
casein stratum could not be easily distinguished in-
side wood (Fig. 4) merely through qualitative observa-
tions. However, the higher concentration of calcium in
the calcium caseinate with respect to the wood turns
it into an elemental marker that allows us to charac-
terize its penetration inside the wood. This is why we
performed a semi-quantitative line profiling analysis
of calcium concentration transversely through the sec-
tion. We measured the concentration every 1 µm along
the line, both in the untreated (t1) and treated (t2)
sample. As we can see in Fig. 5, the concentration of
calcium as a marker of the calcium caseinate decreases
to its minimum at around 30 µm depth inside the
wood, where it reaches the concentration values simi-
lar to that of the untreated wood. This means that the
casein does not create a layer upon the support but it
soaks in the wood producing a shell with an average
thickness of 30 µm. We also measured the wood thick-
ness of both untreated top and back plates through a
violin thickness gauge. At the center of the top and
back plates and along the ribs, where the arching are
less marked, the calcium caseinate treatment affects
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the thickness by 1.00%, 1.86%, and 2.00%, respec-
tively. This variation is caused by the difference in
thickness of these parts.

Due to the presence of casein, the varnish does not
penetrate the support: this allowed us to measure the
average thickness of the layer, which is about 40 µm.
Being a superficial coating, this affects the total thick-
ness with percentages that depend on the thickness of
the top and back plates. We compared the thicknesses
of finishing layers and untreated wood, shown in Fig. 6
through a color map. As the ribs have constant thick-
ness of 1.05 mm, the varnish coating accounts for a
constant 2.6% of the total thickness. It is interesting
to notice that the finishing has a greater impact in
proximity of the bellies of both top and back plates.

Figure 4: Electronic microscopy BSE image (1000X)
of the cross section after applying ground coat (t2):
the red line represents the semi-quantitative analysis
(EDX) trajectory performed transversely through the
section (a); electronic microscopy BSE image (1000X)
of the cross section after applying ground coat and
varnish (t3): thickness measure of varnish stratum (b)

Figure 5: Penetration depth (µm) of Calcium: the con-
centration measured through semi-quantitative anal-
ysis (EDX) along the red line of Fig.4a decreases to
its minimum around 30 µm of depth

Figure 6: Total thickness variation (percentage) of the
top (left) and back plate (right)

4. Impact of the finishing on the vi-
brational properties

We conducted a measurement of the vibroacoustic
impulse response of a soundboard before and after
the application of the ground coat. The soundboard
was suspended with nylon cables. Three piezoelec-
tric uniaxial accelerometers (mass 0.5 g, sensitivity
1 mV/(m/s2), range 9000 m/s2, bandwidth 10 kHz)
were placed on the soundboard, which was excited us-
ing a small impact hammer (mass 5 g, sensitivity 22.5
mV/N) over 7 different points. Thus, we obtained 21
combinations of excitation and measurement points.
For each combination we obtained the Frequency Re-
sponse Function (FRF) as the average complex ra-
tio between the measured acceleration and the input
force. In order to reduce the impact of noise and ex-
ternal factors in the measurement process, for each
excitation and measurement point five hits have been
averaged.

The frequency responses are shown in figures 7 and
8 for the low and high frequencies, respectively. Fre-
quency responses have been normalized so that the
first peak is equal for the two responses. It is in-
teresting to notice that low frequencies are almost
unchanged, while high frequencies exhibit a relevant
magnification of the resonance peaks in the t2 step.
The next sections will analyze the impact of this fact
on the acoustic and timbre of the instrument.

5. Timbral Analysis

In this section we first introduce the data acquisition
procedure. We then illustrate some preliminary re-
sults based on the analysis of the average spectrum of
some recordings on the instrument under analysis. Fi-
nally, we provide an overview of the timbral features
adopted in this study and we describe the feature ex-
traction procedure.
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Figure 7: FRF (from 100 to 1700 Hz) measured on
a soundboard before and after the application of the
ground-coat
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Figure 8: FRF (from 1700 to 4300 Hz) measured on
a soundboard before and after the application of the
ground-coat

5.1. Audio data acquisition and data prepa-
ration

In order to minimize the influence of the environ-
ment, we performed recordings in a semi-anechoic
room within the Museo del Violino in Cremona, Italy.
The room has a size of 6x4x2.8m and a reverberation
time T60 = 100ms. A silent air-conditioning system is
installed, which controls temperature and humidity,
set to 21◦C and in the range of 45%-55%, respectively.
Before each recording, the violin was left in the room
for a few hours to adapt the local climatic conditions.

The instrument involved in the finishing was always
played by the same professional musician. For each
recording session, the musician was asked to play a
sequence of notes (see Table I), selected in order to ex-
cite as many frequencies as possible by moving along
the entire neck.

String 1st 5th 10th
G G3 (196 Hz) D4 (293.7 Hz) B4 (493.9 Hz)
D D4 (293.7 Hz) A4 (440 Hz) F5# (740 Hz)
A A4 (440 Hz) E5 (659.3 Hz) C6# (1109 Hz)
E E5 (659.3 Hz) B5 (987.8 Hz) G6# (1661 Hz)

Table I: Full list of single notes played. The notes are
represented by the name comprehensive of the octave
number combined with the related pitch frequency in
parenthesis.

The notes were played at nearly constant intensity,
with the bow moving slowly both upward and down-
ward, every time waiting for the sound to completely
die out before moving on to the next note. In order to
reduce the impact of possible noises, interfering sig-
nals, and performance-dependent features, each note
was played moving the bow three times upward and
three times downward, resulting in six recordings per
note. In addition, in order to emphasize as many tim-
bral characteristics as possible, a more expressive per-
formance was done by executing a major scale and two
excerpts of classical musical compositions 50 s long:

• an excerpt of J.S. Bach’s Allemande, from the Vio-
lin Partita No.2 in D minor, BWV 1004, with notes
ranging from C4 (261 Hz) to B5 (987 Hz).

• an excerpt from W.A. Mozart’s Violin Concerto
No.5 in A major, K 219, with notes ranging from
A4 (440 Hz) to E6 (1318 Hz).

A summary of musical performances is given in Ta-
ble II.

Strings Involved Notes Labels

G
open string G
fifth note GV
tenth note GX

D
open string D
fifth note DV
tenth note DX

A
open string A
fifth note AV
tenth note AX

E
open string E
fifth note EV
tenth note EX

G - D - A - E major scale sc
G - D - A - E song 1 s1
G - D - A - E song 2 s2

Table II: List of the musical performances recorded
for each step. For each performance is indicated which
strings are involved and which notes were played. The
labels associated to the musical performances that will
be used in the rest of this work.
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The application of the ground coat and the var-
nish requires the removal of the strings and the bridge
(therefore also of the soundpost). For this reason, in
order to obtain results that are as comparable as pos-
sible, before each recording session, the violin maker
accomplished a re-setting of the instrument.

We performed the recordings using a pair of Bey-
erdynamic MM1 omnidirectional measurement micro-
phones placed in the proximity of the bridge and of the
neck of the instrument. The sound was recorded with
a high-end recording system, composed of an Aphex
188 preamplifier2 and an Apogee Symphony A/D con-
verter3 working at a sampling frequency of 48kHz. A
preprocessing phase was included, aiming at removing
the silence frames.

5.2. Spectral analysis of audio recordings

In this analysis we show the spectral behaviour of the
violin at different finishing stages. In particular, we
computed an average spectrum of the recordings from
scale and excerpts using the method proposed in [37]
and [38]. As we performed the analysis on the audio
recordings, we expect the spectrum to also include
peaks that are related to the fundamental frequencies
and the harmonics of the played notes. These frequen-
cies were discarded in our analysis since they were not
relevant for our purposes.

Table III shows the identified modes in the range
200-800 Hz (no resonances could be identified beyond
this range). This region includes the Corpus modes,
that are the ones most related to a wide motion of the
violin belly. It can be noticed that the finishing steps
did not produce large variation of these modes. As the
vibrometric analysis on the soundboard showed, there
is no apparent impact of the ground-coat application
on the low frequency region.

In order to characterize the impact of these mod-
ifications of the frequency response to the timbre of
the sound, we conducted a feature-based analysis to
investigate the impact of these modifications on the
perceptual relevant aspects of the sound. This study
is illustrated in the next sections.

T1 T2 T3

F [Hz] P [dB] F [Hz] P [dB] F [Hz] P [dB]

265 32.68 268 33.15 269 30.1

378 31.69 381 28.33 380 27.41

417 36.15 418 36.54

553 24.84 555 25.79 553 26.34

627 26.23 625 20.88

Table III: Identified resonance modes at each step,
both frequency (F) and power (P)

2 http://www.aphex.com/products/188/
3 http://www.apogeedigital.com/products/symphony-io

5.3. Feature-based timbral analysis

Analyzing the timbre of an instrument is a tough en-
deavor, due to the subjectiveness of human perception
and the uncertainty on its definition. The timbre per-
ception only partially depends on objective acoustic
parameters. Audio features are objective descriptors
extracted from the audio signal by means of mathe-
matical procedures. They are the basic components in
several sound and music analysis [39, 40, 41, 42, 43]
and retrieval [44, 45, 46, 47, 48] applications. In order
to provide an effective model able to exhaustively cap-
ture these aspects we adopt in this study a large set of
audio descriptors (features) introduced in [49, 50, 8]
and related to the timbre. According to the captured
acoustic characteristics, the audio features that we
adopt in this manuscript are categorized as energy
features, temporal features and spectral features. The
set of descriptors is an extension of the one proposed
in [8], which is specifically designed for timbral char-
acterization. The total number of audio features used
in this study is 53. The complete list and a brief de-
scription of each of them are reported in Table IV. For
a more exhaustive mathematical formulation we refer
the reader to [49, 51, 52, 53, 54, 55, 8, 56, 57, 58, 59].

We used Matlab® for audio data analysis and
VAMP plugins 4 for feature extraction. The overall
procedure is shown in Fig. 9. We extracted features us-
ing a window-based decomposition of the signal. The
parameters of the window are: length 2048 samples,
hopsize 50%. The feature selection step discards a
large percentage of the considered features. However,
also the discarded features provided us with valuable
information as they qualitatively tell us which tim-
bral aspects are affected by the finishing steps, and
how. The feature selection is a commonly adopted
procedure within the Information Retrieval commu-
nity [61], which defined sophisticated techniques for
that purpose. All these techniques, however, require a
huge amount of data, which are not available for the
problem at hand. We resorted, instead, to a simpler
approach, detailed in the next section.

6. Results

6.1. Performance selection

For reasons of space, in our analysis features are av-
eraged within each performance. Before any further
analysis can be accomplished, we need to select only
the performances for which features exhibit a suffi-
cient degree of stability. We do so by computing the
variation coefficient of the ith feature within the per-
formance s, defined as the standard deviation σ(i, s)
divided by the mean µ(i, s), i.e.

ρ(i, s) =
σ(i, s)

µ(i, s)
. (1)

4 http://www.vamp-plugins.org/
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Figure 9: Overall scheme of the feature extraction procedure.

Feature Description
Spectral Spectral Centroid [8, 56] Geometric center of distribution of the spectrum (first sta-

tistical moment)
Spectral Spread [8] Standard deviation wrt the centroid of the spectrum (sec-

ond statistical moment)
Spectral Skewness [8] Symmetry wrt the centroid of the spectrum (third statisti-

cal moment)
Spectral Kurtosis [8] Size of the tails of the spectrum (fourth statistical moment)
Spectral Slope [8] Measure of the slope of the spectrum
Spectral Rolloff [8] It indicates below which frequency a certain percentage of

the total spectral energy is concentrated
Spectral Average Deviation
[8]

Average Deviation of the spectrum

Spectral Sharpness [57] Spectral Centroid computed using the specific loudness of
the Bark bands

Spectral Smoothness [58] Degree of amplitude difference between adjacent partials in
the spectrum

Spectral Crest Measure [8] Ratio of the maximum value and arithmetical mean of the
spectrum

Spectral Flatness [8] The tendency of the spectrum to be flat. It is a measure of
the noisiness of the sound

Brightness [55] Measure of the amount of energy in the spectrum above
1500Hz

Spectral Entropy [52] Measure of the noisiness of the sound based on the Shannon
entropy index of the spectrum [60]

Spectral Irregularity J [53]
Spectral Irregularity K [59]

Measure of the variations of the successive peaks of the
spectrum

Mel-Frequency Cepstral Co-
efficients (MFCC) [49]

Compact representation of the spectrum, based on the hu-
man auditory model

Spectral Contrast [51] Relative distribution of the harmonic and non-harmonic
components in the spectrum

Energy RMS Typical representation of the signal’s energy
Temporal Zero Crossing Rate (ZCR) [8] Number of times the audio signal crosses the zero axis. It

is a measure of the noisiness of the signal

Table IV: Full list of audio features used in this work. Audio features are divided into three categories, according
to the acoustic cues they capture: Energy, Temporal, Spectral.

It is important to notice that the features for which
the Variation Coefficient is computed are defined on
a ratio scale. It is possible, therefore, to compare the
Variation Coefficient of different features. In Table V
we show the variation coefficient (only for some rep-
resentative features and for the step t1, for reasons
of space) along with its confidence interval at 95%.
First of all it is important to notice that the confi-
dence interval is sufficiently limited, thus motivating
us in using the variation coefficient to select the per-

formance. As expected, features that depend on the
played note (like the Centroid and the Rolloff) ex-
hibit a larger fluctuation during the execution of the
scale and the excerpts. As far as single strings are con-
cerned, the fluctuation is larger on open strings. For
what concerns the RMS energy, we do not notice a
noticeable difference between the single notes and the
excerpts.

As a result of this analysis, in what follows we use
single notes for features that depend on the played
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Variation coefficient ± Confidence interval

Section RMS Rolloff Centroid

G 0.40 ± 0.008 0.13 ± 0.037 0.18 ± 0.030

GV 0.29 ± 0.009 0.12 ± 0.030 0.20 ± 0.010

GX 0.34 ± 0.017 0.08 ± 0.004 0.04 ± 0.008

D 0.53 ± 0.036 0.10 ± 0.010 0.20 ± 0.020

DV 0.29 ± 0.007 0.07 ± 0.024 0.07 ± 0.026

DX 0.30 ± 0.015 0.07 ± 0.011 0.11 ± 0.007

A 0.34 ± 0.014 0.13 ± 0.012 0.11 ± 0.010

AV 0.40 ± 0.014 0.09 ± 0.017 0.20 ± 0.009

AX 0.34 ± 0.023 0.09 ± 0.014 0.18 ± 0.008

E 0.39 ± 0.045 0.12 ± 0.072 0.17 ± 0.045

EV 0.36 ± 0.017 0.06 ± 0.011 0.11 ± 0.006

EX 0.49 ± 0.032 0.07 ± 0.011 0.10 ± 0.008

sc 0.37 ± 0.013 0.29 ± 0.019 0.36 ± 0.010

s1 0.41 ± 0.012 0.21 ± 0.039 0.26 ± 0.028

s2 0.45 ± 0.024 0.18 ± 0.026 0.29 ± 0.012

Table V: Variation coefficient for some of the features
that we extracted (at step t1), with the relative con-
fidence interval at 95%

note, and all the performances for feature that do not
(like the RMS).

6.2. Feature selection

Another important step that must be accomplished
before any further analysis is the selection of the fea-
tures that are actually impacted by the finishing, and
discard those that depend on external factors (mu-
sician in first place). In order to accomplish this se-
lection stage, we recorded the same performances in
Table II on a reference violin played by M = 5 dif-
ferent musicians. More specifically, the reference vi-
olin is built using a Stradivarius model similar to
the one of the violin under study. We then compare
the variation of the low-level features induced by the
different players and compare it with the variations
on the instrument under analysis. For each feature i
we obtained a three-dimensional matrix F by averag-
ing over frames the frame-dependent four dimensional
matrix fi[m, s, n], which depends on the feature i, the
musician m, the section s and the frame n:

F [i,m, s] =
1

N

N∑
n=1

fi[m, s, n]. (2)

We computed the variation V P for each section s as

V P [i, s] = |
max
m

F [i,m, s]−min
m

F [i,m, s]

µ(i, s)
|, (3)

where µ(i, s) is the mean of the feature over the five
musicians for section s. Therefore, V P [i, s] represents
the variation of the i-th feature in the section s.

We then computed the variations on the instrument
under analysis at the different finishing steps, V 1 for

the untreated - ground coat and V 2 for the ground
coat - varnish steps, respectively. For each feature we
obtained a three-dimensional matrix G[i, t, s] by av-
eraging over frames the frame-dependent four dimen-
sional matrix gi[t, s, n], which depends on the feature
i, the finishing stage t, the section s and the frame n:

G[i, t, s] =
1

N

N∑
n=1

gi(t, s, n) . (4)

V 1 and V 2 were computed from G as

V 1[i, s] =
|G[i, 2, s]−G[i, 1, s]|

G[i,2,s]+G[i,1,s]
2

, (5)

V 2[i, s] =
|G[i, 3, s]−G[i, 2, s]|

G[i,3,s]+G[i,2,s]
2

. (6)

In Figure 10 we compare these variations (averaged
over the sections in order to provide a more com-
pact result). We notice that some features exhibit a
large variation after the application of the ground-
coat (V 1), while for two of them (Spectral Crest and
ZCR) the application of the varnish produces a large
variation compared to V p. We decided to select the
features for which at least one of these conditions hold:

V 1 > 2V p , (7)

V 2 > 2V p . (8)

The above constraints allowed us to discard the fea-
tures that are likely to be not impacted by the fin-
ishing procedure. The features that fulfill these con-
straints are: Spectral Centroid; Brightness; Spectral
Rolloff; RMS; Spectral Sharpness; Spectral Crest;
ZCR; Spectral Average Deviation. As an additional
constraint, we selected only the features that exhib-
ited a confidence interval whose value was small com-
pared to their variation from one step to another. Ta-
ble VII shows the average value of the features at
different finishing steps and their confidence intervals.
In particular, this second constraint allowed us to dis-
card Spectral Crest; ZCR; and Spectral Average De-
viation. The Spectral Contrast and MFCC variations
are shown in separate figures, for clarity. Their varia-
tions will be discussed in Section 6.4.

Next sections are devoted to the analysis of the vari-
ations of the different categories of features. From this
discussion we will be able to draw some conclusions
about the impact of the finishing procedure.
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Figure 10: Variation of the LLF in three cases, computed as explained before: from t1 to t2 (V1), from t2 to t3
(V2) and during the execution of the corpus by different musicians with a reference instrument(Vp).

Step RMS value ± Confidence Interval
t1 0.043 ± 0.015
t2 0.023 ± 0.002
t3 0.026 ± 0.002

Table VI: RMS value for each step (averaged over the
whole performance), with the relative confidence in-
terval at 95%

6.3. Discussion

6.3.1. Energy-related features
Table VI shows the RMS values for the three finish-
ing steps along with the confidence interval at 95%
of the estimate. Notice, first of all, that the variation
between steps t1 and t2 is two orders of magnitude
larger than the confidence interval in both step. As
mentioned above, the ground coat and the varnish
wrap the instrument with a new layer of materials as
identified and quantified by the PLM analysis. Despite
their limited thickness, these thin layers can affect the
vibrational properties of the wood a great deal. From
the RMS analysis we observe that the application of
such layers results in an overall damping effect. In par-
ticular, as we can see from Table VI, the ground coat
is the one that is mainly responsible for the reduction
of emitted energy.

6.3.2. Spectral features
In this section we illustrate the results on the selected
spectral features that exhibited a large variation (ei-
ther V 1 or V 2). Table VII shows their value along
with the confidence interval at 95% of the sample esti-
mate. The Spectral Centroid and Spectral Rolloff are

Feature t1 t2 t3

Centroid [Hz] 2252 ± 60 2465 ± 43 2380 ± 31

Rolloff [Hz] 3553 ± 95 4099 ± 110 3939 ± 69

Brightness 0.342 ± 0.012 0.383 ± 0.007 0.373 ± 0.005

Sharpness 0.653 ± 0.015 0.682 ± 0.016 0.692 ± 0.016

Spectral Crest [dB] 104 ± 1.733 102 ± 1.390 108 ± 1.663

ZCR [Hz] 1542 ± 67.288 1531 ± 74.841 1480 ± 69.174

Average Deviation 2554 ± 64.324 2673 ± 75.577 2647 ± 51.320

Table VII: Values of the selected features for each
step (averaged on single notes), with the relative con-
fidence interval at 95%

related to the distribution of the energy at different
frequencies in the spectrum. As their magnitude in-
creases, the spectrum exhibits a concentration of the
energy at high frequencies. This happens with the ap-
plication of the ground-coat for Centroid and Rolloff.
Similar conclusions can be drawn for Brightness and
Sharpness, which are based on psychoacoustic curves
for their computation. These results confirm that the
enhancement of the high frequencies observed in the
vibroacoustic analysis has also an acoustic counter-
part. We recall that Spectral Crest; ZCR; and Spec-
tral Average Deviation have not been selected as their
confidence interval is comparable to their variation
from one step to another.

The next paragraph discusses in detail the modi-
fication brought to the spectrum at high frequencies
through the analysis of MFCC and Spectral Contrast.
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Band Center Frequency [Hz]
1 192
2 496
3 904
4 1452
5 2186
6 3171
7 4491
8 6263
9 8639

Table VIII: Spectral Contrast bands

6.4. Spectral Contrast and MFCC

In this paragraph we give a general analysis of the
shape of the spectrum at t1, t2 and t3 by using MFCC
and Spectral Contrast features. This analysis offers
us a more detailed interpretation of the shift of the
energy towards high frequencies.

MFCC coefficients capture the smooth-
ness/irregularity of the spectrum. We computed
13 coefficients. The first coefficients are related to
the energy of slowly varying components of the
spectrum, and viceversa for the last ones. We can
see from Figure 11 that there is a large variation in
almost each MFCC coefficient at each finishing step.
In figure 12, the values of the MFCC coefficients are
shown, from the second to the last (since the first
component does not provide relevant information).
The analysis show a prominent general variation in
the shape of the spectrum along the three finishing
steps. In order to better understand this change, we
refine the processing by analyzing the behavior for
single bands. For this purpose we use the Spectral
Contrast.

We recall that the Spectral Contrast is related to
the difference in magnitude of the spectrum between
the most prominent peak and valley for each subband.
The central frequencies of the subbands are given in
Table VIII. We can see from Figure 13 that this fea-
ture consistently increases for bands at high frequen-
cies, in particular for what concerns the ground-coat
application. In Figure 14 the value of the Spectral
Contrast for these bands over the three steps is shown.
It is worth noticing that for high frequencies (starting
from band 4) the Spectral Contrast at step t2 is al-
ways larger than that at step t1. We attribute this to
the fact that spectral peaks in these bands are mag-
nified by the ground coat.

7. Conclusions

In this work we proposed and described a method-
ology for studying the impact of violin construction
choices on the timbral behaviour of the musical in-
strument, and we applied this method to the specific
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Figure 11: Variation of the MFCC coefficients in three
cases: from t1 to t2 (V1), from t2 to t3 (V2) and dur-
ing the execution of different musicians with a refer-
ence instrument(Vp).
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Figure 12: MFCC values

problem of assessing the impact of the finishing pro-
cess. We did this through a joint analysis on material
properties and audio features.

Ours is a perception-oriented feature-based timbral
analysis method, which exhibits several advantages
over previous solutions in the literature. This method,
indeed, gives us a more compact (less redundant) rep-
resentation of information (descriptors), which is eas-
ier to correlate with the results of the analysis of ma-
terials.

This analysis brought to light various aspects of the
impact of the finishing steps on the timbral character-
istics of the violin. We conducted the analysis in three
steps, each corresponding to a relevant moment of the
finishing process. The first step corresponds to the vi-
olin i.e. before the application of the finishing layers.
The second one is after the application of the ground
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Figure 13: Percentage variation of the Spectral Con-
trast in three cases: from t1 to t2 (V1), from t2 to t3
(V2) and during the execution of different musicians
with a reference instrument(Vp).
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Figure 14: Spectral Contrast values

coat. The last step is after the varnish has been ap-
plied and is completely dry.

The analysis on the material, vibroacoustic behav-
ior, and the timbral characteristics of the produced
sound revealed that the finishing process has a sig-
nificant impact on the violin tone quality, and the
role played by the ground coat and the varnish is
rather different. The untreated violin exhibits a very
loud sound, because the body is left completely free
to vibrate. The ground coat has greatly reduced the
radiated energy, despite the limited thickness of the
corresponding “shell”. In fact, the calcium caseinate
contained in the ground coat recipe turns out to ex-
ert a “constriction” on the body’s vibrational prop-
erties once it is dried, by making the wood sur-
face stiffer. This causes numerous partials to cluster

around the bridge-hill region and boosts high frequen-
cies, also confirmed through the vibroacoustic mea-
surements. The ground coat also tends to dampen the
low-frequency components of the sound to some ex-
tent. The varnish, on the other hand, has a limited
impact and only partially reduces the modifications
brought by the ground coat. This seems to give the
luthier the possibility to fine tune the instrument also
during the finishing steps, as also suggested in the
literature.
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Abstract The vibrational properties of a harp soundboard

were investigated with respect to its multi-layered struc-

ture. The surfaces of harp soundboards are usually rein-

forced with veneer; however, this reduces the specific

dynamic Young’s modulus (E0/q) and significantly

increases the internal friction (Q-1) of soundboards. Since

smaller E0/q and greater Q-1 values impart a smaller

acoustic conversion efficiency, the attachment of veneer is

predicted to reduce the amplitude of the sound produced, as

suggested by harp makers. The vibrational properties of

veneer-reinforced wood are elucidated using a multi-lay-

ered model comprising base wood, a glue layer, veneer and

a varnish layer. The results of calculations suggest that a

thinner veneer attached with minimal glue would increase

the sound amplitude.

Keywords Harp � Soundboard � Vibrational properties �
Veneer � Multi-layered model

Introduction

A harp is a popular string instrument used in various genres

of music. There are many types of harps; the modern

‘‘grand harp’’ illustrated in Fig. 1a is the biggest one. A

harp comprises about 48 strings connected to a wooden

soundboard, which converts the vibration of the strings into

audible sound by its flexural vibration. Many acousticians

have dealt with the vibration of string and soundboard, and

sound radiation from the soundbox of the harp [1–5]. In

addition, the vibrational properties of solid wood have been

well investigated by wood scientists [6, 7]. However, little

attention has been paid on the unique ‘‘plywood-like’’

structure of harp soundboard.

In general, the sound radiated from a wooden board is

dominated by its vibrational properties along the grain,

because the acoustic conversion efficiency (ACE) of wood

is maximized in its fiber direction [6]. The ACE is usually

defined as
ffiffiffiffiffiffiffiffiffiffiffiffi

E0=q3
p

=Q�1; where q, E0, and Q-1 are the

density, dynamic Young’s modulus, and internal friction of

the material, respectively. It has been experimentally [6]

and theoretically [7] proved that a higher ACE correlates

with a greater overall power level of sound from wooden

boards. The harp soundboard is usually made of spruce

wood with its fiber direction aligned perpendicular to the

length of the harp, as shown in Fig. 1b. In this case, the

sound of harp is primarily determined by the flexural

vibration of its soundboard in the width direction.
In small harps, a single wooden board is strong enough to

support the tensile force of the strings. However, in grand

harps, the strong force of the strings (12–20 kN) [4] can cause

serious cracks of the soundboard along its width, i.e., in the

fiber direction. Therefore, the longitudinal direction of the

soundboard, i.e., the radial direction of the wood, is usually

reinforced with a thin veneer, as shown in Fig. 1c.
Although the veneer overlay provides effective rein-

forcement to prevent the failure of the base wood, it causes

another problem: many harp makers claim that the veneer

significantly reduces the amplitude of sound. This problem

may be caused by a reduction in the ACE of the sound-

board in its width direction. Since the ACE in the radial

direction is much smaller than that along the fiber direction

T. Gunji � E. Obataya (&)

Graduate School of Life and Environmental Sciences,

Tsukuba University, Tsukuba, Ibaraki 305-8572, Japan

e-mail: obataya.eiichi.fu@u.tsukuba.ac.jp

K. Aoyama

Aoyama Harp Company, Fukui 910-1127, Japan

e-mail: fukui@aoyama-harp.co.jp

123

J Wood Sci (2012) 58:322–326

DOI 10.1007/s10086-012-1253-y



[6], it is possible that the veneer dampens the flexural

vibration of the soundboard in its width direction. How-

ever, few studies have focused on the vibrational properties

of these plywood-like soundboards, probably because the

plywood is not a usual material for the soundboard of

traditional string instruments.

In this paper, we describe the vibrational properties

of a harp soundboard with respect to its multi-layered

or plywood-like structure. The results are analyzed

using a multi-layered model in which the viscoelastic

properties of the adhesive and varnish are taken into

consideration.

Materials and methods

Wood samples

Sitka spruce (Picea sitchensis) wood selected for the harp

soundboard was used as the base material. It was cut

into strips with dimensions of 200 mm (L longitudinal

direction) 9 15 mm (R radial direction) 9 2.9–10.0 mm

(T tangential direction). On the other hand, sliced veneer of

Sitka spruce with dimensions of 200 mm (R) 9 15 mm

(L) 9 0.8–1.0 mm (T) was used for surface reinforcement.

The thickness of those specimens was chosen by consid-

ering the structure of real soundboards. All specimens were

conditioned at 25�C and 60% relative humidity (RH) for at

least 1 month prior to the experiments.

Veneer attachment

Sliced veneers were attached to the edge grain (LR) surface

of the strips using a honeymoon-type adhesive (Konishi

Co. HB10). The curing agent was first applied to the sur-

face of the strips and maintained at 25�C and 60% RH for

1 day until the solvent evaporated. Meanwhile, the base

resin was applied to the surface of the veneer using a hand

roller. The amount of applied resin, being based on its

uncured weight, was controlled to be 100, 200, 300 and

400 g/m2. The veneers were then attached to the strips, and

pressed at room temperature for 1 h under a pressure of

0.1 MPa. Five specimens were employed for each testing

condition.

Sample varnishing

A polyurethane lacquer (PU, Otani Paint Manufacturing

Co. High-gross type) that is typically used for harp

soundboards was applied to the LR surface of the wood

specimens with a paintbrush. This varnishing process was

repeated 1–4 times to vary the amount of applied lacquer

from 100 to 400 g/m2. Five specimens were employed for

each testing condition.

Resin plates

To determine the vibrational properties of the adhesive and

lacquer resins, they were spread onto a flat polytetrafluo-

roethylene plate and cured at room temperature. The pro-

cess was repeated until a sufficient thickness of 1 mm for

the adhesive resin and 3 mm for the PU resin was achieved.

The resin plates were then cut into strips with dimensions

of 10 9 80 mm.

Vibrational measurements

After conditioning at 25�C and 60% RH for 1 month, the

dynamic Young’s modulus (E0) and internal friction (Q-1)

of the wood specimens were determined via the free–free

flexural vibration method [8]. A thin piece of 3 9 10 mm

iron was attached to the end of a specimen, and the spec-

imen hung by silk threads was vibrated by a magnetic

driver. The amplitude of vibration was detected using an

eddy-current sensor, and the signal passed through a band-

pass filter (NF Electronic instruments, Type 3611) was

observed by a FFT analyzer (Ono Sokki Co., CF-4220A).

The E0 and Q-1 values were calculated from the resonance

frequency of the first mode vibration and the width of the

resonance curve, respectively. The resonance frequency

ranged between 300 and 1500 Hz.

The E0 and Q-1 values of the resin plates were measured

using cantilever flexural vibration method at 25�C and 60%

RH. A thin iron piece of 3 9 10 mm was attached to the

end of a specimen, and the other end was fixed by a metal

clamp. The free end of the specimen was then tapped

lightly by a finger, and the excited vibration was detected

by an eddy-current sensor. The E0 value was determined by

Fig. 1 a Appearance of a grand harp, b fiber alignment of the base

wood, and c fiber alignment of a veneer-reinforced soundboard
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the resonance frequency of the free vibration, and Q-1

from the decrement curve. The resonance frequency ranged

from 50 to 300 Hz.

Results and discussion

Effect of reinforcement with veneer

Table 1 lists the average E0/q and Q-1 values of materials

tested. In this paper, the vibrational properties of reinforced

and/or varnished specimens are always normalized by

those of base wood determined before the attachment of

veneer and varnishing to eliminate the natural variations in

the vibrational properties of wood.

As in real harp soundboards, the thickness of the base

wood (t0) varied between 2.9 and 10.0 mm while that of

the overlaid veneer (t1) remained almost constant at

0.8–0.9 mm. Figure 2 shows the relative values of E0/q and

Q-1 as a function of the relative thickness of the veneer (t1/

t0). A thicker veneer resulted in smaller E0/q and greater

Q-1 values. Those changes include the effects of adhesive,

but it should be noted that the amount of adhesive was

constant (200 g/m2) in this case. Therefore, it is evident

that the veneer significantly reduces the ACE of the

soundboard. These data provide empirical support for harp

makers’ intuitive knowledge that the application of a

veneer reduces the amplitude of sound. This adverse effect

must be greater at higher frequencies because thinner base

wood is usually used in the upper position of the sound-

board, which covers the higher frequency range. Essen-

tially, the overlaid veneer may act as a high-cut damper in

soundboards. To maintain higher ACE, it is advisable to

use a thinner veneer for the reinforcement of soundboards.

The effect of adhesive

In soundboards reinforced with veneers, a continuous layer

of adhesive (glue layer) is present between the base wood

and veneer. Even a very thin glue layer significantly affects

the flexural vibration of the soundboard because it is

located near the surface of the soundboard and its

viscoelastic properties completely differ from those of

wood. Figure 3 exhibits the relative values of E0/q and Q-1

for veneer-reinforced wood plotted against the amount of

adhesive applied. In this case, the amount of adhesive

varied from 100 to 400 g/m2 while the thickness of base

wood and veneer remained constant. The E0/q value was

significantly reduced by the attachment of veneer, but it did

not depend on the amount of adhesive. For the E0/q of

soundboard, the effect of adhesive is much slighter than

that of veneer. On the other hand, the Q-1 value increased

linearly with increasing amount of adhesive, i.e., increasing

thickness of the glue layer. This suggests that the amount

of glue should be minimized to maintain a higher ACE for

veneer-reinforced soundboards.

The effect of varnishing

Varnishing is an effective method of stabilizing the per-

formance of wooden instruments because it impairs the

moisture sorption and desorption of wood. However, arti-

sans suggest that the varnish layer should be as thin as

possible because it degrades the sonority of the sound. This

adverse effect can be explained by the reduction in ACE

due to varnishing, as described in a previous paper [9, 10].

Varnish resin is usually an amorphous polymer and has

lower E0/q and higher Q-1 values than wood; therefore, it

reduces the E0/q and increases the Q-1 of wood in the fiber

Table 1 Average experimental values of density (q), dynamic

Young’s modulus (E0) and internal friction (Q-1) of materials tested

q (kg/m3) E0 (GPa) Q-1

Wood

L direction 420 14.3 0.0068

R direction 0.936 0.0206

Adhesive 1200 2.6 0.189

Varnish 1200 2.5 0.050

Fig. 2 Relative values of E0/q and Q-1 of veneer-reinforced wood as

a function of the relative thickness of veneer (t1/t0). Filled plots
experimental values, solid lines calculated values. The bars indicate

standard deviation. All samples were unvarnished and the amount of

glue for the attachment of veneer was 200 g/m2
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direction. Figure 4 shows the relative values of E0/q and

Q-1 for varnished wood plotted against the amount of

lacquer applied. Again, the vibrational properties of the

varnished specimens are normalized by those of ‘‘naked’’

specimens. Therefore, the results in Fig. 4 include the

effects of veneer and adhesive as well as those of var-

nishing. In both the unreinforced and veneer-reinforced

wood, thicker varnishing resulted in lower E0/q and higher

Q-1 values. As suggested by artisans, the varnish layer

should be minimized to increase the amplitude of sound.

Analysis using a multi-layered model

To elucidate the vibrational properties of plywood-like

harp soundboard, we analyzed the experimental results

using the multi-layered model illustrated in Fig. 5. The

harp soundboard is approximated by a multi-layered

composite (c) consisting of base wood (0), an adhesive

layer (a), overlaid veneer (1), and a varnish layer (v). In

reality, some of the lacquer and adhesive penetrates into

the porous wood surface to form additional layers [9].

However, this effect is considered to be negligible in the

present calculation and it is assumed that the adhesive and

lacquer resins form flat and continuous layers without

penetration into the wood. The q and flexural Young’s

modulus (E) of the composite are expressed by the fol-

lowing equations:

qc ¼
Pn

j¼1 qjAj

Ac

ð1Þ

Ec ¼
Pn

j¼1 EjIj

Ic

; ð2Þ

where A and I represent the cross-sectional area and second

moment of inertia of each layer, respectively. The I value

of the nth layer (In) is given by

In ¼ I0n þ a2
nAn; ð3Þ

where I0n is the second moment of inertia of the nth layer,

and an is the shift of the neutral plane by the combination

Fig. 3 Relative values of E0/q and Q-1 for veneer-reinforced wood

plotted against the amount of adhesive. Filled plots experimental

values, solid lines calculated values. The bars indicate standard

deviation. Some plots without bars indicate that the standard

deviation was smaller than the size of plot. All samples were

unvarnished and the relative thickness of veneer (t1/t0) was 0.27

Fig. 4 Relative values of E0/q and Q-1 for unreinforced and veneer-

reinforced wood plotted against the amount of lacquer applied. Open
plots unreinforced specimens, filled plots veneer-reinforced speci-

mens, broken lines calculated values for unreinforced specimens,

solid lines calculated values for veneer-reinforced specimens. The

bars indicate standard deviation. Some plots without bars indicate

that the standard deviation was smaller than the size of plot. The

amount of glue for the attachment of veneer was 100 g/m2 and the

relative thickness of veneer (t1/t0) was 0.27

Fig. 5 A multi-layered model to calculate the vibrational properties

of a harp soundboard
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of different materials. When Eq. (2) is expanded to

represent complex Young’s modulus (E* = E0 ? iE00),
the dynamic Young’s modulus (Ec

0) and internal friction

(Qc
-1) of the composite can respectively be described by

E0c ¼
Pn

j¼1 E0jIj

Ic

and ð4Þ

Q�1
c ¼

E00c
E0c
¼
Pn

j¼1 E0jIjQ
�1
j

Pn
j¼1 E0jIj

ð5Þ

The experimental values listed in Table 1 were used as

basic parameters of local components, and the thickness of

glue and varnish layers was calculated from the amount of

adhesive and lacquer, their resin contents, and their den-

sities in dry state. The calculated values are compared to

the experimental values in Figs. 2, 3, 4 via lines. Despite

the simplicity of the model and the natural variations in

wood properties, agreement with the experimental data was

fairly good.

It was inferred from the calculations that the lower E0

and greater Q-1 values of veneer in the R direction are

the major reasons for the reduced ACE of veneer-rein-

forced soundboard. An additional factor was the amount

of adhesive, i.e., the thickness of glue layer, which

contributes to the reduction in ACE especially when the

Q-1 of the glue layer is much greater than that of wood.

For more effective sound radiation, it is advisable to

minimize the thickness of veneer and amount of adhe-

sive. Additionally, the use of epoxy or similar cross-

linking resins will give better results because their Q-1

values are lower than that of honeymoon-type glue

currently used. The adverse effects of varnishing were

less significant than those of veneer and adhesive

because the Q-1 value of the PU lacquer was smaller

than that of the adhesive resin and comparable to that of

wood in the R direction.

In any cases, the ACE of harp soundboard is more or

less reduced by the conventional veneer reinforcement. For

further development of harp soundboard, it is worth

reconsidering its designing from the very beginning. As

one of many options, carbon fiber-reinforced structure will

be proposed in a following article.

Conclusions

The attachment of veneer resulted in a significant reduction

in E0/q and a marked increase in Q-1 of wooden sound-

board in its width direction, i.e., the direction of the fiber of

the base wood. These adverse effects were mainly due to

the smaller E0/q and greater Q-1 values of the overlaid

veneer. In addition, larger amounts of glue and varnish

induced a greater reduction in E0/q and increase in Q-1.

These results all correlate with artisans’ knowledge that

veneer-reinforcement and varnishing reduce the sonority of

harps. The experimental results were clarified via calcula-

tions on a multi-layered model consisting of base wood, a

glue layer, veneer, and a varnish layer.

References

1. Bell AJ (1997) The Helmholtz resonance and higher air modes of

the harp soundbox. J Catgut Acoust Soc 3:2–8

2. Gautier F, Dauchez N (2004) Acoustic intensity measurement of

the sound field radiated by a concert harp. Appl Acoust

65:1221–1231

3. Le Carrou JL, Gautier F, Foltêt E (2007) Experimental studies of

the A0 and T1 modes of the concert harp. J Acoust Soc Am

121:559–567

4. Waltham C, Kotlicki A (2008) Vibrational characteristics of harp

soundboards. J Acoust Soc Am 124:1774–1780

5. Daltrop S, Kotlicki A, Waltham C (2010) Vibro-acoustic char-

acteristics of an Aoyama Amphion concert harp. J Acoust Soc

Am 128:466–473

6. Ono T (1996) Frequency responses of wood for musical instru-

ments in relation to the vibrational properties. J Acoust Soc Jpn

(E) 17:183–193

7. Yano H, Matsuhisa H (1991) Study on the timber of wood II,

analysis of the sound spectrum of wood using viscoelastic Tim-

oshenko equation. Sci Rep Kyoto Prefect Univ 43:24–31

8. Hearmon RFS (1958) The influence of shear and rotary inertia on

the free flexural vibration of wooden beams. J Appl Phys

9:381–388

9. Obataya E, Ohno Y, Norimoto M, Tomita B (2001) Effects of

oriental lacquer (urushi) coating on the vibrational properties of

wood used for the soundboards of musical instruments. Acoust

Sci Tech 22:27–34

10. Ono T (1993) Effects of varnishing on acoustical characteristics

of wood used for musical instrument soundboards. J Acoust Soc

Jpn (E) 14:397–407

326 J Wood Sci (2012) 58:322–326

123



Verso Filler Page� �

https://en.wikipedia.org/wiki/Recto_and_verso


PHYSICAL AND CHEMICAL PROPERTIES OF VARNISHES AND THEIR 
VIBRATIONAL CONSEQUENCES

PACS REFERENCE: 43 75 DE

Simonnet, Claire(1) ; Gibiat, Vincent(2) ; Halary, Jean-Louis(3)

(1) CEA Marcoule, DIEC-SCDV-LEBM BP 17171, 30207 bagnols sur Cèze, France
Tel: 0033 4 66 79 69 07, Fax: 0033 4 66 79 66 03, simonnet@crit.univ-montp2.fr

(2) Laboratoire Acoustique, Mesures et Instrumentation, Université P. Sabatier, Toulouse III, 
118 route de Narbonne, 31 000 Toulouse, France, (vincent.gibiat@espci.fr)

(3) Laboratoire Physico-Chimie Structurale et Macromoléculaire, ESPCI, 10 rue vauquelin,
75005 Paris, France, (jean-louis.halary@espci.fr)

ABSTRACT: It is well known that the sound quality of stringed instruments evolves for years 
after their fabrication, specially during the varnish drying process. Even if essentially aesthetic 
and protective, the varnish has an effect on the vibrating properties of the instrument. This may 
be due to the evolution of its chemical structure and mechanical behaviour. The existing studies 
on the matter are not really concluding. From viscoelastic characterisations, we will try to
understand on a simplified system what the relationship is between the physico-chemical
properties of isolated simple varnishes and the mechanical characteristics of samples of
varnished woods.

1. INTRODUCTION

It is generally known that the quality of violin changes with time after it has been
completed. Various parameters may be responsible for this change: the drying and hardening of 
varnish over a few years, the change of mechanical properties of wood and varnish over a long 
period, and the condition of use of the violin (frequency of use, humidity, temperature). Violin 
makers and scientists show interest in understanding, at least from a qualitative point of view, 
the vibrational consequences of varnish, depending on their composition and their drying
conditions. The varnishing of violin is needed for the purpose of appearance and protection of 
the surface. The effect on tone is not negligible, according to the experience of violin makers. 
On one hand, they notice that the sound of violin becomes to be duller than before varnishing 
while they also feel that sound from a thoroughly dried violin is steadier than that of an
unvarnished one. One the other hand, violin varnish compositions and coating conditions have 
often been kept secret as it was assumed they were responsible for the violin tone qualities [1].

Keeping in mind the two first purposes that varnish serves (beauty and protection), and 
that varnish is one parameter among others in influencing the vibrational properties of
instruments, tone qualities are not discussed here. In this paper, we try to compare the
vibrational properties of wood coated with alcohol varnishes to those with fatty oil varnishes, 
showing in particular that the effect of the oil varnishes may strongly depend on frequency. 
Although the chemical properties of resins and oils used for varnishing have been well
investigated [2], only a few studies have dealt with the viscoelastic and mechanical properties of 
varnishes. The long drying duration (couple of years) and the special techniques and conditions 
required for coating make difficult experimental set-ups. Some experimental results have been 
obtained for wood strips coated with basic fast-drying varnishes [3] or various complex
varnishes [4]. They describe the changes in the viscoelastic properties of the coated wood
strips, showing that two or three classes of varnish can be told apart, for their vibrational effects. 
However, the complexity of the varnishes studied has not allowed any link to be made with their 



chemical properties or elicited any explanation of these changes. In a recent study, the
vibrational properties of wood (spruce) with lacquer coatings have been studied [5]. A simple 
model relating the vibrational properties of coated wood to those of wood and coating layer has 
been satisfactorily used [6].

In this paper, this model has been applied to violin varnish coated spruce strips, and the 
experimental results described in literature [4] have been interpreted, considering the different 
classes of varnish, and their drying conditions.

2. MATERIAL AND METHODS

The acoustical properties of a violin are determined by its eigenmodes. These
eigenmodes are defined by the shape and the viscoelastic properties of the system. They result 
from the individual stiffness-mass-damping distribution of the constructed violin. The material for 
violin is varnish-coated wood. For varnish has a specific interaction with wood, its acoustic effect 
depends on this carrier material. The system was assumed to be a composite material
composed of two thin layers thoroughly connected, with limited penetration (In practice, a thin 
layer of varnish, called a aprimer, is first applied to the wood to protect it from extended
penetration by the following thicker layers). These assumptions allow the application of physical 
laws concerning composites.

The carrier material is generally spruce (or maple) which can be considered as
orthotropic. The surface of the plates is defined by the along-grain (L, fiber direction) and cross-
grain (R, radial direction) directions, the thickness, along the tangential direction (T) is about 2 
or 3 mm. The dynamic Young’s modulus (E) and the internal friction (tanδ) of these orthotropic 
plates can be determined by modal analysis [4,5].

The coating material is varnish. Violin varnish is a complex and variable material with 
properties such as gloss, colour, toughness and adhesion to wood. Varnishing consists of
applying several coats of identical or different compositions, which generally are a mixture of 
resins in a particular solvent. Hundreds of natural and synthetic ingredients, and a lot of varnish 
recipes and advice about coating conditions are found in the literature [5]. The number of
ingredient combinations is infinite, and it is necessary to make a classification. We assumed 
that the best classification to study the viscoelastic properties of varnish is the one which
considers the solvent. Alcohol, essential oil and fatty oil varnishes can be distinguished, for they 
differ by their drying behaviour and the role of solvent in the final properties. For alcohol
varnishes, the solvent quickly vaporizes off the applied layer, and the residual resin (for
example shellac) is alone responsible for the properties of the layer. For fatty oil varnishes (with 
linseed oil for example), the drying corresponds to the polymerisation of the solvent, which also 
is responsible for the final properties of the film. Essential oil varnishes have intermediate
behaviour.

We assumed that the best model to represent the varnish in terms of viscoelastic
properties is a thin film of polymer, clearly defined by a stress/strain relationship. The variable
which describes this relationship is the complex term E*=E’+iE’’ where E’ is the elastic (Young’s) 
modulus and tanδ=E”/E’ is the internal friction. E* depends on several parameters: the glass 
transition temperature Tg (the temperature at which a glassy material starts to change to a 
flaccid material), the molecular mass M, the crosslinking rate (rate of links between high
molecular weight molecules involving the inability of molecules to flow past one another), the 
nature and quantity of plasticizers (low molecular weight additives used to lower the effective Tg 
and to make stiff polymers more flexible). Tg can be measured by various methods: differential 
scanning calorimetry (DSC, on small pieces of polymer), dynamic mechanical analysis (DMA, 
on thick or thin films of polymer). E* can be determined by DMA on thick or thin films of known 
geometry. In these conditions, the changes of Tg and E* cannot be studied during drying. To 
study the polymerization and hardening of some varnishes, the liquid varnish is applied on a 
glass fiber cloth, used as a support. In this case, DMA gives relative elastic modulus and
internal friction, for the material is a composite.

We have chosen to study two typical products, chemically described in the literature, to 
understand how chemical nature can influence viscoelatic properties. The first one is a natural 
resin called shellac, used in alcohol varnishes and in fatty oil varnishes. It is composed of a 
“hard resin” which corresponds to large molecules and is responsible for the Tg around 40°C 
and the relatively high E and low tanδ at room temperature, and a “soft resin” which
corresponds to small molecules acting as plasticizers, lowering E and increasing tanδ. The 
second product is linseed oil, currently used as a solvent in fatty oil varnishes. It is known that it 



dries by oxidation/polymerisation, forming a cross-linked material [2]. The drying of linseed oil 
has been studied with DMA, on glass fibre cloth. Relative E and tanδ were measured against 
time, at different temperatures. The Tg of the dried layers was measured by DSC. The drying of 
a standard varnish composed of resin and oil was studied in the same conditions.

3. RESULTS AND DISCUSSION

3.1. Viscoelactic properties of shellac, linseed oil and oil varnish standard

The Tg of a polymer determines many of the mechanical and some of the chemical 
properties of a polymer. As the temperature is raised, the polymer changes from a glassy state 
(high E and poor ability to stretch) to a flaccid one (small E and flowing for thermoplastics) or a 
rubbery one (for cross-linked materials). Molecular movements are enhanced and the polymer 
is able to adjust to stress, with a partly viscous response. This change is not sharp but occurs in 
a small range of temperatures. In this range, the drop of E corresponds to a peak of tanδ, i.e., 
the stiffness is lowered and the loss factor is high. The ability of the polymer chains to move 
past one another depends not only on how mobile the chains are, i.e., how much above Tg the 
polymer is, but also on how fast the stress is applied. The value of Tg is increased by increasing 
the frequency scale of the stress. There is an approximate relationship between Tg and the 
frequency of measurement, called the time-temperature superposition theory [7]. Tg is
conventionally measured at 1 Hz. If the measurement frequency is increased to 1000 Hz, Tg will 
increase by 10°C to 20°C, depending on the polymer. Mechanical properties of a varnish should 
then depends on the stress frequency, that is to say on the frequency of the vibrational mode of 
the plate or the strip studied. When determining the characteristics of a polymer film as a
coating for violin plates, its viscoelastic profiles must be clarified over the audio-frequency
range, 20 Hz to 20 kHz.

For alcohol varnishes, as no major chemical modifications occur during drying, the
properties of the film should be the same than those of the bulk thermoplastic (the mixed
resins). For a mix of resins, Tg can be calculated with a linear formula involving the Tg and the 
weight percentage of each resin. Generally, the viscoelastic profiles for resins used in varnish 
recipes can be identified to those of thermoplastics (fig. 1) with a transition temperature
between 25°C and 100°C and Young’s modulus between 1 to 5 Gpa. When the frequency of the 
stress is increased, the plots are shifted along the temperature axis. For Tg is higher than room 
temperature, the effect on E and tanδ is weak. E slightly increases, and tanδ is unchanged, or 
slightly decreases when Tg (1 Hz) is near room temperature.

Figure 1. Temperature variations of dynamic Young’s modulus (E) and internal friction (tanδ) for 
a cross-linked polymer (Tg (1 Hz)=40°C). For thermoplastics (- -), E falls to very low values with 
raising temperature.

For fatty oil varnishes, Tg and E* depend strongly on the varnish preparation and the 
coating conditions, as polymerisation occurs during drying. The chemical properties of linseed 
oil have been well investigated, as it is supposed to have been widely used for violin varnishing. 
The drying and aging of linseed oil is an oxygen-mediated process. The chemical changes of 
the unsaturated oil backbone during this process can be summerized as follows: degradation of 
antioxidant molecules delaying the oxygen attack on unsaturated molecules (induction period), 
formation of conjugated carbonyl compounds and peroxy radicals induced by oxygen attack, 
and extended crosslinking, fall in the crosslinking rate an stabilisation of the molecular network, 



thermal or photo-fragmentation inducing the loss of volatile molecules (aging). The viscoelactic 
changes during drying are comparable to those for a polymerization of a synthetic resin (fig. 2). 
The gelation process, i.e., the development of a network by crosslinking reaction, corresponds
to an increase of viscosity (and of E) and a peak of tanδ. During vitrification, corresponding to a 
damping peak, the crosslinking rate drops, and the increase of E is slowed down. A gel time 
and a vitrification time can be defined.

Figure 2. Viscoelastic changes (arbitrary units) during drying for linseed oil.

For linseed oil, the gel time corresponds to the end of the induction period. It is
generally long (200 h for raw oil at room temperature), but it can be reduced to a few hours by 
raising the temperature or using catalysers (UV). It is not visible on the plot of E and tanδ
because DMA measures were performed just after the gel time (when the viscosity was high 
enough for the liquid to be coated on the glass fiber cloth). The vitrification time, and the loss 
factor obtained after this process decrease with temperature, while the stiffness obtained after 
vitrification increases with temperature. The soft film obtained has a glass transition temperature 
around – 50°C. Its viscoelastic properties at room temperature and low frequency are those of a 
rubber, whose final elastic modulus and loss factor depend on the drying conditions. When
applying fatty oil varnish on wood, the thickness of layer should be as well an important
parameter, as the drying process needs the presence of O2. If the applied layer is too thick, the 
surface of the film will polymerize first, keeping the rest of the film from contact with O2 and from 
oxydation-polymerization. The resulting E and tanδ will be respectively lower and higher.

Linseed oil and other fatty drying oils are not used alone as varnishes. They are used as 
a solvent for resins, or as a binder in essential oil varnishes. DMA results for a standard oil 
varnish composed of drying oil and resin showed that the drying was faster, and that the
resulting elastic modulus was higher, and the loss factor lower. The glass transition temperature 
of the dried film was around 30°C. More generally, when using resins in drying oil, the Tg of the 
resulting film can be changed from the oil transition temperature (≈ - 50°C) to the resin transition 
temperature (≈ 50°C), depending on the fraction of resin and the drying conditions. Moreover, if 
the resulting Tg (1 Hz) is lower or around room temperature, the dependency on frequency of 
the viscoelastic characteristics will be important (fig. 1). For example, if Tg (1 Hz) is slightly 
higher than room temperature, E increases with frequency and tanδ decreases with frequency. 
If Tg (1 Hz) is slightly lower than room temperature, E increases with frequency and the peak of 
tanδ is shifted in the playing frequency range. These considerations involve that the vibrational 
effects of this type of varnish on the vibrational modes of strips and plates of wood will strongly 
depend on the frequency of the mode. Some of the modes whose frequency corresponds to the 
peak of tanδ will then be damped. Some other modes will be emphasized. It is beyond our
capabilities to establish a target for the desired loss factor and stiffness. Violin makers must
decide which tonal characteristics to emphasize and which to reduce. It is worth to point out that 
drying oil varnishes and essential oil varnishes offer much more opportunities to modify the
vibrational modes in a non linear way.

3.2. Properties of wood/varnish composites

A paper [6] has proposed a model to determine the influence of varnish on the
vibrational properties of wood. It has been recently used to study the effects of oriental lacquers 
on the vibrational properties of coated spruce used for the soundboards of piano and harp [5]. 
The coated wood specimen is regarded as a composite plate consisting of the coating layer and 
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uncoated wood (fig. 3). When the ev /ew is small enough to ensure (ev /ew)2 << 1, the dymanic 
Young’s modulus (Ec) and internal friction tanδc of coated wood are approximately expressed by
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where v, w and c indicate the varnish layer, the uncoated wood, and the coated wood,
respectively. This model agrees with experimental values if the penetration of the coating into 
the wood is limited.

In order to compare the results of this model to experimental results described in  the 
literature, we considered orthotropic strips of spruce of thickness ranging between 2 and 3 mm,
and isotropic films of polymer of thickness 20 to 100 μm. The vibrational modes of spruce strips 
are bending modes concerning longitudinal waves along L or R. The involved modulus are E*wL
and E*wR for the wood, and Ev* for the varnish.

Fig 3. Cell model for coated wood

We have used this model to interpret experimental results obtained by Martin Schleske [4] on 
coated spruce strips. He measured variations of velocity of sound v (EwL = ρv2

wL, EwR = ρv2
wR)

and loss factor tanδ of spruce strips, induced by the coating of various compositions
representing the three classes of varnishes. Some results (ew = 2 mm) are collected in table 1.

Alcohol varnish Fatty oil varnish
ΔvwL/vwL 0 % → - 3 % - 4 % → - 7 %

ΔQ-1
wL/Q

-1
wL 0 % → 25 % 40 % → 90 %

ΔvwR/vwR 12 % → 25 % - 2 % → 12 %
ΔQ-1

wR/Q-1
wR 0 % → 100 % 150 % → 230 %

Table 1. Experimental results obtained by M. Schleske for coated spruce strips (4 years drying)

Results for essential oil varnishes are comparable with those for alcohol varnishes or 
fatty oil varnishes, depending on the composition of the varnish. Aging is also studied. M. 
Schleske has measured the changes against the untreated wood for four years and nine years 
after varnishing. Aging involves a decrease of Δtanδ/tanδ along-grain and cross-grain, an
increase of ΔvwR/vwR, and a decrease of the absolute value of ΔvwL/vwL.
By defining X = ev /ew, Y = Ev /Ew and Z = tanδv /tanδw, equations (2) and (3) become

( )XY
E
E

w

w 13 −≈
Δ

and
( )
XY
ZXY

w

w

31
13

tan
tan

+
−≈

Δ
δ
δ

The relevant ranges of X, Y and Z are summarized in table 2.

ev (μm) ew(mm) X Ev(Gpa) EwL(Gpa) EwR(Gpa) YL

Sup. lim. 100 3 0.05 5 12 3 0.5
Inf. lim 20 2 0.006 1 10 1 0.08

YR Q-1
v Q-1

wL Q-1
wR ZL ZR

Sup. lim. 5 0.1 0.007 0.021 20 5.9
Inf. lim 0.3 0.02 0.005 0.017 2.8 0.95

Table 2. Ranges for the model parameters, from the literature or experimental results

Cross-grain elastic modulus and internal friction changes are plotted against (X,Y), and (XY, Z) 
respectively (fig. 4). These calculated results (those for L direction are not represented) agree 
qualitatively with those of M. Schleske and those describing oil and alcohol varnishes
viscoelastic properties.

L

T

R
ew

ev



Figure 4. Elastic modulus changes (a) and internal friction changes (b) along R direction.

4. CONCLUSION

The effects of violin varnishes on the vibrational properties of wood were discussed. The
viscoelastic properties of the two main classes of varnishes were compared, and their drying 
were described. The effects of coatings on the vibrational properties of wood were expressed by 
a model consisting of two layers, wood, and coating. These results showed good agreement, 
qualitatively, and suggest that it would be usefull to obtain more experimental results about the 
viscoelastic characteristics of resins and oils that are commonly used for varnishing.
Moreover, the model can be improved, by taking into consideration that varnishing consists in 
applying several layers of sometimes various compositions (two at least: a primer and a varnish) 
and that the penetration of the first layer into the wood is not negligible. However, if the
viscoelastic properties of each applied layer is known, it is possible to determine qualitatively 
which layer, or which composition has the major effect. To accomplished the acoustical desired 
result on his instrument, the violin maker will have to control several parameters: the
viscoelastic properties and the penetration of the primer layer, the viscoelastic properties, the 
thickness, the number of coats and the drying conditions of the varnish.
The acoustic consequences of varnish are not the secret of violin tone. There is no secret 
recipe. The class of oil varnishes may be richer for the choice of desired effects, but the varnish 
must be adapted to the instrument. One can then understand that changing the varnish of an 
old instrument can change the response or have no effect at all, but using the very well adapted 
varnish of a violin on a cello may lead to a bad tonal quality instrument.
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INTRODUCTION
Time-temperature superposition (TTS, also  frequency-

temperature superposition or the method of reduced variables)
is a well-known procedure frequently applied, either to
determine the temperature dependence of the rheological
behavior of a polymeric liquid or to expand the time or
frequency regime at a given temperature at which the material
behavior is studied. For elementary models of polymers under
deformation, it is not too difficult to show that the principle is
indeed valid [ 1].  This is due to the fact that the various
relaxation times belonging to a given relaxation process have
the same temperature dependence. For example, the modified
Rouse model has a relaxation spectrum:

PRTGi = M

6M() 71
‘i=22--- 27~ i pRT L

in which all Gi and all zi have the same temperature

dependence. If we now define  shift factors

‘i(T) Gi(T)
aT = -

‘i (T())
a n d  b, = -

Gi(To) ’
we will find

G'(o)  = b, ’ Gi(To)
@a,) 2q (To)

1 + (au,) ‘zj? (To)

so that G’( o )lb, and similarly G”( o )/bT,  G, (a) /bT, a n d

6 = atan(G”/G’)  as a function of ( waT) yield temperature
independent curves. Note that the product of the horizontal and
vertical shift factors equals the shift factor determined from the
zero shear viscosity:

According to Ferry ‘ITS holds when: (i) exact matching of
shapes of adjacent (time or frequency dependent) curves is
obtained; (ii) aT has the same value for all viscoelastic

functions; (iii) the temperature dependence of aT has a
reasonable form (WLF, Arrhenius).

In practice, however, many reasons why the principle should
fail are conceivable, like the occurrence of more than one
relaxation mechanisms with distinct temperature dependences
[2]. For example, in the vicinity of the glass transition
temperature both energetically and entropically induced
relaxations play a role, and in general TTS will not hold.
Obviously, materials which change (chemically or physically)
during the rheological measurement will not obey TTS.
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In the case of inhomogeneous polymeric materials, in
particular polymeric blends, the different components of the
material will in general display a different temperature-
dependent rheology, so that TTS will not hold for blends.
Surprisingly, for many blends the principle is still reported to
hold [3],  see also Table 1. The question arises why this is the
case. Furthermore, if indeed TTS fails, further inspection of
this failure might give information on specific interactions
present in the inhomogeneous system.

Table 1:

Miscible

TTS holds TTS fails

PWVME  [ 1,25,26] PEO/PMMA
SAN/SMA  [2, own] [21,27,own]
SAN/PCL  [30] 1,2PB/PIP [18-
PMMA/PVDF  [2,3] 20,281
PPO/PS [2,4,5,3 l]
sPS/mF?A2,10  [29]
PWCHMA  [32]

Immiscible ABS [6,7, own] PS/PMMA [22]
SB/PB [14] PWLDPE  [own]
PWC  [9, lo] PE/EVA  [15]
HDPE/LDPE  [ 1 l] PS/PEA [12]
LLDPE/LDPE  [own] SAN/PMMA [own]
PA6/EVA  [2]
PS-co-SSA/PEA-co-
VP [12]
PWPB  [8]
PE/PP  [ 13,own]
PP/EVA  [23]

1. Stadler et al. Polymer 29, 1643 (1988),  2. Han & Chuang, JAPS 30,443l
(1985),  3. Wu, JPS:B:PP  25,557 (1987),  4. Prest & Porter, JPS A2 lo,1639
(1972),  5. Schmidt, JAPS 23,2469  (1979),  6. Aoki, J. Sot. Rheol. Jpn. 7,20
(1979),  7. Masuda et al. Pure & Appl. Chem. 561457  (1984),  8. Wang & Lee,
JAPS 33,431 (1987),  9. Wisniewski et al. Eur. Polym. J. 21,479 (1985),  10.
Lipatov et al. JAPS 26,499 (1981),  11. Curto  et al Rheol. Acta 22,197 (1983),
12. Bazuin  & Eisenberg, JPS:B:PP 24, 1021 (1986),  13. Alle & Lyngaae-Jor-
gensen, Rheol. Acta  19,94  (1980),  14. Watanabe & Kotake, Mcromol. 16,769
(1983),  15. Fujimura & Iwakura, Kobunshi Ronb., Eng. Ed. 3 1864 (1974),  16.
Yanovski, Chem Eng. Comm. 32,219 (1984),  17. Cavaille et al JPS:B:PP 25,
1847 (1987),  18. Kannan & Komfield, J. Rheol. 38, 1127 (1994),  19. Zawada
et al. Macromol. 27,686l  (1994),  20. Roovers & Toporowski, Macromol. 25,
3454 (1992),  21. Colby, Xth Int. Congr. Rheol. p 278 (1988),  22. Han & Rim,
Polymer 34,2533  (1993),  23. Cassagneau et al. JAPS 58,1393  (1995),  24.
Zom et al. Macromol. 28,8552  (1995),  25. Ajji  et al. JPS:B:PP 29,1573
(1991),  26. Mani  et al J. Rheol. 36,1625  (1992),  27. Colby, Polymer 30, 1275
(1989),  28. Arendt et al Rheol. Acta  33,322 (1994),  30. Han & Yuang, JAPS
33, 1199 (1987),  3 1. Stadler & De Araujo, Makromol. Chem. Macromol.
Symp. 38,243 (1990),  32. Friedrich et al. Polymer 37,2499  (1996).

HOMOGENEOUS BLENDS
Homogeneous polymeric materials with a distribution of

chain lengths are the simplest class of blends to consider. In
general, the chain length will not influence the relaxation
mechanism, and in practice no influence of chain length on the
activation energy is found. Branched polymers are a separate
class, since they may be considered as blends of polymers with
various amounts of branching. In most cases more branching is
found for longer chains, while in addition the longest chains
are responsible for the longest relaxation times. Since
branching does affect the temperature sensitivity of the
rheology [4],  an inhomogeneous branching distribution may
cause failure of the TTS principle. LDPE for example needs a
considerable vertical shift in the superposition procedure (in
steady shear this can equally well be explained by a stress-
dependent activation energy) and TTS is sometimes slightly

violated. A more pronounced example of this effect is
branched EPDM. Figure 1 shows the master curves of the
storage and loss moduli G’ and G” of a long chain branched
EPDM as a function of the reduced angular frequency o at
125 OC . In addition we have plotted the phase angle 6 =
atan(G”/G’) versus the absolute value of the complex modulus.
This way of plotting eliminates the effect of shifting along the
frequency axis, and yields temperature independent curves
when ITS holds. Furthermore, direct insight into the amount
of a resulting vertical shift (here along the G, -axis) is readily

observed, which cannot be seen from a G’-G” plot. Therefore,
failure of TTS can conveniently be read from the plot. Indeed,
failure of TTS is clear for this example of a long-chained
branched EPDM.

Interestingly, in some cases, e.g. for materials in which
branching is introduced by peroxide or electron beam
irradiation, it is possible to shift the long times side of the
relaxation time spectrum using one activation energy (related
to the branched polymer) and the other side with a lower
activation energy (the linear components).

6

5.5

i3 5

g
$  4.5

4

3.5
-3 -2 -1 0 1 2 3 4 5

log(reduced  frequency)

25

s 20
z

15

10

5

0

1

+25oc

+218C

+19OC

*1soc

-++125c

--8_lOOC

-I--77x

+5oc

-2%- - -

4 4.5 5 5.5 6

ww

Figure 1 Dynamic mechanical results of a long chain branched
EPDM. a) Storage and loss moduli as a function of reduced angular
frequency at a reference temperature of 125 o C . b) Phase angle as a
function of dynamic modulus at various temperatures.

MISCIBLE BLENDS
Until the end of the 1980’s it was thought that for miscible

blends of chemically differing polymers the dynamics of the
two components would have the same temperature dependence
[5], due to their intimate mixing. However, measurements on
PEO/PMMA blends, assumed to be miscible, showed a clear
failure of the TTS principle [6].  It was suggested that the
components retain their own temperature sensitivity in the
blend due to heterogeneities on a very small scale, while the
local dynamics may be influenced by each component’s
surroundings [7]. When strong interactions between
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components play a role, it is thought that the strong coupling
may result in one single temperature dependence [8].
Obviously, when the temperature sensitivities of both
components are comparable (close Tg ‘s), TTS will also hold.
The occurrence of local heterogeneities, and therefore failure
of TTS, is reported to be very sensitive to the difference in
glass temperature of the blend components [9]. Interestingly, a
miscible SAN-SMA blend with ATg =47  OC , seems to obey
TTS quite well, see Figure 2.
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20 -- +21oc

10 --
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Figure 2 Phase angle as a function of dynamic modulus for a 40:60
SAN/SMA  blend at various temperatures.

IMMISCIBLE BLENDS
In principle, immiscible blends will not obey TTS due to the

different temperature dependencies of both components.
Surprisingly, however, for many blends successful application
of TTS is reported, see Table 1. The simplest reason may be
that the activation energies or WLF parameters .of the compo-
nents are not too far apart. On the other hand, the experimental
accuracy with which a measurement is performed may well be
a factor affecting the decision whether or not TTS is thought to
hold. It should be realized that in many cases the only criterion
is the visual inspection of the experimental results on a certain
(most often logarithmic) scale. Consequently, the same blend
may be found to obey TTS on the basis of capillary
measurements while it fails if dynamic mechanical results are
used. Furthermore, measurements at large deformations like
capillary experiments are suspect due to the fact that the blend
morphology may change during flow.

60 l 1

“V

0 0.2 0.4 0.6 0.8 1

volume fraction LLDPE

Figure 3 Activation energy as a function of volume fraction LLDPE
in a LDPE/LLDPE  blend.

Even if activation energies of the two components in the
blend are different, failure of TTS may be subtle and therefore
experimentally unseen, e.g. when the contribution of one of the
two components to the measured stress signal is small. This
may be due either to small volume fractions or low viscosity of
one of the components, or to the fact that the relaxation of one

of the components falls outside the experimental time regime.
Furthermore, broad molar mass distributions yield structureless
dynamic spectra, which may in practice result in successful
application of TTS. In the latter case, it is possible to find the
activation energy of the blend using a simple mixing rule, see
Figure 3. The subtleness of failure of TTS is illustrated in
Figure 4, where the phase angle 6 is plotted versus G, for a
40:60 LDPE/LLDPE  blend at three different temperatures. The
experimental symbols indicate that within small scatter TTS
seems to hold, while calculated curves at the three different
temperatures using a simple log additive blending rule
indicates failure (i.e. the three drawn curves do not superpose).
Interestingly, although the activation energies of LDPE and
LLDPE are differing by about a factor of two, the calculated

curves almost perfectly superpose between moduli of lo4 and

lo5 Pa. Obviously, the arguments to explain the successful
application of ‘ITS in practice to immiscible blends are equally
well applicable to miscible blends. In fact, a nice example is
the 1,2-PB/PI  system, for which TTS is reported to hold [lo]
and -- after close inspection-- to fail [7,11].

80 l I
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F 55
: 50
%5 45
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0 190

A 140

~ a 240~~._

2.5 3 3.5 4 4.5 5 5.5

WaW

Figure 4 Phase angle as a function of dynamic modulus for a 40:60
LDPE/LLDPE blend at three different temperatures. Symbols indicate
experimental results, drawn lines are calculations based on a log-addi-
tive mixing rule applied to the two components.

Interfacial effects can be seen as a relaxation mechanism with
its own temperature dependence and therefore accountable for
the failure of TTS. Figure 5 shows results of dynamic
mechanical measurements on a PE/PS  blend at various
temperatures. Failure is apparent, in particular at reduced
temperatures where the effect of interfacial tension is more
pronounced. Blends undergoing a phase transition upon a
change of temperature will, in principle, not obey the TTS
principle [ 12].  Here the physical microstructure of the material
changes with temperature.

90
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ww

+15oc

$3-180C

1+210c

+24OC

Figure 5 Phase angle versus complex modulus for a 20:80 LDPE/PS
blend at various temperatures.
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TTS AS AN INDICATOR
In many cases, rheology (in particular dynamic spectra at

various temperatures) can be used as an indicator of molecular
structure. The most obvious example is the relation set up
between molar mass distribution and the relaxation time
spectrum. Furthermore, the activation energy may be used as
an indicator of the type of material [ 13] or the amount of
branching [ 14]. Also, the vertical shift factors may yield
information on chain stiffness, or branching, although not
much work has been devoted to these relations.

6 0  t 1

5 0

-p-e
4 0 + 2 2 o c

g 30
-e-  2ooc

8 e 180C

2 0 . + 1 6 0 C

1 0 .-

O-
4 5 . 6

Figure 6 Phase angle as a function  of dynamic modulus for PVC at
different temperatures.

Failure of TTS may now be an indication of several things:
1. The most trivial of these is thermal instability of the material
at elevated temperatures. This can simply be checked by
performing time-dependent measurements, since in most cases
kinetics will play a role. Furthermore, physical changes may
take place in the vicinity of a phase transition. These are,
however, reversible. A nice example is PVC in which it takes
very long for all microcrystals to vanish at elevated
temperatures, see Figure 6.
2. A priori it is expected that application of TTS fails in the
case of blends. It is not too difficult to apply a blend rule to the
dynamic spectra of both components of the blend and check
the resulting curves at various temperatures. This is indeed
illustrative, since this reveals if the extent of failure agrees with
the experimental results, or, alternatively, that TTS is strictly
speaking not applicable, but only to such a minor extent that
the experimental results are superposable.

7 ,

2

---
o G’

AG"

- 2  0 2 4 6

kq(reduced  frequency)

Figure 7 Storage and loss modulus of a 35:65 PEO/PMMA  blend at a
reference temperature of 190 O C , measured at 70,90,110,, 130, 150,
170,190 and 210 OC.

the shifting procedure [ 15].  Interestingly, both effects are
purely elastic, and therefore appear to show up predominantly
in the storage modulus. Shifting of both G’ and G” may now be
used to have an indication of the existence of either additional
elastic or frictional forces. Figure 7 shows a 3565 PEO/
PMMA blend, where the shifting of G’ seems to be reasonable,
while G” is not shiftable. Although, in principle, G’ and G” are
related according to the Kramers-Kronig  relations, one might
argue that in this case mostly local frictional interactions
influence the temperature-dependent dynamics.
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Abstract 

Time-temperature superposition is a valuable tool for 
describing the viscoelastic behavior of linear polymers 
over a broad range of times or frequencies by shifting 
data obtained at several temperatures to a common 
reference temperature. This technique involves the use 
of temperature-dependent shift factors for the 

magnitudes of measured stresses (vertical shift factor) 
and for time or frequency (horizontal shift factor) on 
log-log plots of material functions such as the relaxation 
modulus, the storage and 10 moduli, and the creep 

compliance. The temperature-dependent, vertical shift 
factor bT is usuaJly defined 0 that it multiplies a stress 
determined at temperature T to yield a "reduced stress" 
that is the value at a "reference temperature," To; it is 
normaJly very close to unity. The temperature-dependent 
horizontal hift factor aT multiplie a frequency or 
divide a time to yield a reduced value equal to aTO) or 
fiaT' Tf time-temperature uperpo ition i obeyed, the u e 
of hift factors will yield a "rna ter curve" howing 
vi coela tic behavior over a much larger range of time 
or frequencies than could be studied usino- a sino-Ie '" '" 
rh ometer at one temperatur . However, a shift factor 

valid in the plateau and t rminal zones is not expected to 
be applicable in th transition zone. And the success of 
superposition should not be judged on the basis of a 
small log-log plot or impr cise data. 

Introduction 
A ingle rheometer operated at a ingle temperature can 
u ually provide data only over a range of three or four 
decades of frequency or time, and this is inadequate to 

track viscoelastic behavior from the high-frequency end 
of the p lateau zone into the low-frequ ncy terminal zone. 
By obtaining data at several t mperatures, time
temperature superpo ition can be used to generate a 
"master curve" showing the behavior at a "reference 
temperature" that covers many decades of time or 
frequency. A material to which this technique is 

applicable is said to be "thermorheologically simple." 

Tn preparing master curves, variables having units of time 
(or r ciprocal time) are subject to horizontal shift, while 
those having units of stress (or reciprocal stress) are 
subject to vertical shift. For example, in pr paring a 
compliance "master curve," the variable plotted on the 
vertical axis is J(t)lbT, and that plotted on the horizontal 
axis is fiaT where both aT and bT are shift factors that 
depend on temperature. 

Thermorheological si mplicity obtains when all 
contributing retardation or relaxation mechanisms of the 
material have the same temperature dependence and 
when stress magnitudes at all times or frequencies have 
the same temperature dependence. This implies that when 
viscoelastic functions, such as the relaxation modulus 
G(l) or the creep compliance J(t), are shown on a double
logarithmic plot, data at various temperatures can be 
shifted horizontally by a constant (independent of time) 
distance identified a 10g(aT) and vertically by another 
constant distance identified as bT to obtain a ingle 
master curve bringing together all the data. The master 
curve displays data over a wide range of frequenci or 
times "reduced" to a reference temperature, To. A 
thorough discussion of time-temperature superposition 
can be found in the book by Ferry [I, Section I I-C], who 
also discusses the shifting of data obtained at s vera I 
pressure. 

We can summarize the above discussion by saying that a 
master curve of the frequency-dependent storage modulus, 
based on data obtained at various temperatur s Tis 

obtained by plotting: 

(I) 

using logarithmic scales for both axes. While it is not 
indicated explicitly, bT and aT are functions of 
temperature, although the bT dependence is quite weak. 

The quantity on the left is caJled the "reduced storao-e '" 
modulu ," ometime. given the ymbol G; , while the 

reduced frequency is Wr• Using these variables, the master 

curve is a plot of C; versus OJr• And the temperature 

dependence is usually reported by means of a plot of 
10g(aT) versus T. 

Likewise, for the time-dependent stress relaxation 
modulus a master curve is obtained by plotting 

(2) 

again using logarithmic scales. This can be written in 
terms of reduced variables as Gr versus tr. However, the 
reader should be aware that an alternative definition of bT 
has been used, particularly in the earlier publications of 
Graessley and his colleagues and in the recent book by 
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Rubinstein and Colby [2]. In these publications the 
r duced modulus is (l/bT)G(t). 

The conc pt of time-temperature superposition can be 
expressed in terms of an equation relating the property at 
the reference temperature To to that measured at a 
temperature T and then shi fted to To: 

(3) 

or: 

G'r(T, Wr) = G'(To,w) 

However, some authors write the equality in a different 
way, which can cause confusion. 

V iscosity, which involves both stress and time, requires 

the application of both shift factors. For example, a 
master curve of the absolute value of the complex 
viscos ity is constructed by means of a double
logarithmic plot of 

where 

117 *1 = .JG'2 + GH2 / OJ 

A special case is the zero-shear viscosity. 

bT(T) 
-- 770 (T) = 770 (To) ay(T) 

If the vertical shift factor is taken to be unity, the 
horizontal shift factor can be inferred from the zero
shear viscosity. 

ay (T) = 170 (T) 
770 (To) 

Since viscosity is then proportional to the shift factor, 
the viscosity ratio or even the viscosity itself 17o(D is 

often used as a horizontal shift factor. 

(4) 

(5) 

One can determine the horizontal hift factor without 
making any a umption about b,{D by plotting a a 
function of frequency a quantity that is not affected by 
bT, uch a the los angle or its tangent, which i equal to 

G"/C'. 

Controlled strain rheometers are be t suited for 
measurements at moderate and high fr qu ncies, while 
controlled torque (stress) instruments are more useful at 
lower frequencies. However, it often happens that neither 
oscillatory shear method can provide data in the terminal 
zone, and creep and creep recovery are used to provide 
the missing information. The combination of data from 
these two techniques to produce a single master curve 
requires a method for conversion of one material function, 
for example the creep compliance, into another, for 
example the storage modulus. One approach to this 
conversion was proposed by He et al. [3]. It is important 

to note that while creep recovery is the most accurate 
method for determining the steady-state compliance, 
often called the steady-state recoverable compliance for 
this reason, is a challenge. In air-bearing instruments, 

residual torque prevents the reduction of the stress to zero. 
Either this must be corrected for using a model or a 
magnetic suspension used in place of an air bearing . 

In the case of crystallizable melts, the useful temperature 
range extends only from the crystallization temperature, 
on the low end, to the degradation temperature, at the 
high end, and this limits the applicability of superposition 
to these polymers. 

The compilation of data obtained at everal temperature 
inevitably adds noise into the resulting master curve. And 
this noise can interfere with the use of a master curve to 
determine the molecular weight distribution [4] by the 

differentiation of 177 *1 with respect to frequency. 

Theoretical basis for time-temperature superposition 

Vertical shift factor 

The Bueche-Rou e theOl'ie of the linear viscoela ticityof 
unentangled polymer melt and olution [5,6] a ume 
that tre magnitude, e.g., C(t), C'(w) and C"(w), are 
proportional to the product of the den ity and temperature. 
Thi implies that the vertical hift factor bT(T) i : 

(6) 

For entangled polymer systems, the molecular models 
most widely u ed are based on the theory of Doi and 
Edwards [7], which predicts that the magnitude of the 
relaxation modulus of an entangled melt is proportional 
to the factor pT that appears in the Rouse prediction 
multiplied by a new factor that depends very weakly on 
temperature. Thus the vertical shift factor is predicted to 
be slightly different from the pT ratio, but data are rarely 
if ever precise enough to reveal this difference. 

Rather than using Eq. 6, the vertical shift factor is 
sometimes determined directly from the variation with 
temperature of a distinctive value of the modulus or 
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compliance, such as a maximum or minimum in the loss 
modulus. The plateau in the relaxation modulus G(t), the 
creep compliance J(t), the storage modulus G'(OJ) or the 
storage compliance J' (OJ) is also sometimes used. 
However, since true plateau with zero lopes are not 
actually observed, the values at the associated maxima 
or minima provide more reliable ba es for bT(1). 
Although its precise measurement po es challenges, the 

teady- tate compliance provides a reliable basis for 
finding bT(1), a demonstrated by Resch ef al. [8] and 
Plazek (9]. Another way to determjne the vertical 
(stress) shift factor that is independent of the time or 
frequency shift is to find the horizontal shift of loss 
angle data required to obtajn superposition on a plot of 
loss angle versus log IG*I, which is called a Van Gurp
Palmen plot [10]. 

The vertical shift factor is sometime used a a fitting 
parameter for an entire set of data, and the data are 
shifted both vertically and horizontally in an attempt to 
achieve a superposition that "look OK". Thi empirical 
procedure can help to di gui e the failur of 

uperpo ition by averaging the di crepancy over the 
entire frequency range. Sy tematic deviation of bT(T) 
from it expected behavior (Eq. 6) can also result from 
experimental error. Finally, if both hift are carried out 
by fitting, neither factor ha any phy ical significance. 
For th se reasons, uch results are que tionable. 

Horizontal shift factor 
What do molecular model tell us about the horizontal 
shift factor? The relaxation times of the Rouse model 
and those appearing in tube models for the plateau and 
terminal zones, all depend on temperature in the same 
way; they are proportional to the ratio (IT, where (is the 
monomeric friction coefficient. If the friction coefficient 

does not depend on stress or deformation, and if its 

dependence T were known a priori, a single shift factor 
would be applicable from the early portion of the 
transition zone dorrunated by Rouse relaxations into the 
terminal zone, and a,{1) could be calculated from theory . 

However, this observation does not allow the prediction 
of the hi ft factor, becau e the monomeric friction 
coefficient i an empirical parameter in the freely-jointed 
chain model, and it value can only be inferred from 
rheological data. Thu , while all the theorie mentioned 
above predict thennorheological implicity over the time 
or frequency range of their applicability, in the plateau 
and terminal zones, they do not lead to a prediction of 

aT(T). 

It is important to note that the Rouse-Bueche model for 
unentangled polymers and tube models for entangled 
molecules are based on the freely-jointed chain model, 
in which the actual molecule i replaced by a much 
simpler tructure that makes it possible to make 

Rheology Bulletin, 78(2) July 2009 

quantitative predictions of viscoelastic behavior. This 
picture has been found to work very well in describing 
behavior in the plateau and terminal zones and in the 
longest-time (lowest-frequency) portion of the transition 
zone. But at shorter times, relaxation modes involv ing 
parts of molecules smaller than the segments of the 
freely-jointed chain come into play, and these are not 
described by the models discussed above. As a result, a 
value of aT obtained using data in the terminal and 
plateau zones will not serve to superpose data obtained at 
significantly shorter times (higher frequencies). Plazek 
and his coworkers [11-l3] have reported exceptionally 
precise and accurate creep data over many decades of 
time for several amorphous polymers and have used these 
to demonstrate the failure of time-temperature 
superposition (occurrence of thermorheological 
complexity) when one tries to place all the data on a 
single master curve using a ingle value of aT at a given 
temperature. Sometimes, reasonable superpos ition can be 
obtained over very wide time/frequency ranges by using 
two or more horizontal shift factor [14,15] for different 
time/frequency zones. For polydisperse ample, there i 
a gradual transition from one zone to another, 0 one 
must examine the data carefully to detect the beginning 
of thermorheological complexity as the frequency i 
increa ed. It i al 0 important to note that hort-time 
relaxation mechanisms will come into play at longer 
times as th temperature is lowered. One must therefore 
be on the alert for complexity not only at short times 

(high frequencies) but also at low temperatures. 

Since aT cannot be predicted, horizontal shifting is 
carried out by hifting data until they appear to superpose. 
Honerkamp and Weese [16] have described a procedure 
for doing this in an objective manner, and oftware for 
thi procedure i part of the IRIS package [17]. 

How does aT depend on temperatu re? Early ob ervation 
of the dependence of liquid viscosity on temperature led 
to the empirical Arrhenius relationship that can be 
expressed in terms of aT as follows: 

And this relationship has been found to fit 
data for linear polymers in the plateau and 
terminal zone as long as the temperature is 
well above Tg. By analogy with reaction rate 
theory, the constant Ea has come to be called 
the activation energy for flow. However, the 
activation energy concept is often u ed to 
characterize polymers even when rheological 
data do not superpo e, and this results in 
ambiguity as to the meaning of Ea. For 

(7) 
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example, E. is sometimes reported to vary 
with frequency or time or modulus. Various 
approaches have been proposed for 
identifying a meaningful activation energy 
when data do not superpo e. One example is 
a value ba ed on '10' Several ways of 
defining E. values in the absence of 
superposition have been compared by 
Wood-Adams and Co teux [18], and KeBner 
et at. [19] have recently discu sed thi issue 
in detail. It is clear that in reporting 

activation energies for flow, it is essential to 
explain in detaH how these were deterrruned. 
And one must not compare values obtained 
in different ways. In any event, when data 
do not superpose, the use of an activation 
energy to characterize a polymer is 
somewhat questionable. 

For temperatures closer to Tg, the fractional 
or relative free volume concept of Doolittle 
provided the ba is for the WLF (Williams, 
Landel, Ferry) equation (Eq. 8), a compl t 
di cu ion of which can b found in F rry [I, 
Section II-B,C]. 

(8) 

where c. and C2 are empirical constants. 

Judging the success of superposition 
The degree to which superposition is 
successful is rarely judged on the basis of an 
objective criterion. And one should not rely 
on software to make this judgment. Most 
often one simply looks at the shifted data 
and declares that time-temperature was 
successful or unsuccessful. This is 
particularly true for a portion of a curve that 
has a slope much less than one, where a 
significant failure of horizontal 

uperpo ition re ult in a hifted data point 
that i clo e to the trend line but i actually 
far from where it hould be. Wood-Adam 
and Co teux [18] propo ed the u e of linear 
rather than logarithmic cale to detect 
complexity. Figure I how data for a 
metallocene polyethylene homopolymer 
with a very low level of long-chain 
branching. On this log-log plot the data 
appear to superpo e well, but the linear plot 
shown in Figure 2 shows clearly that this 
material is not thermorheologically imple. 
In this example, the detection of complexity 
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Figure I: Master curve of loss modulus of a lightly-branched metallocene poly

ethylene [18]. Logarithmic scales are used for both axes. Note that the vertical 

shift factor is taken to be unity. 
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Figure 2: Master curve of absolute value of the complex modulus of the polymer 

of Fig. I [18]. Linear scales are used for both axes. The vertical shift factor is 

taken to be unity, and the zero-shear viscosity is used as the horizontal shift factor. 
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Figure 3: Master curve of absolute value of the complex modulus of a linear polyethyl

ene/octene copolymer [18]. Linear scales are used for both axes. The vertical shift factor 

is taken to be unity, and the zero-shear viscosity is used as the horizontal shift factor. 
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Figure 4: Master curves of storage and loss moduli of a polybutadiene blend based on data obtained at eight tempera

tures. These data superpose well. (Data of Michelle Li and Hee Eon Park measured at McGill University) 

is important, as it provides evidence of long
chain branching. Figure 3 shows the master 
curve using linear scales for a linear 
ethylene/butene copolymer that exhibits 
excellent uperposability. Note that the zero
shear vi cosity has been u ed as the 
horizontal shift factor, while the vertical 
shift factor is taken to be unity. Sometime it 
is claimed that data superposed, but no plot 
is shown; such a statement must be 
considered doubtful. 

A simple and direct technique for detecting complexity 

i the use of a van Gurp-Pal men plot [10] of loss angle 
versus 10gIG':'1. If the effect of bT on the magnitude of the 
complex modulus is negligible, the data will uperpose 
without hifting if the material is thermorheologically 
simple. 

The degree of thermorheological complexity may not 
have serious con equences if only a general trend is of 
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interest, but when one wishes to infer structural features 
from data, it becomes very important. For a highly
entangled polymer, molecular structure is revealed by 
behavior in the plateau and terminal zones, and data in 
the transition zone and at even shorter times are not of 
interest for this application. In fact, rheological behavior 
i more sen itive to the pre ence of small quantities of 
large molecules than chromatography. 

How well does it work? 
Figure 4 is master curve of data obtained at eight 
temperatures for a blend of two linear polybutadienes. 
Each point is an average of three measurements, and the 
vertical shift factor was calculated using Eq. 6. Careful 
inspection reveals a few small deviations from 
superposition but, taking into account the precision 
obtainable in this type of measurement, the superposition 
is deemed to be accceptable. 

21 
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A material will exhibit thremorheological simplicity if 
all of its relaxation times have the same dependence on 
temperature. A demon trated above, we expect this to 
be so in the plateau and terminal zones. And this should 
continue to be the case as we move into the transition 
zone, as long as relaxation is governed by Rouse modes. 
However, it is not possible to say in advance over what 
portion of the transition zone data will superpose. 
Molecular models based the freely-jointed chain picture 
must fail for processes involving portions of the chain 
smaller than the imaginary "subunit" that makes up this 

chain. And another complication at high frequencies 

(short times) is that as the entropy spring modes are 

damped, the glassy modes of relaxation become 

dominant [20]. We expect then that shift factors based 

on data in the plateau and terminal zones will always fail 

at some point not far beyond (higher frequencies or 

shorter times) the plateau zone. 

Nonlinear properties 

Graessley [21, p. 239] provides a discussion of the 

application of time-temperature superposition to 

nonlinear properties, and we provide here only a brief 

summary. The viscosity function has been reported to 

obey time-temperature superposition. If the vertical shift 

factor is neglected, the zero-shear vi cosity can be used 
as the horizontal hift factor to obtain a master curve by 
plotting 

versus 77o(T)r (9) 

The other vi cometric functions can al 0 be treated in 
thi manner. But viscometric functions are not functions 
of time; what about time-dependent propertie ? 
Constitutive equation for melt almost univer ally build 
on the same spectra of relaxation time that are used to 

describe linear viscoelasticity. This implies that if time
temperature superposition brings linear data together, it 
should also work for nonlinear properties using the same 
shift factors. The fundamental assumption is that the 
relaxation times are independent of the state of stress. 

For example, a temperature-invariant representation of 

the shear stress-growth coefficient is based on the 

following relationship: 

(10) 

Muller and Froelich [22 ] applied time-temperature 

superposition to extensional stress-growth data. 

Structural features contributing to complexity 

The most successful demonstrations of superposition 
have involved linear homopolymers, and complexity is 

often observed in the case of more complex molecules. 

Variations in the local microstructure of linear 

polybutadienes resulting from hydrogenation to various 

extents were found not to result in deviations from 

simplicity [23], and all the polymers produced in that 

tudy were found to have the same horizontal hift factor 

when the reference temperature was Tg + 50°C. As we 
might have expected, these hift factor did not uperpo e 
data obtained at frequencie well above the plateau region 
[24] because of the prominence of segmental relaxations 
in this region. 

Wood-Adams and Costeux [18] found that the very short 
branches in ethylene-octene copolymers did not result in 
thermorheological complexity. The effect of long-chain 
branching depends on a combination of chain chemistry 
and molecular architecture. Metallocene polyethylenes 

containing low levels of long-chain branching have been 

found to be thermorheologically complex [L 8, 25]. 
Polyisoprene stars have the same shift factors as the 

linear polymer [26]. Kapnistos et al. [27] studied a series 

of polybutadienes having star-like backbones with 

grafted branches and reported that the shift factors were 
the ame for all the structures that they used. Moreover, 
these were the same as shift factors reported previously 
for linear and comb polybutadienes. On the other hand, 
data for hydrogenated polybutadiene stars were not 
superposable [28], although their unhydrogenated 
precursor exhibited imple behavior [29]. Thi 
anomalous behavior has been examined by Grae ley 
[30] and a theoretical explanation ha been propo ed [31]. 

Low-density polyethylene ha a complex tructure that 
involves both long and short branches, and it is known to 
be thermorheologicaly complex. 
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GEARY L BAESE: Classic Italian Violin Varnish, its History, Materials, Preparation and 
Application. Fort Collins: the author, 1985. xi, 99 pp. ISBN 0 9615510 0 3. 
Price $190.00 includes 'Classic Italian Varnish Newsletter'. 

Despite the interest in the subject, many questions have remained unanswered 
about Italian violin varnishes. The writings of the nineteenth and early twentieth 
centuries rarely come up to today's expectations, and modem science has only 
recently paid attention to this important and exciting subject. There is an urgent 
need for a book elaborating the history of musical instrument varnishes based on 
period sources. This book promises to trace the history of violin varnish up to the 
nineteenth century, surveying the materials used, the original recipes and giving 
practical advice. It goes further; the picturesque descriptions show us the old 
masters making their varnish, following well-proved recipes, in huge boilers. The 
chapters dealing with the characteristics of resins, oils and colourings with their 
places of origin and the history of their use are followed by brilliant illustrations 
which make much of the content of the book intelligible without a knowledge of 
the English language. 

Restorers and historians of technology may, however. be disappointed. because 
instead of a historical survey. they are only offered sporadic examples -

nevertheless very interesting examples. Methodological objections may also be 
raised : the book sets out to deal only with violin varnishes, but most of the examples 
are drawn from other fields. lacking better examples, such as joinery and painting. 

The varnishes and colourings in the appendix are not only for violins, and 
mentioning them without comment is misleading. For example. the description of 
Adlung, according to which the instrument maker boils the planks he intends to use 
for soundboards, applies to keyboard instruments. (The Viennese piano maker 
M. A. Streicher constructed an apparatus in 1815 in which the wood for musical 
also to violin makers, adding that the sound of violins made of wood treated in this 
apparatus resembled that of old master violins.) 

The author naturally concentrates on Italian sources and historical facts. 
Nevertheless, further information would have been welcome about the physical 
properties of the materials (e.g. colour, hardness and melting point). Without this 
information, it remains a mystery why the recipes add certain materials to the 
varnishes. There is also insufficient information about the variety of materials used. 
Surely more were used by varnish makers? The reason for these defects is the lack 
of extant sources. There is little mention of varnish in medieval treatises: e.g. 
Theophilus recommends the adoption of linseed oil for doors and panel paintings 
without mention of other objects such as musical instruments. Early sources say 
little more than that some kind of covering layer was used on wood and metal . The 
author never states that, because of deficient early sources, we have to be satisfied 
with information about other subjects than violin varnishes. He also quotes non
Italian sources . As far as the recipes are concerned, there was no geographical 
border : even before book printing, manuscripts were widely read. 

Theophilus, whose De diversis artibus (known also as Schedula diversaTum aTtium) 
deals with the technologies of painting, stained glass window making and the 
goldsmith's art, was a Benedictine monk from the environs of Cologne. De 
Mayerne (1573-1655) whose career is discussed was born in Switzerland, studied in 
Italy, then worked in France and England. Baese does not make clear that Italian 
books were also published in other languages, and could have been used in other 
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parts of Europe : this is hidden in the chapter of references. So, was there a national 
school? The answer is not simple. Although varnish recipes were widely accessible, 
one can allow local traditions, not necessarily in isolation. The educational method 
of the guild system, with students travelling from one university town to another, 
and international trade, made the varnishes used in Italy accessible elsewhere. 

After the sixteenth century, printed recipe collections published large numbers 
of varnishes, more than would be used for practical purposes by one master. These 
are collections of knowledge where the author rarely had personal experience, and 
the majority of recipes should be treated with the necessary caution. Mistakes may 
have arisen just because of the international nature of the writing, with descriptions 
of methods not used in the environment of the author. Baese quotes a manuscript of 
1526 by Jacopo de il Tibaldi: 'The celebrated lute-maker Sigismond Maler has 
promised to give me in writing by Monday next the recipe of the varnish he uses, as 
well as the manner of putting it on lutes. This master also tells me that he has two 
kinds of varnish, and that it is his assistant, not he himself, who makes it'. 

In Baese' s Classic Italian Violin Varnish . . .  there are a number of smaller mistakes, 
but much larger is the number of interesting details concerning the application of 
varnishes. For example , the quotation from Giovanni Battista Volpato of 1685 (p. 
83) or the clear technological details resulting from the author 's own experiments. 
Had the author not restricted himself to Italian violins, he would not have been 
committed to unrealisable promises, and we could more readily have accepted and 
enjoyed this beauti fully produced and informative book. It can be recommended to 
violin collectors and to newcomers to the colourful world of old varnishes. 

ESZTER FONTANA 
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Introduction

The fibrous structure of wood and the tubular shape of
wood cells are the basis for its excellent mechanical
properties, especially regarding the low density of the
solid material. Consequently, for a better understanding
of the mechanical behavior of wood and its complex de-
sign, it is necessary to study the micro-mechanical prop-
erties of its components. In particular, single fibers are
of interest and therefore several investigations have
been conducted on their tensile properties. With regard
to the concerns of pulp and paper research, mechanical
features of pulped fibers have been examined (Page
et al. 1972; Page and El Hosseiny 1983; Mott et al. 1995).
Chemically macerated fibers have been investigated to
gain insight into fiber-related properties of the compos-
ite structure of wood and to study the distribution of
wood properties at high resolution (Groom et al. 2002a,
b; Mott et al. 2002). However, with a recently improved
method for mechanically isolating fibers (Burgert et al.
2002), chemical treatments can be avoided completely,
and therefore, the cell wall components remain unmodi-
fied.

Faced with the necessity of measuring very low forces
and strains on fragile, thin, tube-like elements, several
testing procedures have been developed. Jayne (1960)
tested fibers in an Instron machine using fiber grips with
abrasive paper for clamping. Page et al. (1972) favored a
frame construction as a fiber carrier, by gluing fiber
ends to glass tabs that were held together by a stiff card.
Subsequently, the glass tabs were mounted on the jaws
of the testing machine and the stiff card was cut. Groom
et al. (2002a) used the widely accepted so-called “ball
and socket” assembly to test single fibers, where glue
droplets are fixed on the fiber. After hardening of the
droplets the fiber can be placed on crossheads with the
fitting sockets.

In addition to different techniques of fixing the fibers

in a tensile apparatus, different techniques for recording
forces and strains have also been applied. Load cells
sensitive enough to detect the small forces are available;
however, precise measurement of fiber elongation is
much more difficult to achieve. In most instances fiber
strain is calculated according to crosshead movement as
a function of time. Mott et al. (1996) measured local
strain distributions on fibers in an ESEM (Environmen-
tal Scanning Electron Microscope) by digital image cor-
relation. However, this experimental technique can only
be used for a small number of fibers.

The aim of the present study was to develop a meas-
urement technology for recording load-elongation
curves, based on a general method for a precise strain
determination for fiber testing, using an optical video
system.

Testing Assembly

A foliar frame 200 µm thick was designed to carry the
single fibers and to be easily fixed onto the tensile appa-
ratus. This frame is sufficiently stiff when compared to
the stiffness of the fiber, and does not adversely affect
the results for elasticity. For each frame four holes of
1.5 mm diameter were drilled with great precision using
a computer controlled drill. The two outer holes were
drilled for a pin-hole assembly allowing easy mounting
of the frame onto the tensile apparatus. For our purpose
we did not adopt the accepted “ball and-socket” type
grip assembly (Groom et al. 1996, 2002a; Perez et al.
2000), since much shorter fiber types like compression
wood tracheids or libriform fibers of deciduous trees
should be investigated as well and these are easier to
mount onto the foliar frame. Previous measurements
showed that the contribution from friction between the
frame and the moving table was negligible. For well-
aligned fibers, studies on fibers glued onto foliar frames
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should be comparable to examinations on individual
fibers using the so called “ball and socket” method.

Between the twin holes a section was cut out, using a
tool that contained two razor blades separated by a dis-
tance of approximately 0.9 mm (for normal tracheids)
and leaving two bridges on the side. Using a light micro-
scope the fiber was laid onto the frame bridging the
punched gap and was fixed upon the lateral edges of the
gap by a rapid cyanoacrylate adhesive. This gelatinous
glue – Loctite 454 – neither drips nor flows, and there-
fore no resin penetrated the cell lumina. The free length
of the fiber for tensile testing is approximated by the dis-
tance between of the gap, in this case 0.9 mm. However, a
precise fiber length measurement was carried out under
the light microscope. In Figure 1a, a schematic drawing
and an image of a fiber fixed onto the frame is shown.

In order to obtain highly resolved elongation infor-
mation, using video extensometry, two black lines were
drawn on the foliar frame close to the fiber ends. De-
tailed information is obtained by the description of the
load-strain recording.

The frame carrying the fiber was mounted on a mi-
crotensile apparatus specially designed to measure sin-
gle fibers, and capable of detecting very low forces and
displacements (Fig. 2).

The tensile apparatus consists of a linear table driven
by a step motor, which allows feed rates between 0.5 and
2.5 µm s– 1 to be used. When this tensile apparatus is
combined with a miniature load cell, fixed using a rigid
shackle on the basement of the moving table, it is possi-
ble to use load cells with different maximum capacities.
The smallest load cell combined with the tensile appara-
tus has a maximum capacity of 500 mN.

The foliar frame can be easily mounted on the appa-
ratus using the pin-hole assemblies. One pin is located
on the plane in front of the load cell, while the other is
located on the moving table. Prior to testing, both outer
bridges of the foliar frame, which protect the fiber while
handling, have to be cut with a razor blade. In order to
prevent damage to the fiber during this procedure, the
frame is temporarily clamped to the table using a special
shackle construction (Fig. 2b). In the unclamped state,
shackle and table are separated by a vertical gap of ap-
prox. 0.5 mm height allowing a free movement of the
frame. The fixing of the frame is done by tightening the
four inner screws of the shackle, putting pressure on the
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Fig. 1. a) Schematic drawing of the foliar frame; b) detail of
the part bearing the fiber and line markers for video extensom-
etry.

Fig. 2. a) Micro-tensile apparatus; b) detail of foliar frame and
shackle for clamping.

Brought to you by | University of Georgia Libraries
Authenticated

Download Date | 6/6/15 7:10 AM



frame. After cutting the outer bridges of the frame in
the clamped state, the shackle is released, leaving only
the single fiber between the two parts of the frame for
tensile testing.

The tensile apparatus itself, as described above, al-
lows sufficient load detection, but the strain measure-
ment is imprecise, since in this configuration displace-
ment is determined by the crosshead movement as a
function of time. When compared to the pure fiber be-
havior, the elasticity of the tensile apparatus and the
alignment of the foliar frame in addition to the displace-
ments in the pin-hole assembly result in an apparent
higher elongation. In order to measure only the strain of
the individual fiber, the displacement of the line mark-
ers (see Fig. 1) were detected in a light microscope
(magnification = 12×) by means of video extensometry.
The described system still comprises minor uncertain-
ties regarding the bonded fiber ends. Naturally, it would
be desirable to measure the displacement on the fiber
directly. However, a light microscope at this magnifica-
tion does not provide a sufficient resolution for per-
forming image analysis for strain detection on fibers.
Fixing artificial reference markers on the fiber itself
might damage the specimen.

The simultaneous recording of load and strain meas-
urements allows a synchronized combination of both
curves as a function of time. In Figure 3a the “load-time”
and the “elongation-time” curves are shown in one

graph, while in Figure 3b, the synchronized and linear
fitted curve can be seen.

The typical load-strain diagram, illustrated in Fig-
ure 3, was measured on a spruce fiber (Picea abies [L.]
Karst.). It was isolated mechanically from solid adult
wood in a transition zone between earlywood and late-
wood using a very fine tweezers (Burgert et al. 2002).
Taking its cross-section into consideration, an ultimate
tensile stress of 530 MPa and a modulus of elasticity of
10100 MPa can be calculated based on the overall cell
cross-section. Calculating the mechanical properties of
the cell wall only, ultimate tensile stress is about
1186 MPa and modulus of elasticity is about 22600 MPa.

Conclusions

The method described here provides an approach for
carrying out micro-tensile tests on single wood fibers.
Recording of load-strain curves, with a high resolution
of fiber elongation, is achieved by combining a mi-
crotensile apparatus, a microscope and video extensom-
etry unit. For mounting fibers easily onto the tensile de-
vice a foliar frame was developed, which allows
measurements of short fibers like compression wood
tracheids or libriform fibers. Measurements on other
plant fibers are planned, in order to characterize cell
mechanics for a wide range of structural and chemical
features of cell walls.
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On the use of time-temperature 
superposition in multicomponent/ 
multiphase polymer systems 
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In view of the fact that log G' versus log GN plots for homogeneous polymer systems are virtually independent 
of temperature, we have suggested that before attempting to apply time-temperature superposition to 
multicomponenl and/or multiphase polymer systems, one must first observe whether or not plots of log G' 
L'ersus log GN show temperature independence. We have demonstrated that log G' versus log G" plots are 
very sensitive to a variation in the morphological state of muhicomponent/multiphase polymer systems 
(e.g. immiscible polymer blends, microphase-separated block copolymers, liquid crystalline polymers). We 
have pointed out that whereas the 5o-called Cole-Cole plot is strictly an empirical correlation, plots of 
log G' t"erSU$ log G� have a basis of molecular viscoelasticity Iheory and thus the two are 1101 related to 
each other. 

(KeY"'ords: time-tempera lure superposition; compalible pot)·mtr �ds; bl<xk copol)'mers; liquid-cr)'stalline polymer.!) 

INTRODUCTION 

Time-temperature superposition has long been used 
to obtain temperature-independent master curves for 
polymer systems by shifting values of steady-state shear 
viscosity ('1) along the shear rate (y) axis or by shifting 
values of dynamic storage modulus (G') and/or dynamic 
loss modulus (G") along the frequency (00) axis. Here, one 
chooses a reference temperature and shifts the rheological 
properties of interest, which were obtained at other 
temperatures, to the corresponding values al that 
temperature. There is a shift factor, liT, which is a function 
of temperature, that enables one to obtain these master 
curves (I.e. log 'I, versus log jian log G; versus log wan 
and log G� versus log waT plots, where '1, =I1Po To/aTPT, 
G;=G'PoTolpT, and G;=G"PoTrJpT in which the 
subscript 0 denotes a reference state). Using the 
Williams-Landel-Ferry (WLF) equation, one can rcJate 
the shift factor aT to the glass transilion temperature (�) 
of a polymer and two constants, C1 and C1, which have 
been found to be characteristic of the polymer's molecular 
structurel. 

It should be pointed out that the use of time-temperature 
superposition is meaningful as long as the morphology 
of the polymer remains the same over the temperature 
range of interest, thus it has been used primarily for 
homopolymers. However, in recent years time-temperature 
superposition has been applied to compatible polymer 
blendsl-', where compatibility was judged on the 
basis of a single TJ, to microphase-separated block 
copolymersB-'3, and also to thermotropic liquid
crystalline polymers'�. It should be mentioned that there 
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is 110 theoretical guideline as to how the values of aT for 
compatible polymer blends (multiphasc polymer systems 
in general) may be obtained from the WLF equation. 
Thus, the values of aT for compatible polymer blends are 
usually obtained by Shifting the values of G' (or G") along 
the frequency w axis. 

Han and coworkers1S-11l favour the use of 10gG' 
versus log G" plms over log G; (or log G;) versus log WQT 
plots in obtaining temperature-independent correlations 
for polymer systems. The purpose of this paper is to point 
out some advantages of using log G' versus log G" 
plots over log G; (or log G�) versus 10gWaT plots for 
multicomponent/muhiphase polymer systems. 

BACKGROUND 

Han and Jhonl7 have shown, using the tube model of 
Doi and Edwards1o, that in the terminal region (where 
Wl:d« I holds, Td being the tube disengagement time) of 
linear, flexible, elltangled monodisperse homopolymers, 
the following expressiont: 

log G' = 2 10g G" + log(6/5G�) (I) 

holds where G� is the plateau modulus. Notice that G� 
is related to temperature through the relationshipl.21 .ll

: 

(2) 

where p is the density, R is the universal gas constant, T 
is the absolute temperature and M. is the entanglement 
molecular weight. Substitution of equation (2) into 
equation (I) gives: 

log G' =210g G" + log (6MJ5pR T) (3) 

tThis e�pression is for all odd values of P. whereas ref. IS presented 
an expression for p� 1 
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indicating that plots of log G' versus log GN are 
independent of molecular weight and virtually independent 
of (or very weakly dependent upon) temperature. For 
linear, flexible, Imemangled monodisperse homopolymers, 
using the Rouse model1J the following expression can be 
obtained: 

10g G'=210g G"+log (5M/4pRT) (4) 

where M is the molecular weight. Equation (4) indicates 
that for unentangled homopolymers, log G' versus log G" 
plots are dependent upon molecular weight and virtually 
independent of (or very weakly dependent upon) 
temperature. 

Note in equation (3) that an increase in temperature 
from Tl to T2 will shift the value of log G' b)' the amount 
log (PI TI/Pl T2), which may not be noticeable in log G' 
versus log Gff plots. Note that the density is inversely 
proportional to temperature. To illustrate the point, 
Figure I gives plots of log G' verslls log Gff for a nearly 
monodisperse polystyrene (PS), having a weight-average 
molecular weight (Mw) of 1 .95 x 103 and a polydispersity 
(M .. /Mn) of 1.07. at various temperatures ranging from 
160 to 230°C (ref. 24). Indeed the temperature dependency 
of log G' verslls log GN plots is not discernible in Figllre 
1, as equation (3) suggests. Earlier, similar observations 
were made by Han and coworkers

I
3-19. 

For po/ydisperse polymers. assuming that the log 
normal distribution function represents the molecular 
distribution of a polymer and that the relaxation modulus 
of the polymer is expressed by the 3.4-power law in terms 
of the constituent fractions, it can be shown that the 
following expression2.: 

log G' = 2 10g G' + log (6/5GN)+ 3.4 log (MJMw) (5) 

0""------------, 

o· 

0' 

.-igure I Plols or log G' ""'SUS log C· for a nearly monodisperse 
polystyrene having a weight·average molecular weight of 1.95 x 10' and 
polydispersily of 1.07 at various tcmlX'ratures ('C)'�: 0. 160; 8, 170; 
[J. 180; 9. 200; 0.2[0; 0. 220; o. no 

2534 POLYMER, 1993. Volume 34. Number 12 

holds, where M% and M", are z·average and weight
average molecular weights, respectively. Notice that 
equations (I) and (5) indicate that in the terminal region 
the slope of log G' versus log Gn plots is 2 for both 
monodisperse and polydisperse polymers, and that the 
values of G' will be shifted upward by the amount 
3.4 log (MjM ... ) above the values of G' for monodisperse 
polymers; thus, the shift will be greater with increasing 
polydispersity, MJM .... 

In the linear region (where O<WTd� I) of flexible, 
entangled polydisperse polymers, Han and KimB 
obtained the expression: 

log G' =x log Gff +(I-x) log (8GN/n2) (6) 

where I <x < 2, indicating that the slope of log G' versus 
log Gff plots is less than 2. 

It is appropriate to mention at this juncture that using 
the ordinary coordinate system, in 1941 Cole and Cole26 
plotted the imaginary part e" of the complex dielectric 
constant against the real part c' for a number of 
polar materials at various temperatures. The so-called 
Cole---Cole plots fall on a circular arc; a different arc is 
obtained for each temperature, with the shape of the 
circular arc varying with temperature. In the past, some 
investigators27-29 applied Cole-Cole plots to interpret 
dynamic mechanical properties of polymeric materials in 
the solid state. 

In 1983 Han and Lemn first reported that plots 
of log G' versus log Gn are virtually independent of 
temperature for viscoelastic homopolymers. Having made 
a similar observation, in 1984 HareH and Nakajima30 
called log G' versus log G" plots 'modified' Cole-Cole 
plots. It should be pointed out that the Cole---Cole plot 
is strictly an empirical correlation. whereas log G' versus 
log G" plots have the basis of a molecular viscoelasticity 
theory, described by equations (1}-{6). It should be 
pointed out that plots of log G' versus log G" for polymeric 
liquids have no relation with an empirical correlation. 
Cole--Cole plot. 

BREAKDOWN OF TIME-TEMPERATURE 
SUPERPOSITION FOR MULTICOMPONENT 
AND/OR MULTIPHASE POLYMER SYSTEMS 

It has been amply demonstrated in the IiteratureJ I.n that 
the rheological properties of an immiscible polymer blend 
depend very much on its morphological state, which in 
tum is determined by, among many factors, the 
rheological properties of the constituent components, the 
type and the intensity of flow field applied, and interfacial 
tension. Thus one would expect time-temperature 
superposition to break down in immiscible polymer 
blends, forming liquid-liquid (e.g. dispersed two-phase 
or cocontinuous two-phase) mixtures. 

Figure 2 gives log G' versus log G� plots for a 30/70 
PS/poly(methyl methacrylate) (PMMA) blend at 210, 220 
and 230<>C. Surprisingly the plots of log G' versus log Gn 
given in Figure 2show little or no discernible temperature 
dependence. This seemingly peculiar observation can be 
explained by the fact that the temperatures (200-230°C) 
at which the rheological measurements were taken are 
very far from the critical temperature at which the mixture 
can form a single, homogeneous phase, and thus the 
morphological state of the blends changed little over the 
range of temperatures employed for the rheological 
measurements. 
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,0'.,-------------

G· (Po) 
Figure 2 Plms of log G' n!rSU5 log G" for Ille 30170 PS/pMMA blend 
at various temperatures I�C): 0. 210; 6. 220; 8. 230 

An important point to be made from Figure 2, however, 
is that plots of log G' versus log Gff exhibit an inflection 
point. Note that such an inflection point in log G' versus 
log G" plots is not observed for homopolymer systems 
(see Figure I). Hence the temperature independence of 
log G' versu.� log GN plols alone does nol warrant 
that time-temperature superposition may be used for 
multicomponent and/or multi phase polymer systems. It 
is well known that PSfPMMA blends form dispersed 
two-phase mixtures. Thus, the use of time-temperature 
superposition with such mixtures is not valid. 

Today there is general agreement among researchers 
that whether a polymer blend may be regarded as miscible 
or immiscible depends very much on the experimental 
techniques employed. A polymer blend is commonly 
regarded as miscible when it exhibits a single � on the 
basis of differential scanning calorimetry (d.s.e.) or 
dynamic mechanical analysis (d.m.a.). Note that the 
smallest size that these experimental techniques can 
detect is about 50 nm, meaning that the presence of 
microheterogeneity with sizes smaller than 50 nm in a 
polymer blend cannot be detected by these techniques. 
Thus the presence of a single T. in a polymer blend is 
not sufficient to confirm that the blend is miscible on a 
molecular (or segmental) level. 

Recently, using dynamic viscoelastic data for a blend 
consisting of 20.2 wt% poly(ethylene oxidel (PEO) and 
79.8 wt% PMMA, hereafter referred to as the 20/80 
PEO/PMMA blend, which exhibited a single T., Colby33 
reported that time-temperature superposition failed over 
a certain range of angular frequencies. Specifically, when 
shifting the GW data at 120, 137 and 174°C, ploned on a 
rectangular coordinate, along the logarithmic w axis to 
superimpose with the data at 155°C, Colby found that 
time-temperature superposition did not work at values 
of w�O.1 rads-l, while it did work at values of 
w between 0.001 and 0.1 rads -l• He allributed the 
observed failure of time-temperature superposition at 
w�O.1 to the differences in the temperature dependence 

of the relaxation times (or the friclion factors) of 
PMMA and PEO in the blend. Subsequently, Ngai 
and Plazek34 offered an interpretation of Colby's 
experimental observation, using a theoretical coupling 
scheme35. 

Using data supplied by Colby, we have prepared plots 
of log G' versus log G# for the 20/80 PEO/PMMA blend, 
and they are displayed in Figure 1. It can be seen in 
Figure 3 that in the terminal region the temperature 
dependence is not discernibk, but tht: log G' ver�·u.� log Gff 
plot has a curvature somewhat resembling the shape of 
log G' versu:s log GN plots for the 30/10 PS/PMMA blend, 
given in Figure 2. On the basis of this observation, we 
tentatively suspect that the 20/80 PEO/PMMA blend 
might have had microhelerogeneily with sizes less than 
about 50 nm. The suspicion can be proven or disproven 
using solid-state nuclear magnetic resonance (n.m.f.) 
spectroscopy. In other words, the fact that log G' versus 
log Gn plots are virtually independent of temperature for 
a binary polymer blend. which exhibits a single value of 
�,does not warrant that time-temperature superposition 
should work. Below we shall elaborate on this, using the 
dynamic viscoelastic data for blends of PS and poly{vinyl 
methyl ether) (PVME) reported by Schneider and 
WirbserH,. 

According to Schneider and WirbserJ6, blends of PS 
(M ... = 73500 and M",/Mn= I.OS) and PVME(M ... =97 500 
and M.,/Mn = 2.06) had very broad, single T.s, as shown 
in Figure 4 in which the arrow pointing upward denotes 
the temperature at which the glass transition begins and 
the arrow pointing downward denotes the temperature 
at which the glass transition ends. In order to facilitate 
the following discussion, Figure 5 is prepared to show 
the dependence of � on blend composition for the 
PS/PVME blends employed, where T., denotes the onset 
point, Tim the midpoint and Tat the final point of the 
glass transition as determined by d.s.c. Table J gives a 
summary of the T", �m and �f for the PS/PVME blends. 
Also ploned in Figure 5 is a turbidity curve reported by 
Yang el a/.n who used a PVME having M",= 99 000 and 

o • 

0'.--------------

Figun J f'lot5 ofl08 G' �erSIIS log G" for the 20/80 PEO/PMMA blend 
at various lempc:ralUr<:S('C); 0.120: 8.137: [J.ISS: 9.174 
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Figllr� 4 Tracts of d.s.c. Ihermograms for PS/pvME blendsJ6: 
(a) homopolymer PVME; (b) 90/10 PVMEjPS blend; (c) 75/25 
PVME/PS blend;(d) SO/50 PVME/PS blend; (e) 25f75 PVME/PS blend: 
(Q IOj90 PVME/PS blend: (g) homopolymer PS 

PS (wi fraction) 

FTgur� 5 Composition dependence of glass transition temperature 
for PS/PVME blends: x, temperatures at which oscillatory shear 
C1periments were performed. The turbidity curve is taken from ref. 37 

M .. /Mn=2.13 and a PS having M .. =119000 and 
M .. /M n = 1.05. In view of the fact that the turbidity curve 
depends on the molecular weights of the constituent 
components and that the molecular weights of the PVME 
and PS used for constructing the turbidity curve in 
Figure 5 are slightly higher than those used for the r. 
measurements, the turbidity curve is expected to be 
shifted slightly upward for the PS/PVME blend system 
used for the r. measurements. Symbol x in Figure 5 
denotes the temperalures at which oscillatory shear 

2536 POLYMER, 1993, Volume 34, Number 12 

measurements were reported in ref. 36. From Figure 5 it 
suffices to state that all the rheological data were taken 
at temperatures in the single-phase region as determined 
by cloud point measurements. 

Plots of log G' versus log G" for the SO/50 PS/PVME 
blend are given in Figure 6, in which a solid line is drawn 
through the data points to guide the eye. Although a 
very weak temperature dependence oflog G' versus log Gff 
plots is seen in Figure 6, the following observations are 
worth noting: (a) the slope of the log G' versus log G" plot 
in the terminal region is mueh smaller than 2; and (b) an 
inflection point is seen in the log G' versus log G� plot. 
Plots of log G' versus log G" for the 75/25 PS/PVME 
blend are given in Figure 7. showing a rather strong 
temperature dependence. In Figure 7 solid lines are drawn 
through the data points to guide the eye. It should be 
remembered that eaeh of these two blends has a single, 
broad glass transition (see Figure 4). The quality of the 
correlation displayed in Figures 6 and 7 suggests that the 
PS/PVME blends might nor have been miscible at 
dimensions (say below 50 nm) that d.s.c. could not detect. 
The validity of this observation can be confinned or 
disproven using solid·state n.m.r. spectroscopy. We can 
conclude from the above observations that the use of 

Tible 1 Glass transition temperatures· orthe PVME/PS blend system 
investigated by Scllneider and WirbserJ� 

Polymer blend T, T� T. or, 
("C) ("C) (.C) (0C) 

PVME -ll -31.0 -26 9 
90/10 PVMEjPS -37.6 -33.6 -22 15.6 
75/25 PVME/PS -)4 -30.4 -13 21 
SO/SO PVMEjPS -26 -3.0 3J " 
25f75 PVME/PS -, 34.0 69 7S 
iOf90 PVMEjPS 67 74.0 84 17 
PS 9l 98.0 "5 12 

• T, data extrapolated for zero heating rate 

,,' ':,-.LJWJJJl':,---'--WWl";.-..L.LJ.llIJl1';,-LJ 
10 lOS 104 Id> 

G· (Po) 
Hgure II Plots of log v' t·e,suslog v" [Of the -'Of� PS/PVME bl"",J at 
various temperatures ("C): 0,95: /::,., 90; 0, 80: 9, 75; 0, 70: e. 65; 
A.,6O; •. 5S 
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G· {Pal 
Figure 7 Plots of log G' re'5U5 log G" for the 75/25 P5!PVMf blend 
at various temperatures �0C): O. 150; 8. 140; 0, 127.2; 9. 115.3; 
0,90.1; e. 15.2 

time-temperature superposition for polymer blends, 
which may be judged to be miscible on the basis of T. 
measuremenls alone, is not justifiable unless plots of 
log G' versus log G" show temperature independence and 
furthermore the absence of microhererogeneiry on a 
molecular level is confirmed. 

It is well established loday Ihat a block copolymer 
forms microdomains, depending on the molecular weight, 
block length ratio ami temperature. There exisb a critical 
temperature, commonly referred to as an order-disorder 
transition (or micro phase separation transition) temperature 
(T.), at which a homogeneous block copolymer begins to 
form microdomains as the temperature is decreased 
or a microphase-separated block copolymer becomes 
homogeneous as the temperature is increasedlH• A 
number ofinvestigators8 lJ have used time-temperature 
superposition to obtain reduced (or master) curves from 
dynamic viscoelastic data for microphase-separated 
block copolymers. As pointed out by Han and 
coworkersJ9 ... o, the use of such a practice is not valid. 

Let us illustrate this point by presenting in Figure 8 
the dynamic viscoelastic data for a polystyrene-block
polyisoprene (SI) copolymer (M .. = 17870 and M",/M n = 
1.07) having equal weight fractions of polystyrene and 
polyisoprene blocks41. Ie can be seen in Figllre 8 that 
log G' versllS log G" plots for this block copolymer become 
virtually independent of temperature at 120"C and above, 
and the slope is very close to 2. According to the criterion 
presented above, this block copolymer is homogeneous 
at temperatures of 120°C and above, so that in this case 
time-temperature superposition is applicable only at 
120"C and above. We thus conclude that time-temperature 
superposition breaks down for microphase-separated 
block copolymers. Han and coworkers�9."0,"1 have 
suggested the usc of log G' versus log G" plots to determine 
thc T, of microphase-separated block copolymers. 

In thermotropic liquid-crystalline polymers (TLCP), 
there exists a temperature, commonly referred to as the 

clearing (or isotropization) tcmperature ("fol) at which an 
anisotropic-isotropic phase Iransition takes place as the 
temperature is increased from the anisotropic region or 
an isotropic-anisotropic phase transition takes place as 
the temperature is decreased from the isotropic region"3. 
The morphology of the anisotropic phase in a TLCP can 
be nematic, smectic or cholesteric. 

Recently, Han and Kim .... synthesized an aromatic 
polyester, poly[(phenyl sulfonyl)-p-phenylene l.l().. 
decamethylene-bis(4-oxybenzoate)] (PSHQIO) having 
Mw=40000 and M .. /Mn= 1.54, which is based on a 
triad ester mesogenic unit containing an arylsulfonyl
substituted hydroquinone alternated with a decamcthylene 
spacer4�. PSHQIO has (a) a T, of 88QC, (b) a normal 
melting tcmperature of 115°C, and (c)a nematic-isotropic 
transition temperature(TNl) of I 75"C. Figure 9 gives plots 
of 10gG' versus 10gGN for PSHQ10 at 190"C in the 
isotropic region and at various temperatures (below 
[75<>C) in the nematic region. In obtaining the results 
displayed in Figure 9, a solvent-cast specimen of PSHQIO 
was first heated to 190°C, subjected to steady-statc shear 
flow at a very low shear rate (Y=0.08s -t) for 4min to 
ensure that al1 previous thermal histories associated with 
the specimen preparation were erased, and then cooled 
slowly to a predetermined temperature ( 130, 140, 150 or 
[60°C) in the nemalic region before taking oscillatory 
shear flow measurements. A fresh specimen was used for 
each temperature. It is of great interest to observe in 
Figure 9 that in the isotropic region (i.e. T> 175°q log G' 
versu.� log GN plots become independent of temperature 
and have a slope very close to 2, but in the nematic region 

(i.e. at T< 175°q log G' versus tog GN plots depend on 
temperature and have a slope less than 2 in the terminal 

'0',,----------------, 

G" (Po) 
Figurr 8 Plots of log G' �'t"5US log G" ror all SI diblock copol}'mer at 
various temperatures f°C): 0, 100; 8. 105; G. ! to: 9. 115; O. 117; 
e. 120;,&,125 
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,,;'0=-----------

G" (Po) 

l-igur,,9 Plots of logO' t'ers"s logO" for PSHQIO at various 
temperatures. Isotropic phase al 190'C (0), Nematic phase al t30'C 
(e). 140'C (A). JSQ'C (.). and 160'C f'9'). Measurements in the 
nematic region were taken using a fresh spedmcn at each temperature 

region. Notice in Figure 9 that as the temperature 
is increased, the log G' versus log G" plot approaches 
that for the isotropic phase, an observation very 
similar 10 that madt: rOf an SI diblur..:k r..:upolyrm::r (scc; 
Figure 8). We thus conclude that time-temperature 
superposition breaks down for anisotropic liquid
crystalline polymers. The above observation suggests that 
the isotropic-anisotropic transition temperature (TN)) of 
a TLCP can be determined using log G' persus log G" 
plots. 

CONCLUDING REMARKS 

In this paper, we have pointed out that whereas 
the so-called Cole-Cole plot is strictly an empirical 
correlation, plots of log G' versus log G" have a basis of 
molecular viscoelasticity theory and thus the two are 1101 
related to each other. We have shown further that before 
attempting to apply time-temperature superposition to 
mullicomponent and/or multiphase polymer systems, one 
must first observe whether or not plots of log G' versus 
log G" show temperature independence. While the use of 
a log G; versus log waT plot enables us to determine 
the plateau modulus G�, the use of a log G' versus 
log G" plol gives the following advantages: (I) it 
requires no data manipulation or data reduction in 
obtaining temperature-independent correlation; (2) for 
entangled homopolymers, it gives a correlation which is 
independent of molecular weight; (3) for multicomponentl 
muitiphase polymer systems (e.g. microphase-sepluated 
block copolymers, liquid-crystalline polymers), it is very 
sensitive to a variation in the morphological state. 
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We have pointed out that temperature independence 
of log G' versus log G" plots does not warrant the use 
of time-temperature superposition in multicomponent 
and/or multi phase polymer systems. This has been 
elaborated on for polymer blends, microphase-separated 
block copolymers and thennotropic liquid-crystalline 
polymers. We are of the opinion that when dealing with 
polymer blends, a criterion for compatibility solely based 
on a single glass Iransition temperature obtained 
from, for instance, d.s.c., may not warrant the use of 
time-temperature superposition, because d.s.c. cannot 
detect the presence of microheterogeneity in a blend with 
domain sizes less than about 50 nm. 
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The dispersion and absorption of a considerable number 
of liquid and dielectrics are represented by the empirical 
formula 

(I) 

In this equation, to" is the complex dielectric constant, 
fo and t"" are the "static" and "infinite frequency" di
electric constants, (0)=211" times the frequency, and T� is a 
generalized relaxation time. The parameter a can assume 
values between 0 and I, the former value giving the result 
of Debye for polar dielectrics. The expres!lion (1) requires 
that the locus of the dielectric constant in the complex 
plane be a circular arc with end points on the axis of reals 
and center below this axis. 

I. INTRODUCTION 

I
T is a familiar fact that the dielectric constants 

of many liquids and solids depend markedly 
on the frequency of measurement. The depend
ence is in general found to be a decrease from a 
static value EO at low frequencies to a smaller 
limiting value E"" at higher frequencies. In the 
transition region of anomalous dispersion there is 
an "absorption conductivity" and the situation 
may be described in terms of a complex dielectric 
constant E*=E'-iE". 

The classical theory of the effect for polar 
liquids is due to Debye.1 In this theory the 
difference between the values EO and Eoo is attrib
uted to dipole polarization. The orientation of 
polar molecules in an alternating-current field is 
opposed by the effects of thermal agitation and 
molecular interactions. Debye represents the 

second effect by a picture of viscous damping, the 

molecules being regarded as spheres in a continu

ous medium having the macroscopic viscosity. 
The theoretical analysis in this case leads to the 

.. Publication assisted by the Ernest Kempton Adam.s 
Fund for Physical Research of Columbia University. 

I P. Debye, Polar Molecules (Chemical Catalogue Com� 
pany, New York, 1929). 

If a distribution of relaxation times is assumed to ac
count for Eq. (1), it is possible to calculate the necessary 
distribution function by the method of Fuoss and Kirk
wood. It is, however, difficult to understand the physical 
significance of this formal result. 

If a dielectric satisfying Eq. (I) is represented by a three
element electrical circuit, the mechanism responsible for 
the dispersion is equivalent to a complex impedance with 
a phase angle which is independent of the frequency. On 
this basis, the mechanism of interaction has the striking 
property that energy is conserved or "stored" in addition 
to being dissipated and that the ratio of the average energy 
stored to the energy dissipated per cycle is independent of 
the frequency. 

equation� 

which can be written 

" - '. � (.,-•• )/[1 + (WT,)']. 
." � (." -,.)wT,/[ 1 + (WT,)']. (2) 

where w= 211"' frequency and the parameter TO is a 
characteristic constant which may be called the 
relaxation time.3 

Dispersion and absorption can also occur in 
nonhomogeneous dielectrics. The possibility of 
absorption in a double-layer dielectric if the 
ratios of conductivities and dielectric constants 
of the two layers arc not equal was first pointed 
out by Maxwcll.4 \�ragner5 has derived expres
sions for E', E" in the case of spheres dispersed in a 
uniform dielectric medium. These expressions are 

� Reference 1, p. 94. 
I This constant TO is not the same as the relaxation time as 

defined by i)cbye, differing {rom it by a constant factor 
which depends on the theory assumed for the static 
dielectric constant, d. R. H. Colc, J. Chern. Phys. 6, 385 
(1938). The distinction i!; unimportant for the present 
discussion . 

� J. c. Maxwell, Elutricity Imd Mag"etism (Oxford Press, 
London, 1892), Vol. I. 

& K. W. Wagner, Ann. d. Physik 40, 817 (1913). 
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FIG. 1. Real and imaginary parts of the dielectric con
stant plotted against frequency. The solid curves are for 
the Ochye Eqs. (2), the dashed curves indicate the type of 
behavior frequently found experimentally. 

identical in form with Eqs. (2), differing only in 
the significance of the parameters £0, Eo<>, and TO. 

Theories of other types of dispersion phe
nomena also lead to equations of the same type 
form. The simple theories of paramagnetic dis
persion as developed by Gorter and Kronig,� and 
Casimir and du Pre,7 are examples. The same 
frequency dependence of elastic dispersion and 
damping in metals subjected to alternating stress 
is predicted by the theory of Zener.s 

One might thus expect these relations to have a 
very general validity as a description of dispersion 
processes. Nevertheless, there is a considerable 
amount of experimental evidence to indicate that 
Eqs. (2) are not a correct description of the 
observed frequency dependence in such processes. 
The observed behavior is rather generally found 
to consist in a considerably broader frequency 
range of dispersion and absorption together with 
a smaller maximum value of f." than is predicted 
by Eqs. (2). This is particularly true in the case 
of liquid and solid dielectrics, and it is the 
purpose of the present paper to present the 
results of an analysis of representative experi
mental data. 

The steady state response of a dielectric or 
other dispersion system to a sinusoidal force as a 
function of frequency is formally related to the 
transient response to an applied force as a 
function of time by a Fourier integral. A com· 

I C. J. Gorter and R. de L. Kronig, Physica 3, 1009 
(1936). 

7 H. B. G. Ca�imir and F. K. du Pre, Physica 5, 507 
(1938). 

a c. Zener, Phys. Rev. 53, 90 (1938). 

plete knowledge of either response is sufficient to 
determine the other. The discharge of a condenser 
containing a dielectric described by Eq. (1) 
follows the familiar exponential decay curve. If 
Eq. (1) is not an adequate description of the 
steady state properties, it follows that the 
transient response must differ from the predicted 
exponential time dependence and vice versa. 
Such deviations are indeed found experimentally 
in many cases. The significance of the observed 
behavior and its relation to the steady state 
characteristics wil1 be considered in a later 
paper.9 

II. REPRESENTATION OF DISPERSION DATA 

Before discussing the applicability of Eq. (2) 
to dielectric constant data it is worth while to 
consider the possible representations of such data. 
Ordinarily it is customary to plot f.' and either til 

or the loss factor tan h( = til / f.') against the fre
quency or wave-length. If the Debye Eqs. (2) are 
valid. one obtains the solid curves of Fig. 1. the 
symmetry resulting from the logarithmic fre· 
quency scale. The experimental data often 
possess this same type of logarithmic symmetry 
but with the important differences that the 
frequency range of dispersion is broader and the 
absorption smaller in maximum value. This be
havior is indicated by the dashed curves in 
Fig. 1. 

The experimental data are not readily analyzed 
by such a representation nor is thc significance of 
departures from the expected behavior easily 
appreciated. A more convenient basis for dis
cussion is the Argand diagram or complex plane 
locus in which the imaginary part of the complex 
dielectric constant is plotted against the reat 
part, each point being characteristic of onc fre· 
quency of measurement. The locus of Eqs. (2) in 
this representation is a semicircle with its center 
on the real (E') axis and intercepts at EO and E"" on 
this axis. This is easily shown from Eq. (1) which 
can be written in the form u+V=f.o-E"", where 
U=E*-E"", v=iWTo(E*-E .. ). The quantities u. v, 

considered as vectors in the complex plane are 
perpendicular, their vector sum being the con· 
stant real quantity EO-E«). The right angle in-

I "Dispersion and absorption in dielectrics. II. Direct 
current characteristics," to be submitted to this journal. 
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eluded by these vectors is therefore inscribed in a 
semicircle of diameter EO-f"" as shown in 
Fig. 2 (a) (the imaginary ·part of E* is plotted as 
positive). This semicircle is then the locus of the 
dielectric constant as w varies from 0 to 00. This 
circle diagram has proved a very convenient 
representation of dispersion data in general.10 Its 
usefulness for the present subject of discussion 
will be evident from what follows. 

The complex plane locus suffers from the 
seeming disadvantage that both real and imagi
nary parts of the dielectric constant must be 
known if the data are to be analyzed in this 
fashion. This difficulty is more apparent than 
real, however, as an experimental method suit
able for determination of either component usu
ally involves a determination of the other as 
well. It is important, moreOver, to realize that 
one cannot say whether or not the Debye 
equations arc in adequate description of the facts 
unless these data or their equivalen t are available 
(sec, however, under IV). The discussion of the 
following section is therefore concerned with an 
analysis of some reasonably complete dispersion 
and absorption data in the literature. The con
clusions which can be drawn from less complete 
data will be considered in V. 

III. EXPERIMENTAL EVIDENCE 

A. Liquids 

The original Debye theory of dispersion and 
absorption was developed for polar gases and 
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FlO. 2. Theoretical complex plane· loci of the complex 
dielectric constant and equivalent circuits for dielectrics; 
(a) Debye theory, (b) as required by el(perimental 
evidence. 

10 See, for example. K. S. Cole, J. Gen. Physio!. 12, 29 
(1928); ibid. IS, 641 (1932). 
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FIG. 3. Complex dielectric constants of water and alcohols. 

dilute solutions of polar liquids, but has been 
extensively applied to results on pure polar 
liquids. The major difficulty in testing it ade
quately lies in the technical problem of making 
measurements at the necessary frequencies of 108 

to 1011 cycles for simple polar liquids. It is 
import.'lnt to note that for liquids one usually 
knows both fO and E�, the fonner from low 
frequency measurements and the latter by 
extrapolation to zero frequency of the optical 
index of refraction.ll If these end points are 
known, the semicircle is completely defined, ex
cept that knowledge of EO and E". obviously docs 
not determine the frequency range in which the 
effects occur. 

Baz,12 and Slevogt,13 have made measurements 
on water, methyl and ethyl alcohols over the 
frequency ranges 3X109c-l01oc and 101Ic-3 

X lOge, respectively. The dielectric constant data 
for water and methyl alcohol are plotted in the 
complex plane in Fig. (3). It is evident that the 
data are not in good agreement nor do they 
establish the validity of the theoretical semi
circle. The same thing is true of the results for 
ethyl alcohol. Slevogt has also measured several 
of the higher alcohols. His data for propyl alcohol, 
together with values given by Girard,H are 
plotted in Fig. (3). The internal consistency and 

II This procedure is not without uncertainty because of 
the possibility of atomic polarization giving rise to ab
sorption in the infra-red and a related dispersion of which 
this extrapolation takes no account. In the absence of 
definite information on this point, one can do no better 
than to ignore the difficulty. The error should not, in most 
cases, be serious. 

l:C. Bliz. Physik. Zeits. 40, 394 (1939). 
l' K. E. Slevogt, Ann. d. Physik 36, 141 (1939). 
14 P. Girard, Trans. Faraday Soc. 30, 763 (1934). 
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agreement of the two sets of data are secn to be 
rather poor in this case also. Slevogt's results for 
n-amyl alcohol, as plotted in Fig. 3, can be fitted 
by a semicircle only if f,., is taken to be 3.1 rather 
than the value 1.9 corresponding to the square of 
the optical index of refraction. This difference can 
be plausibly explained as being due to atomic 
polarization. However, the internal consistency 
of the data is sufficiently poor that this expla
nation is only a tentative one. This effect is not 
indicated for methyl and ethyl alcohols on the 
basis of BUz' data and it is not possible to fit a 
semicircle to his results. They can, however, be 
repreSt!nted quite well by a circular arc with 
center below the t' axis as shown in Fig. 3. This 
type of departure from the predictions of the 
simple dispersion theories is characteristic of a 
large number of dielectrics, as will be evident 
from the discussion of the succeeding sections. It 
is apparent that no definite conclusions are 
justified in the case of polar liquids on the basis of 
data similar to those discussed in this section, 
There is, therefor�, a great need for reliable 
values of f' and f" for polar liquids at frequencies 
which cover the major part of the dispersion 
range. 

On the basis of the Debye theory one should 
expect the dispersion range to occur at much 
lower frequencies for viscous liquids. as the 
relaxation time is proportional to the quotient 

TilT, where 11 is the macroscopic viscosity and T 
is the absolute temperature. This type of de
pendence is found experimentally in many cases. 
The dispersion effect may thus occur in a much 
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'{arious temperatures, 

more convenient frequency range and quite 
complete data ex.ist in the literature for liquid:s 
such as glycerine and various glycols which are 
extremely viscous at sufficiently low tempera
tures. The dispersion range for insulating oils 
may also occur at experimentally convenient 
frequencies. In some cases, it is doubtful as to 
whether the dispersion for such liquids is due to 
dipole polarization. Examples of this latter type 
need not be excluded from the present discussion 
bec<1.use, as already mentioned, all the simple 

dispersion theories predict the same frequency 
dependence. A detailed theory must, of course, 
take this difference into account. 

, "r I 
. 

IVIorgan,15 has measuft,,'<l f, E or g ycenne at 
temperatures dmvn to -70°C and over the 
frequency range 30c-lOsc. The complex plane 
locus at -50°C is plotted in Fig. 4 from data 
obtained by interpolation on his published plots 
of l, e" against the temperature. It is apparent 
that the experimental results cannOl be repre· 
sen ted satisfactorily by a semicircle but that a 
circular arc with depressed center is a good 
approximation. 

Data of White and Morgan,16 for a chlorinated 
diphenyl, also plotted in Fig. 4, were obtained in 
the same way and show the same effect. The 
characteristic departure from the semicircle is 
found to an even greater extent in data for a 

't S. O. Morgan, Trans. Electrochem. Soc. 65, 109 
(1934). 

Ie A, II, White and S, 0, Morgan, J. Frank. Inst. 216, 635 
(1933) .  
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rosin OiP7 and a transformer oil,18 which are also 
plotted in Fig. 4. It is to be noted that the 
dispersion range of frequencies is much wider and 
the maximum absorption much smaller in such 
cases. 

The circular arc locus is found to be an (:xceJ� 
lent representation of data on a considerable 
number of other liquids for which data are 
available. It is useful to have some simple 
measure of the departure of such arcs from a 
semicircle. This is conveniently taken to be the 
angle between the t.' axis and the radius of the arc 
drawn to the point t."" and the value of this angle 
is indicated on the plots in Figs. 3 and 4. 

B. Solids 

One should expect the parameter TO to be much 
larger for polar solids than for polar liquids and 
the frequency range of dispersion to be a more 
convenient one as a result. Experimentally, how� 
ever, the situation often turns out to be no 
simpler because this frequency range is often as 
awkwardly low as that for liquids is high. In such 
cases there is a difficulty not found for liquids in 
that the static dielectric constant is nO\l" an 
unknown quantity the value of which can be 
inferred only by extrapolation of the dispersion 
curve to zero frequency. There are, however, 
some reasonably 'complete data on dispersion in 
crystalline polar solids which arc suitable for the 
present purpose. 

Dielectric constants for ice have been de· 
termined over a considerable temperature and 
frequency range by Wintsch,lII Smyth and 

ClI:I.-Of'EJ<rNiOl. �7d'c 
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FIG. 6. Complex dielectric constants of o r g anic 
crystalline solids. 

17 S. O. Morgan and A. H. White, J .  Frank. Inst. 213, J 13 
(1932). IS H. Ricche, Zeits. f .  Physik 95, 158 (1935). 

Hitchcock,2\) and M urphy.H Some of their results 
are plotted in Fig. 5. The data of Wintsch and of 
Murphy extend to lower frequencies so that a 
more complete picture of the dispersion is 
afforded than by the results of Smyth and 
Hitchcock. It is again evident from these graphs 
that a circular arc rather than a semicircle is 
consistent with the experimental data, par· 
ticularly at the lower temperatures. The data of 
Smyth and Hitchcock at temperatures below 
- 30°C arc not complete enough to permit one to 
infer the nature of the complete locus. It is, 
however, significant that the data are not con� 
sistent with the assumption of a semicircle. It is 
seen from Fig. 5 that the data require that the 
dielectric constant locus approach the / axis at an 
angle of somewhat less than 900. At these "low" 
frequencies the data are thus consistent with the 
circular arc loclls found in the other examples. 

White, Biggs and Morgan,Zl have shown that 
several crystalline benzene derivatives exhibit 
dispersion and absorption in the frequency range 
1 to 100 kc. Some of their data at temperatures 
for which this frequency range gives a fairly 
complete picture are plotted in Fjg. 6. In these 
cases also, the circular arc is an excellent represen
tation of the data. All the data of these workers 
which show appreciable dispersion also show 
considerable deviations from the semicircular 
locus. These deviations increase with decreasing 
temperature and, as far as can be determined 
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FIG. 7. Complex dielectric constants of sol ids. 

18 H. Wintsch, H elv. Phys. Acta 5, 126 (1932).  2 0  c. P. Smyth and C. S .  Hitchcock, J. Am. Chern. Soc. 
54,4631 (1932). 11 E. J. Murphy, TrailS . Electrochcm. Soc. 65, 309 (1934). 

'nA. H .  White, S. S. Biggs and S. O .  Morgan, J. Am. 
Chern. Soc. 62, 16 (1940), 
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from the data presented graphically, the results 
are well fitted by a circular arc. 

White and Bishop23 have made measurements 
on a large number of organic crystals and have 
found dispersion in many cases. Their values for 
cyclopentanol at -70°C and cyclohexanone at 
-130aC are plotted in Fig. 6 and again one finds 
that circular arcs are required to fit the data. 
Other results reported in the same paper show 
similar dispersion characteristics, and it is reason
able to conclude that the circular arc is an 
excellent analytic representation of the dispersion 
in a variety of organic crystals. 

Data are available in the literature for a 
number of solid dielectrics of interest in insulation 
problems. These dielectrics are usually of com
plex and uncertain molecular composition, and 
one might not expect to find any very close 
similarities in their dispersion characteristics. It 
turns out, however, that the circular arc locus is a 
very general expression of data for these die
lectrics. Four examples are shown in Fig. 7.2t 

No detailed comment is necessary on the 
general characteristics, which are sufficiently 
evident from Fig. 7. It should, however, be 
pointed out that for such dielectrics as these the 
departures from the semicircle are very great in 
many cases, but that these departures are never
theless represented by a circular arc. It is thus 
evident from these examples and the ones previ
ously discussed that this type of locus is charac
teristic of a large number of otherwise dissimilar 
dielectrics. 

IV. OTHER STATEMENTS OF THE EXPERIMENTAL 
RESULTS 

A. Analytic formulation 

The analytical expression for the circular arc 
locus is easily deduced by consideration of Fig. 2. 
From simple geometry the angle (l-a)1r/2 be
tween the vectors u and v in the complex plane is 
independent of the frequency and equal to half 
the central angle subtended by the arc. [t there
fore follows that 

u+v � u[l + f(w)eiO-o)."] � " -'., (3) ---
t3 A. H. White and W. S. Bishop, J. Am. Chern. Soc. 62 g 

(1940). 
' 

24 The sources of the data are: chlorinated diphenyl, 
reference 16; glycol phthalate resin, W. A. Yager, Physics 
7, 434 (1936); Halowax, reference 15; slate, G. E. Bairsto, 
Proc. Roy. Soc. 96, 363 (1920). 

0.) 
COMPLEX OISPERSION RATIOS -LO . 

LO 10 FREQUENCY 100 

FIG. 8. Frequency dependence of the complex dielectric 
constants of ice and glycerine, as explained in the text. The 
logarithmic scales of frequency have been shifted by 
arbitrary amounts. 

where few} is a (real) undetermined function of 
the frequency and other parameters. From the 
relation e,(1-Clh'-/2=io-«) this can be written 

as the complex quantity u is simply f.* -1':"" where 
E* is the complex dielectric constant. 

The dependence of the function f(w} on the 
frequency is undetermined by this geometrical 
argument. From general considerations one can 
expect that this dependence will be of the form 
wI-a, as the complex form of t"* results from the 
initial hypothesis of an applied field E=EoeiOlI• 
Any theory in which w appears as the result of 
linear operations on the complex exponential 
must lead to the same functional dependence on w 
as on the unit imaginary i so that 

where the parameter 1'0 is left undetermined. 
This dependence of few) on w is easily verified 

from the experimental data by plotting the 
logarithm of the ratio Iv/u I against the logarithm 
of the frequency. It is easily shown from Eq. (5) 
that 

(6) 

and the locus of 10g�lv/ul plotted against log..w 
is a straight line of slope 1- a. 26 As an illus
tration, these quantities are plotted from the 
data of Murphy for ice and of Morgan for 
glycerine in Fig. 8. It is seen that the locus is 
indeed a straight line of slope less than unity as 
required by Eq. (6). Furthermore, the values of a 

n K. S. Cole,]. Gen. Physiol. 12,29 (1928). 
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so obtained are in agreement with the values 
required by the circular arc loci. 

The real and imaginary parts E', Ell of the 
complex dielectric constant as a function of 
frequency are given by 

[ Sinh(l-a)x ] 
=!(Eu-Eoo) 1- , 

cosh(l-a)x+cos�'a'lr 

" 
(EU-E",)(WTO)I-a cos�a7r 

, = 
1 + 2(WTo) 1-" sin ht1r+{wTo)2(I-a) 

Hto-t,,) COs�a1f 
= -�----,--. . 

cosh(l - a)x+sm!a1f 

(7) 

where x=!oge(WTO)' It is easily seen that Eqs. (7) 
reduce to the Debye expressions (2) for a =0. For 
values of a greater than zero the dispersion 
region is broader and the maximum value of Elf 

for W = 1/ TO decreased. 
If data are available only for t' or Ell alone as a 

function of frequency, the applicability of Eq. (5) 
can be determined by some such method a!> 
comparison with standard curves for Eq. (7). It 
should be noted that l and E" are uniquely 
determined if either fe' or E" is known over the 
entire frequency range for which dispersion and 
abS9rption occur. The general relations 

(8) 

were given by Kramers26 and are easily shown to 
follow from the fact that E' and fe" are conjugate 
functions. It is readily verified that the relations 
(8) are satisfied by the explicit forms of E' and t" 
given in Eqs. (7). 

B. Equivalent circuits 

It is often convenient to represent the prop
erties of dielectrics exhibiting dispersion by 
means of an equivalent electrical circuit. Such a 

n H. A. Kramers, Aui CongT. dei Fisici, Como, 545, 
1927. See also reference 6. 

network for a dielectric described by an equation 
of the Debye form is shown in Fig. 2(a). In this 
circuit the capacity IE"" represents the polarization 
which is established even at vcry high fre
quencies, while the capacity feo- f"" correspond!:; to 
the polarization set up only for low frequencies of 
the field. The mechanism which acts to prevent 
this polarization from being established at higher 
frequencies i!:; represented by the resistance 
TO/(Eo-fe.,.). 

If the experimental data require the circular 
arc locus and Eq. (5) as an expression of the 
dispersion, the resistance of Fig. 2(a) is replaced 
by a complex impedance Z='To(iwrO)a/(Eo-fOlO), 
This impedance has the striking property that, 
while the resistance and reactance components 
are functions of the frequency, the phase angle is 
a constant independent of the frequency and 
equal to !a1f. 

Since the angle between the fe' axis and the 
radius vector to the point E", of the circular arc in 
the complex plane locus is also equal to !a1f, the 
properties of a dielectric with a locus of this kind 
may be stated equally well in terms of this phase 
angle or in terms of the index a. It must be 
understood that the use of the complex impedance 
Z is merely one way of expressing the experi
mental facts and that it and its real and imagi
nary parts have no conventional meaning. 

V. INTERPHETATION Q(? LESS COMPLETE DIS

PERSION DATA 

In many cases dispersion data given in the 
literature arc not sufficiently complete to de
termine uniquely the complete dependence of the 
complex dielectric constant on the frequency. It 
is, however, possible in some cases to show 
definitely that such data arc consistent with Eq. 
(5) and not with Eg. (1). 

A. The complex plane locus for very low or high 
frequencies 

Because of technical difficulties, experimental 
values of fe' and E'l are sometimes known only near 
the low or high frequency limit of the dispersion 
range so that the complete dielectric constant 
locus cannot be plotted. In these cases it is 
possible only to determine whether Eqs. (1) or 
(5) arc consistent with the data. If Eq. (1) is 
valid, the locus approaches the IE' axis for W = 0 or 
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TABLE I .  Cons/ants o f  dispersion and absorption for tVlriol1S dielu/rics.-

REFER- REI'f.R-
T"C .. •• • b • I!NCIl 1"C • '. • b • KNI,:f. 

A: LiquidJ J,5,o-Tricl!lot(). -," 7.115 J." " ., 0.3\ " 

\\'ater .. " I.' OA " 0.09 " bem:ene 

\Vater .. " 1.8 (0.0) \J Methy!penta- 0 5.36 .1.10 3.' 7 0.11 " 

Methyl akohol .. 31.8 2.0 6.' II 0.1l " cldorobemene -IS S.S� 3.10 1.6 6 0.13 " 

" (33.:2) , .• '.9 I I  (0.0) \J -<0 5.94 3.10 I.. , 0.24 21 
1,2,3,4-Tetm- -i7 9.65 3.02 2.1 6 0.22 21 

Ethyl alwhol 20 2 5.8 1.85 9.' II O.IS 12 methyl 5.6-d1· -" 9.70 J.OO 1.1 , 0.25 " \9 26.0 1.85 \.3 I' (0.0) \., 
chlorobeJU;ene -I! I 9.80 2.92 6.1 , 0 .. 1\ 21 Propyl akohol 7 19.2 1.9 3.2 I' (0.0) " 

Pentamethy!· _6\ 7.34 V,J.4 '.9 6 0.\8 " \9 21 .3 \., 3.2 .. (0.0) \J 
chlorobenzene -70 8.110 3.00 \., , 0.21 22 .. _Butyl alcohol \9 19.1 (3.2) 6.' 10 (0.0) \J -i9 '.60 2.92 5.0 , 0.26 " l�myl aloohol \9 (16.1) (3.1) \.. , (0.0) \J Cydo�ntanol -70 48 '.3 7.6 6 0.11 2J GlyceTine -SO 63 , .• 6.' , 0.21 " Chcia eunone -130 2<>.9 3.3 \.6 8 0.55 2J -60 69 , .• \.2 3 0.21 " A ietic acid 66.' J.72 2.81 ", 6 0.40 ,. ROOI! oil Nu. I 7 2.1125 2.475 J.S 6 0.46 17 Chlorinated 14 5.20 2.82 1.6 6 0.12 \6 -I 2.840 2.475 I.' , 0.51 17 diphenyl No. 2 , 5.49 2.82 2.8 , 0.20 \6 -, 2.8511 2.475 6.' S 0.53 17 -I (5.73) 2.f12 0.28 \6 

Roo;in oil No. 2 -," 2.67 2.48 2.' , 0.37 17 Chlorinated Ji '.06 , ... J.' 6 0.1.1 \6 -S<> 2.48 (0.64) 17 diphenyl No. 3 27.5 4.23 '.M 7.2 , O.2.� \6 Tran,former oil • 2.82 2.26 2.0 8 0.63 \8 Plasticized poly· " (10.0) 3.0' 1.3 • 0.61 " Chlorinated -25 7.10 2.76 '4.3 , 0.27 \6 
diphenyl No. I -30 (7.44) 2 .76 3.6 4 0.31 16 vinyl chloride 

Gly",;"l phthalatc ". 11.2 , .. 5.7 0.44 " 

8: ScUds N:5ln 
Phenol formalde- ;0 8.25 3'<' 1.1 , '.60 JJ 

I� -I 74 3.' , .• , 0.03 20 hydc rcsln 
-, " 3.' 3.1 , '.00 20 ViMOI 98 8.411 3.42 1.2 • 0.6' ,. 
-, 80 3.' J.I , (0.08) \9 Halow:n: -40 6.70 3.40 4.' 7 0.42 " 
- 7.1 98 2.' ••• , 0.04 21 -SO 6.15 J.40 ". 6 0.54 15 

-20 " 3.0 I.. • 0.02 20 -60 6.80 3'<' 3.' , 0.6<1 15 
-20 " 3.' I.' 4 0.07 \9 Paraffin " (0.85) " 
-40 (81) 3.' 0.02 20 Ceresin 21 (0.86) " 
-," J.' 0.16 \9 Rubber. 200/. " 4.85 2.70 1.1 , 0.64 34 
-45.8 97 2.' ", 3 0.07 21 9ulphur -SO 3.01 U.12 20 Rubber. 32% 135 5.70 2.70 5.3 , 0.68 34 
-60 3.00 0.17 20 sulphur 
-6.\.5 (117) J.' 0.6 2) 0.17 21 Pl""eI " �'.88s) " 
-1'0 VIO 0.2 2 70 � iea 21 0.88) " 

1.2.4-Trimelh�'l -60 7.16 .t.O , .. 6 0.19 " Slate , (98) 8.0 ", • 0.53 ,. 

• Values of !II' 0<0), rt . .. and the temPt'ratUTC of measLirement arc l!81ed, together with the lIOurce of the data. Value, whieb are doubtful becaWie 
of Inadequate Ircquency range or lack of consistency of tDe data aTe enclosed in pareotbeliCl. The values of .. listed in .ueh ca9l':! do nOI nttessarily 
apply to the entire frcquency rallRe. The absence of an entry indlea.lel that the data do not Pt'rmit even an apPl'(Ill:imate estimate. Tht entries 
for r. aTe iliven a. value. for a and b. re5�tivety. in the equation T� "'11'10-6 sec. 

00 at right angles to the axis. If Eq. (5) is 
satisfied, the limiting slope of the locus is not 
infinite but rather tan!{1-a}1I" as is evident from 
Fig. 2(b). 

The latter behavior is found to be the general 
rule. An example is found in the data of Smyth 
and Hitchcock for ice at temperatures below 
-30°C as plotted in Fig. 5. As the temperature 
decreases, the limiting slopes show an increasing 
departure from the value of unity demanded by 
the Debye theory. At these lower temperatures it 
is clearly impossible to do more than guess at the 
nature of the dispersion except at the high fre
quency limit, and one can only suspect that, as in 
many other cases, the locus may weB be a circular 
arc. ] t is still less possible to determine the value 
of the static dielectric constant, and one can only 
venture the opinion that it must be very large 
and attained only at extremely low frequencies. 

MacLeod27 has obtained data on several solid 
dielectrics which show the same characteristic. 
This observer determined the equivalent series 

t1 H. J. MacLeod, Phys. Rc\'. 21, 53 (1923). 

resistance R. and capacity C. of glass, paraffin, 
ceresin wax, and mica ovcr the frequency range 
Sooc-10lc and found that the data could be 
represented by equations of the form R.=a,,-k, 
C.�b(l+cv·-I). It is readily shown from Eqs. (7) 
that for WT� lone obtains relations of this form 
and that k=2-a, n=a. From this it is also seen 
thatn+k= 2, which MacLeod found to be the case 
to within 0.5 percent. These results are par
ticularly interesting bemuse they show that for 
these dielectrics a frequency of SOOc is near the 
infinite frequency end of the dispersion range. 
Furthermore, the values of Q lic between 0.85 and 
0.90 so t.hat the dispersion range is very wide and 
the static value of the dielectric constant 1S 
attained only at extremely low frequencies. 

B. Maximum value of the absorption 

The second of Eqs. (7) predicts that the 
maximum value of l' for w=l/To is 

."" .. �t(,,- •• ) tan [(I-a)�!4). (9) 

Dat..'l tabulated by 1\1organU show that for a 
ns. O. Morgan, J. Ind. and Eng. Chcrn. 30, 273 (193 8). 
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considerable number of alcohols, glycols, various 
chlorinated compounds, rosins and solids the 
value of E" maX is considerably less than HEft-E::.} 

This is, from Eq. (8), consistent with the circular 
arc locus and values of a greater than zero, 
although one is not, of course, entitled to deduce 
from these data alone that the dispersion is 
described by Eq. (5). 

C. Dependence of the absorption conductivity 
on the frequency 

Data in the literature on the "absorption 
conductivity"29 of dielectrics as a function of 
frequency give further evidence consistent with 
Eqs. (7) for 0: > 0. This conductivity (T is from 
elementary considerations equal to E" w. At very 
low frequencies Eq. (7) gives 

E =  (EO-E",,)(WTo)2-""cos!a1r. (10) 
Thus, if w«l/To, (T should be proportional to a 
power of W between 1 and 2 for values of a 
between 1 and O. An example of departures from 
the limiting square law frequency dependence is 
found in data of Dahms,110 on aqueous sugar 
solutions. These experiments gave an absorption 
conductivity proportional to a power of w be
tween 1.88 and 1.56. From Eq. (9) these results 
correspond to values of between 0.12 and 0.44. 

Schmale,31 has measured (T for water, nitro
benzol, chlorobenzol, and acetone for wave
lengths from 10 m to 20 m. He found that the 
absorption rond uctivity was proportional to w:' 
in all cases, in agreement with the Debye theory. 
Because of the rather limited frequency range 
and the discrepancies between data of Baz and 
Slevogt on polar liquids, this evidence cannot be 
regarded as conclusive. 

It is clear from the examples which have been 
discussed in this section that the circular arc 
locus and the equivalent analytic representation 
of Eq. (5) are an excellent description of the 
dispersion in a large number of dielectrics. This 
description requires the introduction of the single 
parameter a in addition to the co�stants {Q, E"", TO· 

n It 5hou Id be emphasized that thi5 "ab50rption con
ductivity" refers only to the conductivity associated with 
dispersion. It does not include any "direct current" steady
state conductivity as will be discussed in a later paper 
(reference 6). 

1\1 W. Dahms, Physik. Zeits. 37. 158 (1936). See also: 
!vf. Wien, Physik. Zeits. 37, 870 (1936). 

'I K. Schmale, Ann. d. Physik 35, 671 (1939). 

The experimental results are thus completely 
described by these four quantities and the values 
found for the examples considered in the present 
work are listed in Table 1.32-34 

VI. PROPOSED MODIFICATIONS OF THE SIMPl.E 

DISPERSION THEORIES 

The fact that a considerable amount of ex
perimental data can be represented by Eq. (5) 
with a > O  does not of course explain why this 
kind of result should occur. It has long been 
recognized that the Debyc Eqs. (1) are not valid 
in many cases, and various explanations have 
been put forward to account for the observed 
deviations. The fact that so many of these 
deviations are represented analytically by Eq. 
(5), graphically by the circular arc locus, or 
electrically by a complex impedance with phase 
angle independent of the frequency has not 
previously been brought OUt.35 It is therefore of 
importance to examine whether this characteristic 
behavior is accounted for by any of the pro
posed explanations. 

A. Hindered rotation 

The hypothesis of hindered rotation has been 
applied to the problem of the static dielectric 
constant of polar liquids by Debye,36 and to 
dispersion in polar liquids by Debye and Ramm.37 
The difficulties with the concept in the two cases 
have been discussed elsewhere.3s For the sake of 
completeness, the relation of the theory of 
Debye and Ramm to the experimental results on 
dispersion will be outlined brieAy. 

If the effect of the assumed hindered rotation is 
small, the term 1/(1 +iwTo) in Eq. (1) is replaced 
by a series of the form 

c. 
L . 

1 +iWTo/X .. 
( 1 1  ) 

and the frequency dependence of E* is modified. 

1Z W. A .  Yager, Trans. Electrochem. Soc. 74 (preprinl) 
(1938). 

U L. Hartshorn, N. J. L. Megson, and E. R ushton, Proc. 
Phys. Soc. 52, 796 (1940). 

M A .  H. Scott, A .  T. McPherson, and H. L. Curtis, 
Bur. Stand. J. Research 11, 173 (1933). 

!Ii See, however, reference 10. 
:lG P. Dchye, Physik. Zeits. 3(;, 100, 193 (1935). 
31 P. Dcbye and W. Ramm, Antl. d. Physik 28, 28 

(1937). 
3� See, for instance, J. H. Van Vleck, J. Chern. Phys. 5, 

556 (1937). and reference 3. 



350 K .  S .  C O L E  A N U  R .  H . C O L E  

The experimental deviations from Eq. (1) ,  for 
polar liquids, however, occur in strongly polar 
liquids for which the theory predicts only a 
single dispersion term of the form (10). Further
more, the departures increase with decreasing 
temperature, a behavior which is again contrary 
to the theory. 

The series (11)  cannot in any case reasonably 
be expected to account for Eq. (5). The nature of 
the difficulty is readily seen by considering the 
expression (7) for E", This expression is loga
rithmically symmetrical in the frequency about 
the value w =  iI-Tn. The series ( 1 1) must thtm give 
this same characteristic symmetry which can be 
the case only if the constants en have the same 
value for >"n = lin as for }.n = n. I t is difficult to see 
any reason for such a symmetrical distribution of 
the c". Furthermore, this distribution must be a 
very broad one to account for values of a much 
greater than zero (d. under C). In addition, the 
distribution must approximate a continuous one 
as otherwise the limiting behavior at very low or 
very high frequencies will be given essentially by 
a single term of the series. This would require 
limiting 90° angles of approach to the E' axis of 
the complex plane locus. As is evident from the 
discussion in III and V, this behavior is not found 
experimentally. 

B. Effect of molecular shape 

In the original Debye treatment for polar 
molecules the molecules are assumed to be 
spherical. If a more general assumption of an 
ellipsoidal form is made, one obtains instead of a 
single relaxation time three related in terms of the 
axial ratios of the cllipsoid.39 A series of the form 
(11)  with three terms is then obtained. The 
difficulties \\Iith this hypothesis as a general 
explanation are then covered in the di5cussion 
under A. 

C. Distribution of relaxation times 

The concept of a distribution of relaxation 
times was first introduced by von Schweidler.4° 
Later Wagner5 proposed the use of a logarithmic 
Gaussian distribution of the form 

F(s)ds� (b/�I)cxp( -b's')ds, (12) 

II J. Perrin, J. de phys. ct rad. [7J 5, 497 (1934) ; A. Budo, 
Physik. leits. 40, 603 (1939). tG E. von Schweidler, Ann. d. Physik 24, 711 ( 1 907). 
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FIG. 9. Distribution of relaxation times F(s), wh.ere 
s-Iog. (T/TU) ; (a) calculated from circular arc locus for 
« = 0.23, (b) logarithmic Gaussian di�tribution for b"'0.6. 

where s = log.(7/7o) and b determines the breadth 
of the distribution, As Fuoss and Kirkwood41 
have shown, it is possible to calculate the 
distribution necessary to aCCOunt for any given 
experimental results from the observed E" �fre
qucncy relation. If the general relation (7) for E" 
is used, their analysis is easily shown to give the 
result 

1 sinmr 
F(s)ds �-' ds. (13) 

211" cosh(t -a)s� cosa11' 

It is interesting to compare this result with Eq. 
(12). Yager74 has evaluated �f and E" from 
Eq. (12) by numerical integration and from his 
values it is possible to find the value of b which 
corresponds most closely to a given a. As an 
example the two distributions for b=0.6 and the 
corresponding value 0.23 of a: are plotted in 
Fig. 9. It is evident that the Gaussian distribution 
(dashed curve) requires too great a concentration 
of relaxation times for values of 7 which are 
comparatively close to 70 and that the distri
bution (13) is considerably broader. The neces

sary breadth increases rapidly for larger values of 
a and the Gaussian distribution (12) is an in
creasingly poorer approximation. For a = 0.5, 95 
percent of the relaxation times are included in the 
range 0.001 < r/ro < 1 000, while for a =  0.75 only 
72 percent are included in the same range. 

Although the' distribution (13) is formally an 
exact representation of the circular arc loclls and 
Eq. (5), there remains the difficulty of accounting 
for such a broad distribution as is required in 
many cases. An even greater difficulty is en-

tl R. Fuoss and J .  G. Kirkwood, ]. Am. Chern. Soc. 63, 
385 (1941). 
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countered in attempting to account for the 
essential logarithmic symmetry of this distri
bution. In the absence of any satisfactory 
explanation of these features, the distribution 
function is nothing more than a means of ex
pressing the experimental results which IS 
equivalent to the circular arc locus or Eq. (5). 

D. Complex coefficient of viscosity 

Gemant�2 has suggested that, by analogy with 
observed elastic effects in solid friction, one might 
expect in the case of polar dielectrics a complex 
coefficient of viscosity or solid friction in the 
relaxation time of Eq. (1).  This viscosity 1)* must 
be of the form 

1)* = 1)o(iw)-"', 

TJIl being a constant, if Eq. (5) is to result. 
An assumption of this kind docs not, of course, 

explain the experimental results but merely 
restates the problem in terms of a concept which 
itself remains to be explained. There is therefore 
little to be gained by this approach. 

E. Other suggested modifications 

Ge�ant has also proposed that the dispersion 
term l/(1 +u.,To) in Eq. (1) be replaced by an 
expression of the form [1 - (iwTo)aJ/[l - (iWTo)II], 
whe,e g= (4j±1)/(4k±I),  h = (41+2)/(2m+ I),  
with j,  k,  t ,  m integers. This expression reduces 
properly to 1/[1 + (iwTo) '-a] only if g =  th= I - a. 
In the absence of a fundamental basis for the 
suggested expression, this procedure offers nothing 
in the way of explanation for Eq. (5). 

Other modifications of the simple dispersion 
theories which have been suggested either have 
no effect on the frequency dependence or are 
incapable of accounting for the particular type of 
dispersion found experimental1y as expressed by 
Eq. (5). 

n A. Gc:mant, Physics 7, 3 1 1  (1936). 

VII. CONCLUSION 

The experimental data which have been dis
cussed arc believed to be representative of a 
considerable number and variety of dielectrics. 
There is no doubt that dispersion and absorption 
in these dielectrics may be due to onc or more of 
several types of polarization. The remarkable fact 
is that the experimental results are so generally 
expressed by an empirical formula involving a 
single new constant a. 

The hypothesis of a distribution of relaxation 
times, although a natural one to consider, leads 
to a general distribution formula with the one 
disposable parameter a. Both the breadth and 
form of this distribution are difficult to under
stand. The fact that so many otherwise dissimilar 
dielectrics exhibit the same characteristic form of 
dispersion suggests that a more general funda
mental mechanism or process must be involved. 

The ordinary mechanisms proposed to explain 
dielectric absorption (e.g., viscous damping, 
direct current conductivity) have the common 
feature that they are purely dissipative in 
character. This is represented in the equivalent 
circuit of the dielectric by a pure resistance. The 
actual behavior of dielectrics, however, requires 
that the dispersion mechanism be equivalent to a 
complex impedance as shown in Fig. 2 (b). It 
therefore implies a conservation or "storage" of 
energy in addition to dissipation of energy in the 
mechanism of molecular interaction responsible 
for the dispersion. The characteristic feature of 
the equivalent complex impedance, a phase angle 
which is independent of frequency, has a very 
simple statement in terms of energy. Namely, the 
ratio of the average energy stored to the energy 
dissipated per cycle in the form of heat is a 
constant independent of the frequency. The 
simplicity of this result suggests that the problem 
may profitably be considered from this viewpoint. 
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ON MUSICAL INSTRlJ}XNT WOOD 

Daniel W. Haines 
CIBA-GEIGY Corporation 

Ardsley, N. Y. 10502 U.S.A. 

ABSTRACT 

We report the results of an extensive study of woods 
which had been selected for the primary components 
of high quality violins, guitars, and pianos. Well
established traditions exist in wood s election for 
musical instruments. Spruce is nearly the unanimous 
choice for violin tops, guitar tops, a nd piano sound
boar�s. Maple enjoys a similar po�ition for violin 
backs as does rosewood for guitar backs. Tradition 
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extends to how the wood is cut from t he tree and to 
preferences for certain species. Why is this,so? We 
believe t he answers rest in certain musically related 
mechanical properties of these woods, namely stiffnesses, 
density and vibrational damping. We determined experi
mentally 11 such propert ies for 87 wood samples represent
ing 25 wood species, all of whic h had been selected for 
use in high quality musical instruments. We offer the 
rationale for selecting these properties for test and the 
numerical values of the properties are given in tabular 
form. Means and standard devi ations are given for species 
with sufficient sSlI:ples to justify suc,h analY, sis. We then 
use these data as t he basi's for offering our explanation of 
certain traditions in the making of violins and other string 
ins truments. 

INTRODUCTION 

Tradition in violin making is very strong. Material 
selection and certain construction principles have been 
essentially fixed for 300 years. For a s horter tim e  
span this i s  true also for guitars and pianos. Tradi
tion dictates t h� use of spruce for violin and guitar 
top plates and piano soundboards, t he primary sound 
radiating elements of these instruments. Schelleng 
has shown that the typi cal mechanical properties of 
spruce place it in a very favorable pOsition for t his 
application . (1) �early as strvng is the tradition 
of , maple for violin backs and rosewood for guitar 
backs, also important sound radiating elements. 
' [ In this report " violins" is to be interpreted as 
referring to all 4 members of the modern string fam
ily. the viol family, and the new 8 member violin 
f.-ily of C. M. Hu t ch ins (2»). 

Quarter cut or vertical grain r",fers to a panel removed 
from a tree suc h that it contains a radial plane. This 

procedure rest:\ts in the annusl rings and the wood fibers 
being perpenriicu13� and ?ar�llel respectively, to the 
panel surface. (See F igure 1). Slab cut refers to a 
flat panel perpendicular to the quarter, still with the 
wood fibers paralle l to the surface. Skew cut indi cates 

a �ut intermediate bet·..reen quarter and slab. Tradition in 
violin making demands that the apruce top be quarter cut 
without except ion. The maple back is preferably quarter 
cut; slab cut is pe�issable, but as wich the top never 
should it be skew cut. A vio lin plate is arc hed, not 
flat, however the edge fits snugly on a flat surface and 
violin makers strive to have the rings perpendicular to 

such a surface. Plates cut on the quarter are desirable 
for guitar tops and piano soundboards too, but skew 'c uts 

show up frequently in these instruments. Wo ods with 
knots are discarded and clearl straight grain is sought 
al.ast without exception . 

Beyond these requirements, preferences are still strong. 
Of all spruce, a premi • ..DD is often placed, on the European 
species, Picea excelsa. Czechoslovakian ma ple is fre� 
quently preferred to others and Brazi lian rosewood is 
considered superior to Indian ros ewood. 

We contend the foundation of these traditions is supplied 
by certain acoustically related mechanical properties of 
the woods; namely, density, stiffnesses and vibrational 
damping. These mechanical properties, the geometry of 
the instrument, and t he excitation produced by the 
player are interactive and primarily responsible for 
the musical impression produced. We introduce a single 
number constant, L, a loudness index which incorporates 
those properties believed to be the most significant. 

We tested almost every wood species of signifi..:ance in 
str ing instrument sound production under closely con
trolled temperature and humidity conditions. Many 
IIBples we re sc raps from woods wI: ich i,ad been used 
to build fine instruments. Earlier i nvestigators 
sought fewer pr c p � rt i e s of a restricted range of 
musi�aL grsde wood. Also, few of them tested their 
materials in co � trol led environmental condi tions. 
These wvrks have been summarized in an earlier report 
(3). Tnerefore one important result of our study is 
a unique, complete characterization of the musically 
i.portant properties of choice wood for instruments. 

Our motivation for undertaking this study was to 
establish a data base of wood properties to 
foster the rational selection and desi�n of wood 
substitutes for musical instruments. Ea rl i er , we 
reported on the design and appl ication oi graphite/ 
epoxy materials as spruce substitutes in guitars and 
violins. (4,5) Rapid development cont in ��s worldwide 
on a broad range of grap hite and other fiber-reinforced 
.aterials suitable for wood substitution. Noting this, 
we believe the results re ported h�re to be particular
ly timely. 

Of course, wood will not soon be completely replaced by 
subltitutes, if ever. Thus, with the data base now 
established, it also becomes possible for instrunent 
maker s to test and evaluate their construction woods 
00 a sc ientific basis. The information we have 
gathered also cont!i�utes to the eventual resolution 
of some of the more controversial topics in mu sica l 
instrument construction; namely, t he virtues of old 
wood, air dried vs. k i ln dried curing, and the pre
sence of bear claws. A subsequent report will contain 
our findi ngs pertaining to plywood, various treatmen�s 
including light exposure, water soaking, and the emo
tional subject of violin v�rnish. 

We begi n by d iscu ss ing the format vf our ?resenta�ion in 
Tables I and 2. This is followed by disc�ssions of each 
wood species tested with reference to indivi�ual samples 
when approp�iate. Finally , we s�arize our conclusions. 

FORMAT OF PRESENTATION 

The test results are summarized in Tables lA-lC and 2. 
Table IA pre�ents data for spruce (Samples 1-42), the most 
important inst rume (l t wood. Table IB shows data [or widely 
used woods (Samplp.s 43-65) for instrument backs - caple 
for violins, r�sewood and mahogany for guitar hacks. 
Table lC di sp l ays data for less commonly IJs�d woods for 

both tops (S�� pl es 66-77) and b�cks (S�mples 78-66). 
Pernambuco (Sample 87) is the choice for violin bows. 
The letter following each sample nwber indicates the 
source of the sample: A for anonymous, D for Fred 
Dickens, H for Carleen Hutch i ns, M for t he C. F. Hartin 
Or,aqisation, S for Steioway & Sons, T for Peter Tour in. 

The column headings of T&bles IA-IC indicate the measured 
.. terial propertip.s deemed relevant to musically important 
.ibrational character ist ics (3). Measurements were per
for.ed on rectangular stri ps typ ically 0.3 cent imeters 

thick, 1.5 centiMeters wide, approximately 12 centimeters 
100g. Strip dimensions varied , d epending on available 
s .. ple sizes, but all were very � lose to sizes obtained 



S 
A 
M 
P 
L 
E 

1H 
2H 
3H 
4H 
5H 
6H 
7H 
8A 
9S 

10M 

llH 
12H 
13H 
14H 
1511 
16H 
17M 
18:1 
19M 
20M 
21M 
22M 
23T 

24H 
25H 
26H 
27H 
28H 
29H 
30R 
31H 
32H 
33H 
34H 
35H 
36H 
37H 

38T 
39T 
40T 

DENSITY 
Kilograms 
per cubic 

meter 

fl' �l. 
490 
430 
560 
440 
480 
540 
390 
450 
420 
440 

480 
470 
510 
430 
390 
430 
530 
370 
460 
450 
360 
500 
460 

410 
460 
520 
510 
460 
510 
500 
490 
510 
470 
500 
480 
460 
450 

460 
480 
430 

460 

520 
430 
530 
520 
390 
420 
440 
390 

440 
450 
530 
550 
390 

520 
390 
'.90 
470 
400 
510 
470 

450 
470 
570 
590 
490 
530 
500 
510 

520 
510 
530 
510 
510 

480 
440 
430 

VELOCITY OF 

SOUND 

Meters/ Sec. 

CII C.L 

5900 
5400 
5300 
5700 
5600 
5700 
5300 
5300 
5700 
6000 

5200 
5100 
5900 
4600 
3700 
5500 
5300 
4900 
5500 
6100 
5500 
5500 
5200 

5400 
4800 
'i6

·
00 

5200 
5900 
4300 
5300 
6100 
6100 
5500 
5('00 
6300 
5500 
5700 

1400 

1.51}0 
850 

1200 
1400 
1400 
1300 

680 
1100 

1700 
1300 
1200 
1400 
1400 

1400 
1700 
1000 

640 
1300 
1300 
1500 

1700 
1200 
1100 
1400 
1200 
1300 
1200 
1300 

1200 
1100 

950 
1200 
130(' 

5700 1600 
5200 1600 
5700 1600 

41H 340 380 5300 1500 

TABLE 1A - MECHANICAL PROPERTIES OF SPRUCE SELECTED. FOR MUSICAL INSTRUMENTS 

MEASURZD AT 21·C AND 60% RELATIVE HUMIDITY 

YOUNG'S 
MODULUS 

Mega Pascals 

E" E
.L 

17000 
13000 
16000 
15000 
15000 
18000 
11000 
13000 
14000 
16000 

13000 
12000 
18000 

9300 
5300 

13000 
15000 

8800 
14000 
17000 
11000 
15000 
13000 

12000 
11000 
16000 
14000 
lEOOO 

9600 
14000 
18000 
18000 

4000 
12000 

9000 
14000 
15000 

950 

1100 
320 
740 

1 10Q 
750 
650 
170 
500 

1300 
790 
720 
990 
730 

1000 
liOO 

520 
190 
650 
830 

1100 

1400 
630 
620 

1000 
660 
930 
760 
910 

750 
640 
480 
680 
790 

15000 1200 
13000 1200 
14000 1000 

SHEAR 
MODULUS 

�leg�als 

Gil G j.. 

850 
910 

1300 
760 
820 

660 
790 
650 

1200 
1100 
1100 
1000 
1100 

630 
1200 

800 
840 
740 

1200 
1000 

510 

850 
840 
730 

1200 
660 

1300 
990 
630 
650 
950 

1000 
540 
790 
640 

690 
740 
470 

44 

72 
55 
62 

46 

44 

46 
64 
69 
71 
40 

120 
47 

100 
400 

42 
130 

27 

43. 
51 

160 
53 
34 
40 
34 
34 

37 
48 
37 
37 
42 

53 
45 
37 

RADIATION 
RATIO 

CTP 
LOGARITHMIC DECREMENT 

Low Frequency High Frequency 

R" R.I.. �" (freq.) S.l. (freq.) .s" (freq.) SJ.. (freq.) 

Picea exce l s a) EUROPEAN SPRUCE (Norway Spruce, 
12 2.9 .016 (1014) .050 ( 415) 
13 .032 ( 301) 

.050 (1502&) .062 (11794) 

.067 (11635) 
10 2.8 .027 ( 532) .083 ( 145) 
13 2.0 .020 ( 921) .073 ( 245) 
11 2.4 .022 ( 642) .069 (1046) 
11 2.6 .022 (1416) .062 ( 446) 
14 3.6 .022 ( 298) . 055 ( 604) 
12 3.0 .021 ( 620) .063 243) 
13 1.6 .019 ( 915) .063 120) 
15 2.7 .021 ( 779) .058 753) 

.061 (11800) .090 (10987) 

.072 (11363) .06D ( 4951) 

.084 (16587) .098 (13133) 

.063 (11536) .069 (10791) 

.051 (10675) .062 ( 2598) 

.075 (13025) .077 (12008) 

11 3.9 
11 3.0 
11 2.2 
10 2.5 

9 3.5 
13 
10 2.7 
13 4.3 
12 2.1 
13 1.4 
15 3.2 
11 2.5 
11 3.2 

13 3.9 
11 2.5 
11 1.9 
10 2.4 
13 2.4 

8 2.5 
11 2 . 5 
13 2.6 
12 
12 2.3 
10 2.2 
13 1.8 
12 2.3 
13 2.4 

SITKA SPRUCE (Picea sitchensis) 
.030 ( 245) .063 ( 190) .049 
.024 ( 484) .063 (1097) .064 
.026 ( 730) .071 ( 881) .058 
.033 ( 614) .076 (1937) .075 
.040 ( 355) .058 (1853) .056 
.023 (1486) .040 
.024 ( 875) .063 (1247) .055 
.024 ( 601) .055 ( 173) .049 
.020 ( 667) .064 ( 345) .049 
.026 ( 885) .065 ( 578) .078 
.024 (1107) .065 ( 346) .062 
.026 (1128) .089 ( 322) .058 
.032 ( 552) .059 (1156) .081 

(14551) 
( 8525) 
(12485) 
(16199) 
(13090) 
( 7485) 
(12717) 
(12410) 
(13854) 
(13593) 
( 8730) 
( 9328) 
(11332) 

.071 

.069 

.074 
. 130 
.076 

.079 

.069 

.083 

.11 

.092 

.15 

.070 

RED SPRUCE (Picea rubens) 
.022 ( 462) .058 ( 489) 
.031 ( 595) .082 ( 141) 
.026 (1580) .078 ( 644) 
.026 (1448) .071 ( 881) 
.021 ( 821) .068 ( 650) 
.028 ( 621) .057 ( 773) 
.023 ( 762) .065 ( 706) 
.022 ( 869) .058 ( 754) 
.022 ( 814) 

.051 (14573) .074 

.076 (11345) .068 

.065 (14653) .083 

.069 (12252) .077 

.049 ( 9783) .12 

.043 ( 7897) .079 

.054 ( 9454) .076 

.051 (10086) .080 

.055 ( 9629) 
.021 ( 768) .064 739) 
.025 ( 685) .079 657) 
.022 ( 873) .074 553) 
.022 ( 765) .058 700) 
.022 ( 797) . 063 696) 

WHITE SPRUCE (Picea glauca) 

.053 ( 9578) .090 

.043 ( 8618) .079 

.052 ( 9931) .12 

.042 ( 9364) .10 

.052 ( 9613) .072 

(11311) 
(13959) 
( 9110) 
(16061) 
(1 1362 ) 

(16977) 
(12577) 
(14714) 
(11108) 
( 8097) 
( 7372) 
(12042) 

(13680) 
( 9965) 
( 7668) 
( 8077) 
( 8102) 
( 9075) 
( 8408) 
( 8574) 

8623) 
9231) 
8074) 
8405) 
8718) 

13 3.3 .022 ( 591) .066 ( 437) .064 (12817) 
11 3.6 .023 ( 547) .063 ( 445) 

.082 (14527) 

13 3.7 .021 ( 591) .069 ( 422) .079 (12221) 

ENGELMANN SPRUCE (Picea engelmanni) 

.081 (12670) 

EJ.

Ell 

.056 

.069 

.021 

.049 
.061 
.068 
.050 
.021 
.031 

.098 

.065. 

.041 

.11 

.13 

.068 

.13 

.036 

.031 

.012 

.055 
.087 

.11 

.059 

.039 

.073 

.042 

.097 

.054 

.051 

.053 

.053 

.025 

.049 

.054 

.082 

.039 

.086 

Gil 

Ell 

.050 

.070 

.081 

.051 

.054 

.051 

.056 

.041 

.093 

.091 

.063 

.11 

.21 

.048 

.081 

.091 

.059 

.045 

.11 

.066 

.040 

.070 

.079 

.046 

.086 

.042 

.14 

.072 

.035 

.036 

.067 

.082 

.028 

.057 

.044 

.046 

.056 

.034 

G.L 

Ell 

.0026 

.0045 

.0037 

.0041 

.0035 

.0028 

.0036 

.0053 

.0039 

.0077 

.0075 

.0082 

.0053 

.0070 

.0240 

.0039 

.0087 

.0021 

.0036 

.0048 

.010 

.0038 

.0022 

.0042 

.0024 

.0019 

.0026 

.0039 

.0019 

.0027 

.0029 

.0035 

.0034 

.0026 

L 

47000 

12000 
22000 
17000 
21000 
40000 
26000 
18000 
33000 

22000 
21000 
14000 
11000 
14000 

18000 
43000 
20000 
11000 
31000 
12000 
20000 

41000 
12000 

9800 
13000 
22000 

4000 
18000 
26000 

20000 
11000 
15000 
21000 
22000 

29000 
27000 
34000 

NOTES 

1920 
1962 
1970 C 
1964 20· 
1955 U 
1922 
1925 

K 45· 
U K 10· 

1962 
U 
1920 U 
1961 U W 
1920 U W 
1920 
U K 

K 

U Ie 20· 
U K 45· 

K 

K 

K 

1920 
1962 10· 
1920 30· 
1920 
1920 
192Q 
1920 
1920 
1920 
1920 
1920 
1920 
1920 
1920 

K 

9500 820 680 31 15 3.9 .020 ( 831) .061 ( 386) .055 (13419) .060 9682) .086 .072 .0033 49000 1960 

JAPANESE SPRUCE (Picea jezoensis) 
42H 400 450 5200 790 11000 280 780 110 13 1.8 .025 ( 479) .076 ( 141) .047 (10568) ·.061 6089) .025 .071 .010 15000 U 30· Old 

I\) 
� 



TABLE IB - MECHANICAL PROPERTIES OF WIDELY USED HARDWOOD SELECTED FOR MUSICAL INSTRUMENTS 

S VELOCITY OF YOUNG'S 
A DENSITY SOUND MODULUS 
K Kilograms Meters7 Sec. Mega Pascals 
p per cubic 
L meter 
E PIO flo CII Cl. Ell E.L. 

43H 610 670 4500 1200 12000 1000 
44H 650 650 3700 1300 8900 1200 
45H 760 730 3800 1900 1 1000 2600 

46H 820 800 4600 1800 17000 2500 

47H 670 3800 9600 
48H 660 670 3400 1600 7700 1800 

CZECHOSLAVAKIAN SUBSET 
49H 620 650 4000 1800 9800 2200 
SOH 590 590 4000 1700 9600 1800 
5 1H 620 600 4300 1800 11000 2000 
52" 660 640 4000 1800 11000 2000 

WEST GERMAN SUBSET 
53H 630 610 4000 1800 10000 2000 
54H 720 700 3800 1900 10000 2500 
55H 730 740 4200 1800 13000 2400 
56H 750 670 3800 1700 11000 2000 
57H 640 670 3700 1900 8600 2400 

YUGOSLAVIAN SUBSET 
58H 610 710 3300 1900 6800 2500 

59H 690 640 3700 2000 9500 2600 
60K 790 780 4600 1600 17000 2000 
61H 710 750 4000 1800 11000 2500 
62H 740 780 4000 1500 12000 1700 

63K 830 840 4400 1800 16000 2800 

64K 500 520 5000 1500 12000 1200 
65H 570 600 4700 1200 12000 930 

DWH:lIs:H/26-27B 

MEASURED AT 21·C., 60% RELATIVE HUMOITY 

SHEAR RADIATION 
MODULUS RATIO LOGARITHMIC DECREMENT 

Mega Pascals Cle. 
Low Frequency High Frequency 

Gil G.L. 

1500 350 
2300 560 
1300 49J 

1700 870 

1300 570 

1200 390 

1600 5 10 

1700 890 

3300 1000 

1500 660 
2700 880 
2500 670 
2700 

3000 920 

730 120 
530 

Ru 

7.5 
5.8 
5.0 

5.6 

5.6 
5.2 

RJ. S't (freq.) :;.l. (freq.) .s" (freq. ) �J. 

SILVER MAPLE (Acer saccharinum) 
1.8 .031 ( 519) .081 ( 140) .063 (12138) .11 
2.1 .035 ( 403) .078 ( 579) .048 ( 7339) .082 
2.6 .04 1 ( 192). 067 ( 347) .072 (10146) .061 

SUGAR MAPLE (Acer saccharum) 
2.2 .027 ( 555) .065 ( 216) .050 (15683) .075 

BIG LEAF MAPLE (Acer macrophy11um) 
.040 ( 472) .040 ( 8240) 

2.4 .035 ( 427) .057 ( 235) .069 (10015) .074 

EUROPEAN MAPLE (Norway Maple, Acer p1atanoides) 
6.6 2.8 .037 ( 470) .069 ( 210) .n52 (13700) .090 
6.8 3.0 .033 (1040) .066 ( 589) 
6.9 3.1 .032 ( 279) .054 ( 524) 
6.1 2.8 .037 (1022) .062 ( 746) 

6.4 2.9 .041 ( SOl) .073 224) .069 ( 13733) .076 
5.3 2.7 .042 ( 250) .081 579) 
5.8 2.4 .037 ( 202) .070 606) 
5.0 2.6 .037 ( 153) .061 381) .064 (10031) .080 
5.7 2.9 .050 ( 372) .077 262) 

5.4 2.7 .038 799) .057 414) .040 ( 7066) .069 

INDIAN ROSEWOOD (Da1bergia Latifo1ia) 
5.4 3.1 .022 ( 285) .033 ( 376) .070 (15768) .054 
5.8 2.0 .019 ( 364) .047 ( 160) .054 (11214) .055 
5.6 2.4 .028 ( 321) .045 ( 181) .069 (15373) .075 
5.4 1.9 .024 ( 828) .061 ( 376) .034 ( 7100) .072 

BRAZILIAN ROSEWOOD (Jacaranda, Da1bergia nigra) 
5.3 2.2 .017 ( 354) .038 ( 246) .033 (11085) .047 

AFRICAN MAHOGANY (Khaya) 
9.9 2.9 .022 ( 540) .070 ( 189) .071 (14246) .090 
8.2 2.1 .027 ( 973) .071 ( 334) .052 ( 9116) .065 

(freq.) 

( 6693) 
( 5104) 
(14944) 

( 9917) 

(10740) 

(17242) 

(1 1302) 

9008) 

7833) 

( 1 1832) 
( 9305) 
(10409) 
( 9384) 

( 9394) 

(14033) 
( 8254) 

EJ. Gil G.L 

i'l i" Ell L NOTES 

.081 .097 .023 5400 1961 S 

.13 .21 .052 4500 1965 S 

.23 .093 .036 4700 

.14 .10 .051 7000 1953 10· 

1960 
.24 .17 .074 6300 1963 30· 

.22 .12 .040 7200 1910 

.18 9400 1910 

.18 12000 1910 

.19 7400 1910 I\) 
\Jl 

.19 . 13 .041 6200 1954 

.24 4200 1965 
18 5300 

.19 . 16 .083 5800 

.28 4300 1970 

.37 .48 .15 6700 1966 

.28 .16 .070 23000 -K 

.12 .16 .052 13000 K 10· 

.22 .19 .049 11000 K 20· 

.15 .23 7000 K 45· 

.17 .19 .056 18000 K 

.093 .059 .009 19000 K 

.074 .042 9000 K 



TABLE 1C - MECHANICAL PROPERTIES OF OTHER WOODS SELECTED FOR MUSICAL INSTRUMENTS 

MEASURED AT 2 1°C., 60% RELATIVE HUMIDITY 

S 
A 
M 
P 
L 
E 

DENSITY 
Kilograms 
per cubic 

meter 

Pif fJ. 

66M 370 350 
67M 410 390 
68D 400 400 

VELOCITY OF 
SOUND 

Metersl Sec. 

C II C..L 

5500 1400 
4900 1200 
4000 1600 

YOUNG'S 
MODULUS 

Mega Pascals 

E It E.l. 

11000 600 
9800 560 
6500 1000 

69H 390 390 5100 1800 10000 1300 
70R 390 4800 9100 

71D 380 370 5000 1600 9500 960 

72A 450 420 4800 940 10000 370 

73H 380 

74H 

75H 
76H 

500 

440 
520 

17H 360 

78H 
79H 
80H 
81M 

810 
710 
680 
720 

820 
7 20 

690 

5200 

4700 

4400 
5500 

4600 

3400 
4100 
4000 
4700 

1800 
1 600 

1400 

82H 570 580 .3800 1300 

83H 630 640 3700 1600 

84H 720 3700 

10000 

11000 

8400 
16000 

7500 

9500 
12000 
11000 
16000 

2600 
1800 

1300 

8200. 930 

8700 1600 

9700 

85H 700 690 4200 1400 12000 1400 

86A 680 690 5400 1400 20000 1 300 

87H 920 
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4900 22000 

S HEAR 
MODULUS 

Mega Pascals 

Gil G.l. 

260 
680 

1000 

25 
44 
46 

RADIATION 
RATIO 

crp 

R It R.l. 

LOGARITHMIC DECREMENT 

Low Frequency High Frequency 

�'t (freq.) �J. (freq.) b,,(freq.) a..L (freq.) 

WESTERN RED CEDAR (Thuya plicata) 

E
L 

E'l 

15 
12 
10 

4.1 .016 (1106) .042 ( 299) .043 (12651) .051 ( 9043) .061 
3.1 .011 ( 841) .039 ( 472) .050 (15015) .049 (12841) .057 
4.0 .018 ( 816) .032 ( 353) .045 (0267) .055 (4375) .16 

DOUGLAS FIR (Pseudotsuga taxifolia) 
680 50 13 4.7 .020 ( 124) .045 ( 456) .047 (16853) .053 (14223) .13 

.016 (1225) 12 

REDWOOD (Sequoia sempervirans) 
860 41 13 4.3 .015 (1067) .038 ( 289) .049 (12346) .051 (14213) .10 

730 

850 

420 
160 

1500 1300 
3800 

2400 

11 
CHESTNUT ( Castanea dentata) 

2.2 .028 ( 268) .072 ( 305) 

WHITE PINE (Pinus albicaulis) 
14 

9 .4 

10 
11 

13 

ANDAMAN 
4.2 2.2 
5.7 2.2 
5.9 
6.6 2.0 

.027 ( 514) .058 ( 8972) 

OLD SPRUCE 
.026 ( 357) 

OLD HEMLOCK 
.025 ( 533) 
.022 ( 647) 

OLD FIR 
.022 ( 245) 

.075 (5455) 

.060 (5137) 
.061 (10310) 

.045 ( 9209) 

PADUC (Ptercarpus dalbergiodes) 
.022 ( 306) .039 ( 442) .044 ( 9523) .042 
.017 ( 474) .050 ( 190) .036 ( 8672) .050 
.016 (1245) 
.016 ( 998) .059 ( 343) .044 8493) .081 

PEAR (Pyrus communis) 
6.7 2.2 .047 ( 369) .080 ( 283) 

SYCAMORE (Acer pseudoplatanus) 
5.9 2.5 .047 ( 944) .070 ( 417) 

APPLE (Malus pumila) 
5.1 .041 ( 568) 

CHERRY (Prunus serolina) 
5.9 2.1 .023 ( 795) .061 ( 442) 

BLACK WALNUT (Juglans nigra) 
7.9 2 . 0 .017 ( 522) .070 ( 402) 

PERNAMBUCO (Caesalpinia echinata) 
5.3 .012 (1217) 

5793) 
6152) 

8690) 

.03 

.27 
.16 

.078 

.11 

.19 

.12 

.065 

Gil 
Ell 

.023 

.068 

.16 

G.L 

E't 

.0022 

.0045 

.0071 

L NOTES 

89000 K 
68000 K 10· 
49000 1940 K 

.067 .0049 65000 1910 
1910 

.091 .0043 76000 K 

.073 

.050 

.010 

.16 
.32 

.15 

.14 

12000 

9400 

1720 

1800 
1810 

1800 

20000 1952 S 

1962 
18000 K 30· 

3900 1910 S 

4500 1880 

8900 

11000 S 

1 959 

I\) 
0'1 



TABLE 2 - MEANS AND (STANDARD DEVIATIONS) FOR MECHANICAL PROPERTIES OF WOODS SELECTED FOR MUSICAL INSTRUMENTS 
MEASURED AT 21°C., 60% RELATIVE HUMIDITY 

VELOCITY OF YOUNG'S SHEAR RADIATION 
DENSITY SOUND MODULUS MODULUS RATIO LOGARIT��IC DECREMENT 

Kilogrems Meters / Sec. Me�a Pascals Mega Pascals c7� 
per cubic Low Frequency High Frequency 

E.l. Gil G.L NUMBER 
meter OF 

p CII C.,L Eq El. Gil G.l. RI( R.L 6" Sl. S" bL ii, i'l i'l L SAMPLES 

EUROPEAN SPRUCE (Norway Spruce, Picea excelsa) 
460 5600 1300 15000 760 840 54 12 2.8 0.021 0.064 0.068 0.076 0.051 0.057 0.0035 27000 8 
(51) (260 ) (200) (2100) (260) (220) (10) (.1) (0.4) (0.003) (0.010) (0.011) (0.014) (0.016) (0.013) (.0007) ( 1l000) 

SITKA SPRUCE ( Picea sitchensis ) 
460 5300 1400 13000 890 990 72 12 3.0 '0.026 0.066 0.058 0.084 0.066 0.077 0.0053 22000 9 
(SO) (280) (210) (2500) (2/,0 ) (220) (35) ( 1 )  (0.6) (0.003) (0.009) (0.010) (0.024) (0.034) (0.020) (0.0021) (8800) 

RED SPRUCE ( Picea rubens ) 
500 5400 1200 14000 790 860 SO 12 2.4 0.023 0.067 0.054 0.086 0.058 0.063 0.0036 18000 13 
(30) (520) (170) (2600) (220) (220) (32) (1) (0.5) (0.003) (0.008) (0.010) (0.016) (0.022) (0.028) (0.0020) (8900) 

WHITE SPRUCE (Picea glauca) 
450 5500 1600 14000 1100 630 45 12 3.5 0.022 0.066 0.072 0.082 0.086 0.045 0.0032 30000 3 
(17) ( 240) (0) (810) (94) (120) (7) (1) (0.2) (0.001) '(0.002) (0.008) (0.00l) (0.003) (0.009) (0 . 0004) (2900) I\) 

-J 
WESTERN RED CEDAR (Thuya p1icata) 

390 4800 1400 9100 720 650 38 12 3.7 0.015 0.038 0.046 0.052 0.093 0.084 0.0046 69000 3 
(19) (620) (160) (1900) (200) (300) (9) (2) (0.4) (0.003) (0.004) (0.003) (0.002) (0.048) (0.057) (0.0020) (16000) 

EUROPEAN MAPLE (Norway Maple, Acer p1atanoides) 
660 3900 1800 10000 2200 2000 700 6.0 2.8 0.038 0.067 0.056 0.079 0.22 0.24 0.079 6900 10 
(45) (270) (70) (1500) (240) (800) (250) (0.6) (0.2) (0.005) (0.008) (0.01l) (0.008) (0.06) (0.14) (0.045) (2300) 

EUROPEAN MAPLE, CZECHOSLOVAKIAN SUBSET 
620 4100 1800 10000 2000 6.6 2.9 0.035 0.063 0.19 9000 4 
(22) ( 130) (43) (650) (140) (0.3) (O.l) (0.002) (0.006) (0.02) (1900) 

EUROPEAN MAPLE, WEST GERMAN SUBSET 
680 3900 1800 10000 2300 1700 700 5.6 2.7 0.041 0.072 0.067 0.078 0.22 0.150 0.062 5200 5 
(43) (180) (74) (1400) (220) (50) (190) (0.5) (0.2) (0.005) (0.007) (0.003) (0.002) (0.04) (0 . 0 15) (0.021) (800) 

INDIAN ROSEWOOD (Da1bergia 1atifolia) 
730 4100 1800 13000 2400 2200 740 5.6 2.5 0.023 0.042 0.064 0.061 0.210 0.170 0.057 16000 4 
(49) (370) (160) (3200) (260) (520) (100) (0.2) (0.5) (0.004) (0.006) (0.007) (0.010) (0.066) (0.014) (0.009) (5200) 

ANDAMAN PADUC ( Ptercarpus dalbergiudes) 
750 4100 1600 13000 1900 2600 5.5 2.1 0.018 0.049 0.041 0.058 0.170 0.210 16000 3 
(SO) (530) (160) (2700) (540) (950) (1.0) (0.1) (0.003) (0.008) (0.004) (0.017) (0.079) (0.078) (4600) 

DWH:ss:H/29-30A 
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and they had been cut from existing i nstr uments . In 
east case!, st r i ps were take n from a quarter cut 
(Figure 1) pa nel, as prepared [or appl i cation in the 

ausical ins trlmlent. Some pane�s were slab cut as is 
some time s the cas� for violin backs. These samples are 
designated by an "S" in the Notes column of Tables lA-IC. 
Those which were not true quarter cuts bu� cut at some 
angl� (frequently the case for guitar and piano wood) have 
that angular deviati on ia de grees also indicated under 
Rotes. Also listed under the Notes column is the date 
when the wood was cut, if known. Seasoning began 800n 
thereafter and we per f ormed the testing during the years 
19 75-1977. Other s ymbols which appear are C, K, U, and W. 
The s ymbol "C" indi.:ates the wood contains " bear claw s" , a 
virtue or drawtac'k d �pend ing on viewpoint. "K" indicates 
kiln dry rather than air dried. �Dst of the s amp l es in 
Table 1 were woods fcr violins. It is co��on.practice to 
d ry guitar and piano wood in kilns, but not wood for 
vi ol in s. Guitar 3nd piano p anels are t h in compared to 
spli t wedges of violin wood. The thinnes s  allows quick, 
uniform kiln drying , Unless spec ified otherwise in 
Table I, kiln drying s amp les were less than 10 years from 
the tree and most were probab ly less than 3 years. "U" 
refers to characteristics of vibrational damping to be 
explained later, and "w'" indicat es especially wide grain, 
greater than 5 mm . per gra in. 

Where pos sible, two strips of each sample were cut, one 
aligned with the grain ( s ubscript \\ ) , the other per
pendicular to it (subscript -1- ) . Two signif icant 
figures are employed to repres ent the numerical data. 
Heasurements vere determined to at least this accuracy . 
All me asurements were �ade in a controlled environmental 
ch£mber set at 21·C, 60% relative htwidity. Sa�ples were 
stored in th i s condition long before testing to ensure 
stabilization of moisture content. Storing and testing 
under these controlled conditions was crucial to enable 
comparison to be �de and the equipment required for this 
procedure repres e n t ed one of the more expensive component s 
of the program. 

F(((.' . .  {C-�'� 
�-; (�/� ,>"i.f!!!, 

. ,..:.;:;.;.-.-.. 
I 
, 

. I 

QVARTE� 
CUr 

orr:r; uma:-;� 
� 

� 

Fig, 1 

aVARTEIie 

SLA8 

SkEW 

relative maximum for the truely quarter sawn (0·),· drops 
to a minim um at approximately 45· t hen regains part of 
its stiffnes s  to reach another relative maximum at 90·. 
Rence, if a panel is skew cut, E..L is low . This is 
revealed by t he results shown in Table 1. The aligned 
stiffnes s is largely insen sitive to the angle of cut so 
long as the strip is reasonably parallel to the tree 
axis. 
The shear modulus 1S a measure of the resistance to 
distortion such as observed if the upper surface of 
a strip is shifted wit h respect to the lower surface. 
The smal ler its value, the more closely packed are t he 
reaonance frequencies. Fi gure 2 shows the shear effect 
on resonance frequencies typical of soft wo ods suc h as 
spruce and cedar. If the shear stiffnes s  were infinite, 
the points would fall on t he straight line. The lower
ing of all cesonance frequencies occuring above the fun
damental, with a consequence that they are more closely 
packed, is a di rect result of the s he �r stiffne9s not 
being inf inite. Comparison of Figure 3 with Figure 2 
shows that the shear effect for hardwoods is far les s 
pronounced than icr softwoods. This is due to the 
relatively high values of(;,,/El/andG-.J../EI1 found 
fo r such hardwoods in Table lB. �or transverse strips, 
the shear sti f fness is a l so heavily dependent on the 

Density (�) wa s obtained from calculation after accurately angle of cut, however, when it is a maximum (45·), 
weighing and measuring the dimensions of each specimen. Young's modulus is a minimum. The difference in vi-
Density varies wildly in wood, it is well known t hat density brational characteristic s of a quarter sawn panel 
of the dark, summer wood or late '. ood gr owth ring is far and one at 45· is conseq uentl y great. 
higher t han t he dens ity of the light, e arly spring w ood. Damping, o� internal friction, is one of the most vexing 
This is one source of non-homogeneity. However, variat ion physical ch aracter istic s of vibrational analys is. It is 
in grain size from region to .egion is even more significant, important in m�sical sounds becaus e it Jraws a�ay energy 
so that de nsity, as we have determined it , is the average otherwise available for sounj production. Also, il is 
of a quantity that unde rgoes consider ab le variation from easy to observe. Vibr� tions decay end musical sounds 
point to point in a specimen. Comparison of Pu and 
p ... for most samples in Tab le 1 reveals some meas ure of 
tHis variation , A c onsequence of the non-homogeneity of 
the wood is s catter in all values in Table 1. Suc h vari-
ability af fects transvers� (J.) result s much more severely 

Zoc",,, 
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than aligned (11) -res ult s since many mo re grain s ar� contained 
in transver se specimens. Ve l ocity of sound (C 1 and C.L,.) is IOODO 
t he velocity of extensional wave s in the direct ions indicated. 

The quantity CJ- is always less than Cl l' 

This is a di rect consequence of t he transverse stiffness 
being less than t he ali�ned s t i ffnes s as ex �r�s sed by 
Youn g ' s modulus. Young's modulus is a direct me asure of 
both res i s t ance to bending and resist ance tu stretchillg 
offered by t he materi ... l o f the strip. In so ft woods such 
as spruce, the transverse stiffnes s is sUbstantially �ess 
than in most hardwoods such as maple as revealed by the 

ratio �,J.I£I/ of Table�. This ratio strongly d et er
aines the vibrational �odc shape s of individual plates '
in the finished instrUlt!ent. For fixed E..1.! Ell ' resonance 
frequencies are directly proportional toe -(E Ip)'Iz ... II - II , 

Ideally , samples are taken from quarter sawn or s plit 
plates. If so, the1r r i ngs are perpend icular to the 

plate surface ( Fig ure 1) . However, t his ideal is not 
always achieved with consequences that are p�ofound. 
Consider tran�verse strips from true quarter cut in
creasing thro�gh 90· to :rue s l ab cut (in the plane 
tangent to the ring structure). Young's modulus EJ. is a 
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die away because of it - yet damping eludes totally sat
isfying physical explanation beyond references to internal 
friction. Nonetheless, it can be effectively measured 
and we have chosen to express dampi ng in the tables by 
means of the logarithmic decrement (�). 

Damping in wood is found to vary considerably with the 
orientation of vibrational waves and with their frequency. 
With regard to orientation""is invariably lower tholm b� 
at. the same frequency (by a greater margin in softwoods 
than hardwoods). In a wood sample, � typically in
creases linearly with frequency; the rate of ris� is 
generally great�r in aligned than in transverse specimens 
for which damping is sometimes nearly constant with fr e
quency change, see Figure�. Thus, our findings differ 
from those of Rohloff (6) who claimed� llwas constant 
for frequencies between 10 and 10,000 Hz. However, many 
of Rohloff's measurements we re taken of extensionally 
vibratinG rods. Our method employs flexurally vibrating 
.trips which we believe to be more faithful to the behavior 
of wood in stringed instruments; more on our test methods 
vill appear in a subsequent report. 
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The frequency at which the logarithmic decre�ent was measured 
is shown in parentheses aside each damping value. For most 
samples many damping measurements were taken throughout the 
frequency range to verify·the linear dependance on frequency; 
however, only two measurements for each strip could be shown 
in the tables. 

Exceptions to the rise in damping with frequency are in
dicated by the symbol "U" in the Notes column. For such 
samples, �ost notably Sitka spruce, transverse damping 
possessed a minimum at some frequency above the lowest 
meaaured resonance frequency (Figure 5). In these cases 
the minim um is listed as the low frequency value. For all 
other cases, the Low Frequency value is the �Jl measured at 
the fundamental resonance of.the strip. 
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RAdiation ratio {���/P) is a measure of (he acoustical 
power p�oduced by a driven vibrating plate before damp
ing losses are t ak en into account. Schelleng (2) has 
noted the especially high values of R'I for spruce 
when compared to oth�r woods. High values of R /I .!l�d 

R.. contribute to greater loudness or the musical 
instrument, generally regarded as a desirable property. 

But loudness is also dependent �n damping. To ac�ount 
for the contribution of both r2diation ratio and damping 
to loudness, we yrc pose a loudness index for :.Icod: 
l� R"R�/�\I o J.. , ;ohere the logarithmic decrements 
are taken at low frequency. High values of L �I)rres
pond to the potential for g.o:'eat�r lO'.Jdness from a 
given wood, generally considered desirable. Low density, 
h igh Young's moduli, and low damping contribute to �igh 
values of L. 
In Some cases, certain data could not be obtained, for 
example, the tranBverse strip was not available, or in 
other cases, measurements at resonances above fundamental 
were judged inadequate .0 determine accurately the 
shear modulus or high frequency logarithmic decrement. 
These account for the omissions in Tables lA-Ie . 

Table 2 gives tbe means and standard deviations (in par
entheses) of woods in Tables lA-Ie which had s ufficient 
... ples to allo� such representation. Only quarter cut 
samples with skew angles of 30· or less and grain spacing 
of less than 5 mm . per grain were included. This selec-
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t ion i ns ure s that Table 2 re pre se nt s wood t h a t  me e t s gen
eral ly a c c e p te d m i n imum s t andards of ins t rume nt make r s . 
High freq ue ncy d amp i ng values po ssess l arge s t andard d e v i 
a t ions because " h  igh freq ue ncy "  ;ne ans t he h ighe s t  ob t a in
ab le frequency , a qua nt i ty Wh i ch var ied gre a t l y in Table . l . 
Thus , g r e a t  weigh t shou l d  not be pl a ced on va lue s for h igh 
freque ncy d amp i ng in Ta ble 2 .  

SPRUCE S E LECTE D FOR I-\US ICAL I NSTR!J}lENTS 

( Table lA) 

Th e  ki l n-d r i ed s amp l e s  l i s t e d  in Tab le lA we re se le c ted for 
e i the r gu i t ar f ace � ( t op pl ate ) or ? i ano s ound boards . All 
o thers we re se le c ted for i ns t r ume n t � i n  the v i ol i n f am i ly . 

Norway Spruce 

Rone o f  t he s amp l e s  in th i s  s e t  or ig i nated in Norway . Ho s t  
c ame from We s t  G enna n f orest s with the e xc e p t i on o f  samp l e 7 
wh ich c ame from C z e chosl ovak i a  and p o s s ih ly s am p l e  1 0  wh i c h  
c ame f r om  e i th e r  We s t  Germany or Cze ch o s l ova k i a . Th i s  wo od 

Th e s e  s an: pl e s �e r e  no !De r e  t h .l n  sev e r a l ye ars old  "'he n  
t e s t ed and  S a� p l e s  38 and 39  we re a i r -d r i e d  fo r seve r a l 
mo n t h s  a t  mo s t ,  a c on s ide r �b l y ab b rev i at ed se a son i n� 
pe r i od by mo s t  v i C' l i u  ma ke rs ' st a nd a rd s. Y � t  t h e p r o p
e r t i e s  o f t h e s e  s amp l e s  c l os e l y  m a t c h  tho se of aged 
Europe an s p r uc e .  S amp l e  40 , k i l n-d r i ed a s  it wa s ,  
produc ec! a very h � gh L. v a l ue , t h e  ya rd s t i c k for 
b i gh p e r f o rm a nc e . 

Enge lmann S p r uc e  

Samp l e  4 1  c ame f r om  Mo n t ana , U S A .  I t s prop e r t i e s fa l l  
wi th i n  the bound s o f  o t h e r  s p r uc e  spec ie s . 

Japane se S?r uce 

"Old." wa s the de sc r i p t ion on th i s  s lInlp l e  o f  obv i ous or ig i n .  

i s  t yp i c al ly f inc-g r a i ne d , l igh t i n  cv l o� ,  and the ins t rume n t  
make r s ' c on s e n s � s  c h o i c e  above ot he r spruce s pe c ie s . No t e  
t h a t  the mean L v a l u e s  of t h i s  wood and i t s  relat ive , ,,'h i te 
s pruce are sign i f i c antly h i gher tha n for Sitka a nd red s pruce . 
Lowe r damp ing a c coun t s for thi s. Ma ny fine in strum ents of t h e  
vio l i n fam i ly we re ma de f rom t h e  a i r-d r ied �ood i n  t h is se t .  

WIDELY USED ��RDWOOD S ELECTE� FOR MUS ICAL INSTRUMENTS 

( Tall I e  l B ) 

Al l ma p l e s  l i s t ed we r e  s e lec t ed f o r  us e as wood for b ac k s  
and . id e s  o f  i n s t rume n t s i n  t he v i o l i n  f�i l y . Comp ared 
wi th s pr uc e , i t  i s  cle a r that  m a p l e s  have l owe r f 'l S .. p l e 3 po s se s sed pronounced b e a r  c l aws . I f  th i s  s i ngle 

s .. p l e i s  r e p r e s e n t at ive , t h e  e x i s t an c e  of be ar c l aws 
l e ads to h i gh d e n s i t y  and d amp ing , d e t r ime nt a l t o  good 
au s i c al pe r formance by t he loud ne ss inde x crit eri on. 
Samp l e 9 wa s p i an o  soundboard wood for wh i ch t he t rans 
ve r se s t r i p wa s composed of se ve r a l  o f f  quar te r  p ie ce s 
g lued toge the r � ith a l te r n s t ing s kew ang l e s  to redu c e  
wa rp ing , � co�n pr ac t i r.e for p i an o  cons truc t i o n .  Su ch 
a con f igu ra t i on pr oh ib i t s d e t e rmi n 3 t ion o f  s h e ar modu lus 
by our me thods . Th e  ve ry low va lue of E..L is caused 
by the h igh s kew . 

Si t ka Sp r uc e 

Th i s  wood o r ig i na ted i n  the No r thwe ste r n  reg i ons of 
Nor th Ame ric a. TI l e  t r e e  i s  h uge , muc h  l a r ge r than 
Eur opean s pr uc e  and c o n s e q ue n t l y  i d e a l  for  l arge 
i ns t rume nt s . 

The a l i g ned s t r i p  o f  S ample 1 5  was seve r a l  de g re e s awa y 
from be i ng p ar a � l e l t o  t he t r e e  a� i s .  Th i s �c coun t s for  
tbe l ow v a l u e  o f  £" lind ro s s i b l y a h i gh va l ue o f  $ 11 ' Sam p l e 2 0  i s  a d e a r  d emc n s t r a t  i on o f  low E .L 
h l gh G-J.. t h a t  ac c omp a ny a h igh s kew ang l.e . Th e  
e f fe c t o f  a m i ne r a l  s t r e ak va s ob t a i ned by t e s t i ng 
an a l igned s t r i p ne i gh b o r i n� t h a t  o f  S amp l e  i 7 .  Th e  
d e fec t ive s t r i p  was 2 %  mo re d e n s e  and 2 %  l e s s  s t i f f , 
y i e l d i ng a lowe r RI I ;  a l s o  i t  was 1 0% more h i gh l y  
d_ped . 

led S pr uce 

Th e s e  s amp l e s o f  red s p r uce or i g i nat ed i n  fe-re s t s  i n  
Ve rmont , USA . I t  i s  b e l i eved t h at a l l t h e  samp l e s 
exc e p t  S am � l e  2 5  we re t ake n from , at mo s t , t wo t ree s . 
In l i gh t  o f  t h i s  i t  i s  i n t e r e s t i ng to not e the d ev i a
t io n  from s amp l e to s amp l e  of our s e t  of Eur ope an s p r uc e ,  
b .v i ng co n s id e r ab ly Da r e  d i v e rs e o r i g i ns ye t h igh l y 
• e l e c t ive , i s  no gre a t e r t h an t he se s amp l e s .  

WIl i  t e  Spr uc e  

S_p l e s  38 , 39 , and 40 we re � aken f rom t re e s  g rown i n  
Venaont , U�A . Th e  wo ?d r e s emb l e s  P i c e a  ex c e l s a i n  �ppear
ance , and l t s  pr ope r t i e s  � eem t o  ma t c h  the Europe an 
wood c l o s e l y . I t  i s  known t hat there a r e  c e r t a i n  fore s t s 
of tr ana p l ant ed P i c e a  exce l s a  i n  Ve rmont , howeve r ,  t h e s e  
s_pl e s  we re t aken from nat ive fore s t s .  

b igh e r  E.&. and � I I  w i  t h  r e su l t i ng lowe r va l ue s  o f  
1. Th e  r o s ewood s  and mahogany we re se lec ted f o r  

gu i t ar b a c k s  and sid e s . Th e ir L. va l ue s ace cons id e r
ab ly h ighe r th a n  m a pl e. Th i s  i s  due to l owe r d amp i ng .  

S i lver Map l e  

Th i a . wo o d  i n  t h  i 5 s e t wa s ·grown i n  New Yo rk and Ve nnon t , USA.  
The comp ar i t i ve l y l ow v a l u e s o f CJ.. for S amp l e s 4 3  and 
44 as c omp a r ed w i t h  S amp l e  45 is due t o  t he i r be i ng s l ab c u t . 

Sugar Maple 

The s uga r ,  o r  rock , ma pl e i s  v e ry h a rd and is  fre q ue n t l y 
used fo r v i o l i n b r i d ge s . Samp l e 46 was t ake n f rom a t ree 
grown i n  Pe nns y l v a n i a , USA . No t e  i t s ve ry h i gh de n s i t y  
wh i ch pr oduc ed a h igh v a l ue o f  E 'l and poss i b l y  l ow � ' I  • 

Big Le a f  Map l e  

Wood fr �� O r e go n ,  USA . 
Norway Map l e  

As wi th our No rway s p r uc e , none o f  t h e  s lInlpl e s i �  c h i s  l e t  
Wl! re ac t ual l y c u t  fr OID Nor w .. - g i an t ree s . SlUIlD l e s  4 9 - 5 2  
Wl! r e  t·ake n f r om  Cze cho s l ovak i a ,  t h e  t r ad i t i o�a l  source for  
v i o l i n  back R . In s t r �e n t s m a d e  f r om wo od i n  t h i s  s ub s e t  
h ave been p a r t i c u l a r l y  we l l  r e c e i v e d . O f  a l l t h e  ma p l e s  
t e s t ed , i t  posses s ed t h e  h i gh e s t L v a l ue s .  

We s t  Ge rma ny wa s t h e sour c e  o f  S amp l e s 5 3- 5 7 .  Ma ny s uc c e s s 
f u l  i n s t r ume n t s  we re m a d e  from t he wood i n  th i s  suD se t .  
Samp l e 56 wa s wa te r-soaked , a t re a tme n t advoc a t ed by SOllie 
l u th i er s ,  b � t  doe s no t appe a r  to h ave affe cted t h e  p r ope r 
t i e s  of th i s  s amp l e  s i g n i f i c ant ly . 110 r e  resu l t s  on wa ter
so aked wood wi l l  fo l l ow in  a l a t e r  r'!! po r t . Samp l e. 5 8  o r i 
gi nat ed i n  Yug os l av i a  • 

lad i an Ro sewood 

Regarded a s  pr em i um  wo od fo r gu i t ar b acks and s id e s . I t s  
. deal i t y  and e l a s t i c  prope r t ie s a r e  see n t o  b e  ve r y s im i l ar 

to map l e ,  the c h o i c e  fo r v iol i n backs , b u t  the d �p i ng i s  
.uch l owe r , c on s equent l y  y i e l d i ng v a l ue s o f  L s i �ni f i c ant l y  
h igher th an ma p l e .  



Bra z i l i an Ro s e wood 

Known a s  J a c a r and a in B r az i l .  Th i s  i s  wo od for gu i t ar 
backs and s id e s ,  �nd i s  v a l ued even more h i gh l y  t h an 
Ind i an ro� cwood b y  g u i t ar make r s . Howev e r ,  i t  i s  now 
pr ac t i c a l ly unava i i ab i e  out s i d e  of Hr az i l .  Samp l e  6 3  
tbe o n l y  o n e  o f  t h i s s e t  wa s more d e n s e  and s ig n i f i c ant l y  
l e s l  d amped th an t n e  In� i a n  s p e c i e s .  

Afr i c a n  Hah o g a n �  

Wo od fo r gu i t ar b ack s a n d  s id e s  b u t  not gene r a l ly v a l ued 
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as h i gh l y 39 t h e  r o s e wo o d s  by gu i t ar make r s . Ro t h  s amp l e s  
we re c u t  f r om  t he We s t  A f r i c ar. fo r e s t s .  Damp i ng i n  t r ans
ve r a e  s t r i p s  is  s i g n i f i c a.l t l y  h i gh e r  t h a n  in  r o s ew:> od s , b u t  
tb i s  i s  o f f se t  b y  h i gh u v a l u e s  o f  R t o  y i e l d  L
.alue s c om p a : ab l e  t o  ros ewo od . 

MECi�1 1CAL � ROPE RT I E S  OF OTHE R WOODS SELECTE D  FOR 

MU S I CAL INST RU��NTS 

( Tab le l C )  

We s t e r n  Rp.d Ced a r  

Th i s  wood o r i g i n a t ed i n  t h e  we s t e r n  s t � t e s  o f  t h e  U . S . A .  
I t  i s  c o n s i d e red a v i ab l e a l t e r n a t i v e , and s om� t ime s 
pr e f e r r ed ,  tc s pr uc e  f o r  g <l i t ar � o p s . Th o s e  who p r � f e r  c e d a r  
d o  10 fOI i t s  c o n t r i b u t i on t o  s o und q u a l i t y ,  for i t  s p l i t s  
and d e n t s e as i l y . Comp ared t o  s p r uc e ,  t h i s  wood i s  l e s s  
d e n s e , l e s s  s t i f f and mo s t  s i g n i f i c an t i y , l e s s  d amped , 
e l pe c i a l ly t r ansve r s e l y . Th i s  we s t e r n  r e d  c e d a r.  h a s  ove r a l l  
v a l ue s o f"  t h e  l o ud ne s s  i nd ex much h i gh e r  t h an s p r uc e .  

Doug l a s  F i r  

F i r  i s  some t ime s emp l oyed i n  v i o l i n  t o p s . Bo t h  S amp l e s  6 9  
and 70  c ame f r om a t r ee , o r  t re e s , a t  1 0 , 000 f e e t  above s e a  
l eve l i n  Ar i zo na ,  U . S . A .  Dur i ng t h e  e a r l y  ye ar s o f  t h i s  
c e n t ur y , t h e  t re e s  h ad b e e n  s t r uc k b y  l i �h t n i ng and k i l l ed . 
Th i s  c O!llb i n a t i o n  o f  c i r c ums t anc e s  g ave the wood a un i que 
ag i ng b y  expo s u r e  t o  s t r�ng u l t r av i o l e t  r ad i a t i on fo r 
aany ye a r s .  The t e s t  r e s u l t s  c l o s e l y  r e s emb l e  t h o s e  o f  
tbe we s t e r n  red ced ar produc i ng a 1- we l l  above s p r uc e .  

There i s  a b e l i e f  among �ome v i o l i n  make r s  t h a t  expos ure 
to such r ad i at i o n  is b�ne f i c i a l  t o  the qua l i t y of t he wo od . 
Con s e q ue n t l y , t h e r e  i s  a c u s t om o f expo s i ng a s t r i nged i n
s t r ume n t  to i nd i r e c t s un l i gh t  for at l e a s t  seve r a l  mon t h s  
be fo r e  a p p l y i ng f i l l e r  and v a r n i sh .  Re s u l t s  o f  our t e s t  � f  
t b i s  c l a im w i l l  fo l l ow i n  ano t h p r  r e po r t . 

ledwood 

Redwood is a g i ant t ree of the far we s t e r n  s t a t e s  of tbe 
U . S . A .  It is some t ime s used f o r  gu i t ar t o p s . Re dwood 
b e a r s  s t r ong r e s emb l ance t o  we s t e r n  r e d  c ed a r  in a l l 
r e l pe c t s ,  i . e . , i t  h a� a muc h h i gh e r  l oud ne s s  i nd ex b u t  
i .  ao r e  d i f f i c u . t  t o  wo rk wi th t h a n  s p r uc e .  

Ch e s t n u t  

Old Spr uc e , O l d  Hem l o c k , O l d  F i r  

S amp l e s  74- 7 7  we r e  a l l o l d e r  t h a n  1 50 ye a r s  wh e n  t e s ted . 
On l y  s t r i p s a l i g ned wi th t h e  g r a i n  we r e  av a i l ab l e .  
Samp l e  7 4  ( s p r uc e )  wa s removed f r om a n  o l d  Ph i l ad e l ph i a  
bu i l d i ng .  Samp l e  75 ( hem l o c k )  f r om a n  o l d  New Yo r k  s t at e  
b arn . Sampl e 76 ( hem l oc k )  f r om a b e d  i n  Ma s s achuse t t s . 
Samp l e  77 ( f i r )  f r om  a no t h e r Ne w York s t a t e  b a r n . Th e s e  
. amp l e s  d i f f e r  l i t t l �  f r om  t he i r  yo unger coun t e r p ar t s , 
except po s s i b l y  i n  l ow frequency d amp i ng . 

And aman Paduc 

Wood from t he And aman I s l and s in the 8& y of Ben g al - I t 
b a s  been u s ed i n  c arved b e l l s  for e l e ph a n t s ,  p r e s umab l y  
for i t s  l ow d amp i ng . I t s  p � o pe r t i e s  a r e  reve a l ed t o  b e  
ve ry s im i l a r  t o  Ind i an Ro s e wood , wi th eve n  l owe r d amp i ng 
at h i gh e r  f r e q ue nc y . Tn e s e  c h a r ac t e r i s t i c s  s ugge s t  i t  
i a  sui t ab l e  f o r  gu i t ar b ac k s . A f e w  gu i t ar s  h av e  b e e n  
_de wi th paduc . 

Pear , Syc amo r e , Appl e , Ch e r r v  

Th e s e  wo o d s  a r e  c o n s i d e r e d  v i ab i e  a l t e rnat ive s to map l e  
fo r v i o l i n  b a ck s . I nd e e d , t he i r  prcpe r t i e s  i n  Tab le l C  
are com p a t ab l e  wi th th i s  v i ew .  Samp l e  8 2 , pe ar , o r i g i na
ted i n  Eng l and . Th e  othe r s  or i g i na t ed in e a s t e r n  s t at e s  
of tbe U . S . A .  

B l ac k  W a l nut 

Wood f r om  e a s t e r n  U . S . A .  Bl ack wa l nu t  is  used b y  s ome 
for gu i t ar b a c k s . Fo r S amp l e  8 1 , t h e  t r an sv e r se s t i f f
n e s s  and d am p i ng a p p e a r  to be t o o  l ow and h i gh ,  r e s pe c 
t ive ly , i f  r O !l ewo od i s  i nd e ed t h e  i d e a l  wood f o r  gu i t ar 
b ack s .  

Pe r n ambuco 

A d e n s e , h a rdwood f r om  B r a z i l .  P e r n ambuc o is t h e  t r ad l 
t i onal wo od f o r  v i o l i n  bows . Samp l e  8 7  produc ed the 
h igh e s t  d e n s i t y  and t h e  l owe s t  d amp i ng ,  by far , of  a l l 
the h ardwoods t e s t e d . 

CONCLUS IONS 

we bave g r ound s to spe c u l a t e  o n  wh y c e r t a i n  woods are 
nea r l y  the c on s e n s us ch o i c e  for c e r t a i n  c ompo n e n t s o f  
mus i c a l  i n s t r ume nt s .  I t  c an be argued that t h e  s i ze 
and sh ape o f  an i n s t r ume n t  s uc h  as the v i o l i n  i s  a 
bappy m a t c h -u p  o f  o p t imum p l ayab i l i t y and the po t e n t i a l  
fo r s t rong , l �w o rd e r  v i b r a t i o n a l  mode s  wi th f r e q uenc i e s  i n  
the lDu s ic a l  r a nge o f  t h e  i n s t � ume n t . Re s e arch o f  C .  �I . 
Hutch i n s  s t r ong l y  s u?po r t s  th i s  c t a im .  Onc e ov e rd l l  s i ze 
and shape are f ix e d , t h e  r a t i o  o f E.!. / £ I I  mo s t  s t rong l y  
d e t e rm i n e s  wh e th e r  s uc h  mod e s  a r e  po s s i b l e .  G i v e n  t h e  
c omb i ned s t r uc t ur a l  and acous t i c a l  ;unc t i o n s  o f  t h e  � a s s  
b a r  a t t ached t o  t h e  un d e r s i d e  o f  t h e  v i o l i n  p l a t e ,  the 
acou s t i c a l  n e c e s s i t y  of F-ho l e s  and the t y p i c a l  � a l ue s  
o f  EJ. /c li fo r quar t e r - c u t  s p r uc e  and mapl e ,  t h e s e  woodf 
o f fe r  s t r o ng c re d e n t i a l s  for an acous t ic a l ly b a l anced 
v i o l i n  top and b ack . 

. . . Aa far al th i s  argume n t  has p r o c e e d ed , i t  wo u l d  seem S .. p l e  7 2  wa s rece w e d  f r om a d u l c lme r make r 1 11 : h e  south , 
th t d 1 h I d  1 b h ·  f . 

1 a s p r uc e  an ma p e s ou a . s o  e c O l c e s  o r  tOPI e a s t  U . S . A . wh o pr e f e r r ed 1t  a s  a top p l a t e  wo od . Some c a s s  
d b k f 

. Th f h h th t s  � d d uch as ma I e  b u t  our t e s t s  i nd i - a n  ac s o r  gU l t ar s . e ac t t a t  ! e y  �r e  not -wo o  a s  a n a r  wo o 5 
f P d

' 
h cedar and redwood are f r e q ue n t l y  u s ed 1 n  gU 1 t ar t o p s  c at e  a c l o s e r  r e s emb l anc e t o  s o  t �o o  s s ue 

.
a s  s p r uc e .  

and ros ewo od i s  muc h pr e 1e r red t o  map l e  for backs - for c e s  Th i s  s amp l e  a p pe a r s  t o  h av e  a t r an sv e r s e  s t i f fne s s  t o o  l ow . 
E I e.  . . .  d ·  h ·  h f . 1 · . t UI to cont l nue . I n  t e rm:! o f  � �fl s p r uc e ,  c e d a r  and red,..o cd for � l o l l n  t o p s  an damp I ng t o o  1 9  or V l �  I ns ,  g U I  a r s , 

are ve ry c l o s e  as a r e  ma p l e  and r o s ewo od .  Howeve � ,  t h e  or p l ano s . gu i t ar wo od s  h ave s i g n i f i c ant l y  l e s s  d amp i ng t h An the 

Wh i t e  P i ne 

Th i s  wood g r ows in the e a s t e r n  s t a t e s  o f  the 
is o c c a i s o n a l l y  used for v i o l i n  top p l at e s . 
of S amp l e  73 a p pe a r s  to be h igh , p e c h a ? s  t o o  
v i o l i n  t o p s  a n d  c e r t a i n ly for gu i t ar t o p s . 

U . S . A .  and 
The d .:Jm p i n g  
amc h s o  f o r  

v i o l i n  wo ods l e ad i ng t o  h i gh e r  v a l ue s  o f  L. He r e i n  
l i e s  the key . The " s us t .l i n" i n  gu i t a r s  i s  v a l ut!d h igh l y .  
Su s t a i n  r e f e r s  t o  the ab i l i t y o f  a gu i t ar t o  pro l ong a 
lounded tone . Low d am p i ng c e r t a i n l y  c o n t r ibu t e s  t o  sus t a i n .  
Als o , by i t s  n a t ur e  a s  � p l uc ke d  i n s t rument , the gu i t ar has 
lov vo l ume of s ound , a d i s t in c t  h and i c ap i n  many c ontext s .  
ror th i s  r e a so n , a g r e a t  p r em i UD i s  pl aceQ o n  wo od  for gui -

t arl po s se s s ing l ow d am p i ng :  c edar and redwo od f o r  tops , 
rosewood for b acks . 
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In cont ras t b ow in g  an i n s t nllup. l1 t  s uch a s  the v i o l i n  

cont r ibu t e s
' 

much more powe.r .  S o  mu c h  powe r t h a t  v i o l in 

ma t e r i a l s  wi t h  l ow d amp i ng can be t roub l e some to t h e  per

forme r ;  c o n t r o l  i s  s a c r i f i ce d . C.  H. Hu t c h ins and J. C .  

S ch e l l e ng h av e  r e por t ed on s uc h  f i nd i ngs . Co ns equent l y , 

Eur o p e a n  s pruce dnd rr� p l e , the ch o i c e s  fo r the i r  p a r t i cu l ar 

E.J. / El l  and R " , R .l.  may po s s e s s  t h e  d e s irab l e  amount 

o f  d amp i n g , i . e . , l ow but c l e ar ly not the l owe s t  of a l l  

woods ava i 1 3b l e ,  for o p t imum p owe r and p l sya b i l i t y  i n  

v i o l i n s . 

Prope r ly c o nduc t ed k i ln-d r y ing d o e s  nu t s e em  t o  be d e t r i 

me n t a l . Amo ng t h e  s o f t  wo o d s  l ow d e n s i t y ( sma l l  pe r c en

t age s o f  s umme r wo o d ) , quar t e r  c u t  s amp l e s  genp.ral ly h ave 

the de s i r ab l e  h igh e s t  v a l u e s  o f  L . Th e r e  d o e s  no t appear 

t o  be any a c ou s t i c a l  v i r t ue at t ached t o  "bear c l aws" . 

Me a s ured s t i f fne s s e s  are s ign i f i cant l y  h igh e r  t h an va lues 

r e po r t e d  i n  t h e  Wood Handbook ( 7) . Th i s  may b e  due to the 
h igh qua l i t y  of wo o d  s e l e c t e d  for mu s i c a l  i n s t rume n t s .  Th e  1 . 
re l i ab i l i t y o f  our t e s t me thods h a s  b e en ve r i f ied on we l l 
docume n t e d  ma t e r i a l  s uch as a lumi num) g l as 8 ,  a nd gr aph i te! 

epoxy . 2 .  

Cert a inly f a c t o r s  other t h an acou s t i c a l ly r e l a t e d  me ch an-
ical prope r t ie s  i n f l u e n c e  the cho i c e  of the wo od f o r  MU S - 3 .  
i c a l  ins t rume n t s . Fo r e xamp l e ,  o n  acou s t i c a l  gr ounds cedar 
and redwo od may be pr e ferab l e  t o  s pruc e in gu i t a r  tops . 
Howeve r ,  gu i t a r  make r s  f ind redwo od s pl i t s  more read i l y 
than s pruc e and t h e i r  s u r f a c e s  are s o f t e r ,  ma k i l'.g them 
more s u s c e p t i b l e  to dent ing and o t h e r  damage . Spruce and 
.. pI e are mo re comp a t i b l e than ma ny wo ods for the t ype s of 
ahap ing required for v i o l in c omponent s .  

Ae s thet i c s  c anno t b e  i�nored ; c e r t a in l y  cur ly �apl e and 

r oa ewo od h ave e x t rer·e b e a u t y . Wood f ib e r s  wh i ch i n t e r se c t  

the sur face at  an o b l ique ang le n o t  o n l y  r edu c e  s t i f fne. s 

bu t cau s e  a gu i t a r  t o  h ave " � a s yme t r i c  appe arance . When 

4 .  

5 .  

a gu i t ar t o p  i s  quar t e r  c u t , a t t r a c t ive t r ansve r s e  me du l l ary 6 
rays are v i s i b l e .  A l s o ,  kn ot free wo od wi th s t r a igh t ,  c l e ar • 

g r a i n  is mo s t  p l e a s ing to mo s t  eye s .  Ae s th e t i c s  in s t r inge d  

ins t rume n t s  a p p e a r �  to b e  ye t another examp l e  o f  the comp a t 

ib i l i ty of form w i t h  f unc t ion that so pervad e s  h igh q ua l i t y 7 
de s ign . We c onc lud e that acous t i c a l  per formance as d e t e r- • 

ained by me c h an i c a l  proper t i e s , i .  the b.s i s  for wo od .. lec

t ioD in mu s i ca l  ins t rument • •  

ACK!iOWLE DeE/tEN I S  

For the i r  t ime , ma t e r i a l s  and t h ough t s  g e n e r ou s l y  c on
t r ibu t ed to t h i s  s t ud y ,  my t h a n k s  go to F r e d  D i ck e ns , 
Ca r l e e n  and Ho r t on Hu t c h i n s , Th e o d o r e  S t e i nw a y  o f  
S t e i nway & Son s , Do n a l d  Th omp s un o f  t h e  C .  F .  Ma r t i n  
Organ i s a t i o n ,  a n d  Pe t e r  Tour i n .  Wi l l i "o Hu,.,a rd and 
Ch i h-llung Lee co n t r i bu t ed s ub s t an t i a l l y  t o  t h e  t ime 
c ons um i n g  s amp l e  p r e p a r a t ion and t e s t ing wh i l e  they 
we re s t ud e n t s at the Un ive r s i t y  of S 0 u t h  C a r o l i n a .  
Bi l l  Jame s o f  t h e  U .  S .  Fo r e s t  Produ c t s  L a b u r a tory 
cont r ibu t e d  s am p l e  i d e n t i f i c a t i o n .  Ideas c onve ye d by 
John S che l l e ng h e l p e d  s h a pe po r t i o n �  of t h i s  repu r t . 
The Na t i o n a l  S c ience Found a t ion s u p po r t e d  t h i s  r e s e arch 
unde r Gr ant Numbe r E NG7 4 - 1 9 8 7 3 .  G t: ne rou s c o n t r ibu t i o1". s 
of fac i l i t i e s  and add i t i on a l f inan c i a l  s up po r t  we re re
c e ived from the Unive r s i t y  of South C a r o l in a .  
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S ince the l as t  i s sue o f  the I� ewsl e t te r ,  . we ha.ve l e arne d of the de aths of 
memb e r s  R al ph S z al ay  ( Sydne y , Aus tral ia) e.Ild Edwin Boneey (llak:awao , Haw�1i ) .  
Also , ARRon z io wri te s o f  the de ath l as t  Augu� t o f  George L . Be hen, a well 
known luth ie r in the Denver ( Colo . ) are a. 

We have just learned of the death of Benjamin B. Bauer. Mr. Bauer was presented the Silver Medal in Engineering Acoustics at 

ceremonies during the 96th meeting of the Acoustical Society of America held in Hawaii last December. This is presented "for 

contributions to the advancement of science, engineering, or human welfare through the application of acoustic principles, or through 

research accomplishments in acoustics". For his award Ben Bauer was cited "for his contribution to engineering acoustics, particularly 

in the development of techniques and devices used to pick up, record, and reproduce sound". 

Mr. Bauer began his audio work with Shure Brothers, Inc . in 1 93 7  where he contributed significantly to the design of commercial 

microphones, record cutters and pickups.  In 1 957 he joined CBS, Inc. to take charge of their audio development technology work at the 

then CBS Laboratories at Stamford, Conn. There he led a technical team that made many contributions to the understanding of the 

stereophonic phenomenon and to the improvement of the quality of recorded music. In recent years he had been mainly concerned with 

the development of techniques to produce multichannel sound. The result was the creation of the, so-called SQ quadraphonics "matrix" 

system for phonograph reproduction and broadcasting. 

Mr. Bauer was a Fellow of the Society, a former Associate Editor of JASA and a Member of the National Academy of Engineering. 

Quoted from JASA; March 1 979 
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ABSTRACT 

This report, Part II of an extensive study of mus
ical instrument wood, focuses on the mechanical prop
erties of treated wood. "Treated" encompasses ap
plication of a surface finish, laminating to form 
plywood or exposing to light or water. Properties 
of untreated wood were reported in Part 1 (Daniel 
W. Haines, " On Husical Instrument Wood, " CAS News
letter No. 31, Hay, 1979, pp. 23-32.) Changes in 
wood density, stiffness and vibrational damping are 
brought about by application of fillers or sealers 
and varnishes or lacquers. We have quantified these 
changes for many fine examples of treated wood. 
Also we have measured the properties of plywood for 
musical instruments and the effects of exposure to 
light and soaking in water on spruce and maple 
samples. 

INTRODUCTION 

Violin varnish has evoked emotional discussions for 
centuries. It has often been cited as the secret of 
the instruments of Stradivari. Application of a sur
face finish such as varnish does indeed alter the 
acoustical properties of a string instrument. We 
document a number of cases in this report. Whether 
the alterations improve or damage the quality de
pends on several factors, however we agree with 
Schelleng (1) that in most cases the result is gen
erally undesirable acoustically. 

In Part I, we presented the rationale for measur
ing density, stiffnesses and vibrational damping of 
musical instrument wood. In this Part, we present 
the changes in these properties for many of the wood 
samples previously discussed in Part I. The sample 
numbers of Part I are retained with an additional 
letter to indicate which of the finishes of Table 
has been applied. For example, 2lHA in this Part 
is the wood of sample 2lH of Part I (Sitka Spruce 
from C. F. Hartin) with a gloss lacquer applied. 
Samples numbered 88 and above are unique to this 
Part. These include some samples having no unfin
ished counterpart (e.g., 93HA) and plywood samples 
(96H-100H) • 

We have retained the terminology established in 
Part 1 and will not repeat the definitions. To 
some degree rigor has been thereby s�crificed. 
For example, the specific gravity of a surface 
finish, typically slightly greater than unity, 
is much greater than the density of the wood sub
strate. A density calculation of such a sample 
therefore represents only an apparent density. 
Likewise Young's Hodulus measured for the hybrid 
of wood and finish are also only apparent. None
theless, it is felt that these representations 
remain the most meaningful, especially when 
comparisons are made with the properties of the 
bare wood. 

Plywood has found application in guitars and the 
string bass. The density of plywood need not be 
significantly greater than its solid wood counter
part - only the adh� ive adds weight. Since the 
outer fibers play a dominant role in bending, the 
bending stiffnesses of a 3-ply configuration is 
very close to that of a solid panel. For these 
reasons, plywood is a reasonable alternative to 

solid wood in some musical instrument applica
tions. In this part we verify the above and ex
plore the more subtle qualities of shear moduli 
and damping of plywood. 

Exposure of unvarnished stringed instruments to 
indirect sunlight is a practice that may have 
originated in Cremona and to this day some be-
lieve the practice enhances the quality of the 
wood. We performed tests to determine whether 
such exposure produce changes in the mechanical 
properties and found that indeed it did for 
some properties, not convincingly for others. 
Another bit of violin lore promotes the soaking in 
water of maple wood for violin backs. This practice 
may have originated in the belief that some of the 
earliest fine Italian instruments were constructed 
from broken maple oars that had washed ashore. We 
tested wood before and after soaking and found that, 
as with light exposure, changes in some mechanical 
properties could be detected. 

MUSICAL INSTRUMENT WOODS WITH SURFACE FINISH ADDED 
(TABLE 2) 

All surface finishes have a density of approximately 
1,000 kg/cubic meter (specific gravity of one), 
greater than any wood under discussion. Therefore 
the apparent den.ity of a wood strip with surface 
finish can alwa y s  be expected to be greater than the 
bare wood it.elf. 

Application of a surface finish will also increase 
the resistance to bending. The lower the Young'. 
Modulus of the bare wood, the more pronounced is 
this effect. Thus, the cro,s grain bending stiff-
ne .. of soft woods (low E� ) such as spruce 
can be dramatically raised. 

SURFACE 
FINISH 

A 

B 

C 

D 

E 

F 

G 

R 

J 

L 

TABLE 1 

DESCR IPT ION 

Lacquer (Glo .. ) 

Lacquer (Satin) 

Lacquer (Special Satin) 

Two-Part C atalyzed Wood 
Finish "Reagen Holzlack" 

Filler-Gum Gamboge (Behlen), 
Pure (Hedical Ethyl Alcohol, 
Rectified Turpentine (Behlen). 
Varnish-Behlen Violin Varnish 
1969 (Four part. by weight), 
HcCloskey Varnish #5917 (one 
part by weight). 

�-Behlen, Varnish-HcCloskey 

Filler-Behlen, Varnish-Combination 
Behlen and HcCloskey. 

Filler-HcCloskey, Varnish-HcClo.key 

Filler-HcCloskey, Varnish-Combination 
Behlen and HcClo.key 

DuPont 1999S Clear Lacquer Sealer 
(Two Coat.), DuPont l655S Gloss 
Lacquer (Seven Coats) 

Behlen Varni.h Only 



�ILE 2 - H!CBAKICAL PROPERTIES OF MUSICAL INSTRUMENT WOODS WITH SURFACE FINISR ADDED 

MEASURED AT 21·C AND 60% RELATIVE HUMIDITY 

PERCEKtAGI CHANGE FROK UNFINISHED CONDITlON INDlCATED IN' PARENTHESlS 

S 
A 
M TRICUESS DENSITY YOUNG' S MODULUS LOGARITHMIC DECREMENT 
P Cent i.eteu �Ilolram. per Cubic Meter Megll rueai. Low Frequency Nigh Frequency 
L 
E R pI! {>ol I

" Eol SII Sol SIt 8.J. 

SPRUCE 

21MA 0.29 420 (+18) 420 (+7 .5) 11000 (+6.9) 750 (+12) .028 (+17) .10 (+52) .061 (-2.0) .11 (+10) 
21Mn 0.29 430 (+19) 440 (+9.6) 11000 (+2.5) 820 (+23) .029 (+19) .11 (+75) .072 (+15) .12 (+29) 
22KA 0.29 520 (+4.0) 520 (+0.6) 14000 (-5.0) 880 (+6.0) .029 (+13) .11 (+11) .062 (+6.9) .12 (-13) 

22KC 0 .29 520 (+3.2) 520 (+2.6) 13000 (-11) 900 (+9.1) .030 (+15) .10 (+15) .066 (+14) . 1 1 (-29) 
9SD 0.43 440 (+5.0) 520 (+21) 12000 (-13) 510 (+165) .022 (+16) .081 (+27) .046 (-10) .078 (+26) 

88HE 0.36 530 (+6.4) 510 (+4.7) 17000 (-5.1) 630 (+51) • 020 (+25) .12 (+120) .053 (-15) .081 (+6.6) 

89H1 0.36 490 (+4.9) 520 (+7.1) 15000 (-3.2) 650 (+64) • 020 (+18) .12 (+120) .055 (+1.9) .093 (+43) 
90RI 0.35 530 (+5.6) 520 (+0.9) 17000 (-1.6) 1200 (+30) .022 ( 0) .076 (+17) 

91Rr 0.37 470 (+3.8) 450 (+3.9) 12000 (-5.0) 220 (+18) .023 (+8.0) .11 (+13) 

91RG 0 .37 430 (+4.8) 450 (+2.5) 12000 (-2.4) 270 (+12) .022 (+3.4) .11 (+12) 
92HR 0.37 470 (+3.3) 460 (+0.4) 11000 (-17) 330 (+17) .047 (+30) .13 (-3) 

92HJ 0 .37 470 (+2.7) 460 (+0.5) 14000 (+9.4) 360 (+13) .032 (-13) • .12 (-20) 

93:11. 0.38 490 480 13000 400 .034 .14 

WESTERN RED CEDAll 

68D� 0.35 430 (+6.4) 420 (+5.3) 6400 (-2.1) 910 (+27) .024 (+33) .068 (+94) .054 (+20) .066 .(+58) 

REDWOOD 
71Dlt 0 . 36 420 (+11) 400 (+5.9) 11000 (+5 .7) 1200 (+10) .020 (+33) .061 (+64) .043 (+23) .055 (+45) 

ROSEWOOD 

62KA 0.29 790 (+6.9) 810 (+4.9) 12000 (+0.6) 2000 (+6.7) .026 (+8.3) .087 (+45) .058 (+70) .081 (+7.8) 
94KA 0.32 650 660 12000 2100 .026 .066 .043 .076 

MAROGAMY 

65MA 0.29 620 (+8.4) 620 (+3.0) 11000 (-14) 1200 (+17) .034 (+26) .13 (+81) .054 (+44) .13 (+95) 

95MA 0.29 550 560 11000 560 .026 .10 .060 .085 

PADUC 

81MA 0.29 740 (+2.7) 710 (+7.5) 14000 (-11) 1400 (+20) .017 (+6.7) .092 (+56) .038 (-13) .086 (+21) 

MAPLE 

49RL 0 . 32 680 (+11) 710 (+8 .5 ) 8500 (-13) 2100 (-6.5) .049 (+32) .14 (+103) .074 (+42) .095 (+13) 

L 

14000 (-55) 
11000 (-65) 
.7700 (-3&) 
7600 (-37) 

12000 (-35) 
10000 (-61) 

9800 (-59) 
20000 (-12) 

4500 (-23) 
5300 (-9.2) 

3100 (-26) 

5800 (+42) 
4200 

18000 (-64) 

32000 (-59) 

4300 (-38) 

10000 

2700 (-70) 

9100 

9400 (-48) 

2000 (-73) 

NOTES 

30% R.H . 

30% R.H • 

"Unfinished" 
included 
filler for 
91R, 92H 



S VELOCITY OF YOUNG'S SHEAR RADIATION 

A DENSITY SOUND MODULUS MODULUS RATIO LOGARITHMIC DECREMENT 

K �ilogr_. Heten7 Sec. ireja p"call!. K�,a P .. cah --c.Le-
p per cubic Low Frequency High Frequency 

E,L. 'GlI G,.L L .. ter 
! pu f.J.. CII CJ.. E

" 
!J.. Gil C.L, R,. R,L. Ii," (freq. ) S.,L (freq . ) Ii" (freq.) 1i.L (freq.) Ell Ell E .. L NOTES 

TAiLE 3 - MECHANICAL P10PE1TIES OF PLYWOOD USED IN GUITARS 
HEASURED AT 21·C AND 60% RELATIVE HUMIDITY 

96K 520 520 5100 1700 13000 1600 230 1000 9.8 3.3 .026 (995) .045 (343) .055 (9701) .055 (8198) • .123 .0177 .0769 28000 Spruce 

91M. 510 480 5100 1700 13000 1300 350 2900 10 3.5 .023 (552) .043 (188) .046 (8747) .049 (8923) .100 .0269 .223 35000 Spruce 

98M 650 660 3500 1700 8000 1800 290 very 5.4 2.6 .022 (509) .048 (234) .034 (8280) .041 (9127) .225 .0362 13000 to.ewood 
8tiff 

99K 630 630 4000 2300 10000 3300 250 590 6.3 3.7 .024 (497) .034 (286) .060 (13784) .040 (10461) .333 .0250 .0590 29000 to.ewood 

lOOK 530 520 4500 2100 10000 2400 230 610 8.5 4.0 .026 (882) .027 (426) .048 (9084) .038 (9858) .240 .0230 .0610 48000 Mahogany 

TABLE 4 - PERCENTAGE CHANGE OF MECHANICAL PROPERTIES DUE TO TBI TREATKERTS INDICATED 

SITKA SPRUCE EXPOSED TO LIGHT 

1311 -1.8 -6.3 0 -19 -1.5 -38 +2.0 -12 +5.6 

SInA SPRUCE SOAXED 1M WATER 

13K -3.2 -5.3 -2.9 -17 -8.8 -34 +0.2 -10 +13 -23 

CZECH MAPLE EXPOSED TO LIGHT 

S3a -6.S -S.9 -0.9 -S.S -8.2 -16 +6.1 +0.4 +7.0 

CZECH MAfLE SOAlED IN WATER 

S3ft -8.4 -6.1 -4.8 -12 -17 -27 -2.5 -5.8 +17 -4.1 



The Young's Modulus of moa t rea ina ia approximately 
2,00

,
0 Megs Pascals, le88 than Ell for all musical 

in�ument wood and greater than EoL for moat, not
able exceptions being some roaewoods and some �ples. 
Th�, if no penetration occurs, the apparent £" of 
a varnished wood also could be expected to be lea l 
than the bare wood. However, penetration doea 
occur and the apparent E It of bare wood is some
tiDIes raiaed. . Also the apparent £.1. usually is 
increaled, many timea dramatically. 

The damping of finishea is usually greater than the 
wood itself. Therefore the damping of finilhed 
wood Ihould normally be greater than the bare wood. 

Hote that H il the nominal thickness of the wood 
strips. The thinner the original wood, the greater 
the increase in apparent density . Thus, if Sample 
9SD had been thinner originally, it would have dil
played an even greater increase in apparent density. 
Application of the surface finish raised the �� 
of this sample enormously . It will be recalled 
from Part I that· Sample 9S had a very low value of 
c� because of the high Ikew angle of the grain. 
ThuI, a plate cut off the quarter can pOllibly be 
made "rea pectable" by applicat ion of surface finiah. 

Application of surface finish not only railel damp
ing overall but also evidently tends to bring the 
damping values of all woods into closer agreement. 
Thil il elpecially revealed by Sample. 21M and 22K. 
The tests .eem to indicate that rather than one 
particular varnilh being luperior, any .urface fin
ilh will make two dissimilar woods more alike. 

With the lole exception of Sample 92HJ, all L-values 
were reduced by application of a urface finish. By 
the criteria postulated in Part I, thil result im
plies that the musical quality of a wood and its 
potential for excellence most generally is dimin
ilhed by application of a finish. This il not to 
lay that the quality of an instrument "in the white" 
is luperior to its quality after finishing but per
haps it il correct to say that if a particular 
inltrument is j udged acoustically superb in the 
unfiniahed Itate, it will be damaged by applica-
t ion of finia h for two reaa ona : (1) L-values 
are decrea.ed and (2) original "good" mode shapes 
will be detuned. 

PLYWOODS 
(TABLE 3) 

Each plywood sample was a 3-ply laminate with the 
core grain perpendicular to the grain of the two 
outer plies. The spruce plywoods have a greater 
den.ity than their solid counterparts. This is due 
to the added weight of adhesive. The rosewood and 
mahogany plywoods have less dense soft wood corea 
(perhaps Ipruce). Consequently, they tend to have 
a lower apparent density than their solid counter
parta , even with the added weight of adhesive. 

Recall from Part I that in a given quarter cut 
plate both Young'a modulus (bending) and the shear 
.odulul are lower in the cross grain direction than 
along the grain. Material near the surface contri
butes mOlt to bending stiffness; material near the 
center contributes most to Ihear stiffnels. These 
facti. offer the explanation for the 3-ply laminate 
generally exhibiting higher E.l. o."J G. and lower 
Ell and Gil than solid wood. But more striking 

i. the low damping of plywood, especially at high 
frequencies. These factors contribute to giving 
plywood generally higher values of L, suggesting 
that plywood is certainly a viable alternative 
to solid wood in guitars for which high L-values 
are desirable and the necessarily nearly constant 
thickness poses no construction difficulties. 

LIGHT AND WATER EXPOSURE 
(TABLE 4) 

Tradition calli for stringed inltruments to be exposed 
to indirect sunlight for at least one winter. Samples 
of sitka spruce and Czech maple were so treat'ed from 
December 23, 1975 to June I, 1976 in Columbia, South 
Carolina, U.S. A., a location at nearly the same lati
tude as Cremona. The wood was tested before and after 
exposure. The property changes are noted in Table 4. 
Numerical values shown represent the average of two 
specimens. To ensure against spurious aging effects, 
control samples were also tested at the same times as 
the exposed wood. During 1975 prior to testing, all 
samples were stored at 21°C, 60% R.H. During the 
exposure interval, storage of the control samples 
at 2l"C, 60% R.H. continued. 

Density reductions with exposure are evident. Thi, 
is due primarily to ,welling of the wood. Young', 
Modulus decreased both along the grain (Ell) and 
cross grain (E�). Shear modulus wal not measured. 
Unfortunately damping measurements were performed 
with an apparatua that later proved unreliable and 
no values are reported. L-values were calculated 
and increases were found for both spruce and maple. 
However, strong conclusions should not be drawn 
because the L-values are dependent on sUIPicious 
damping data. 

During the same period of time, other spruce and 
aaple samples were tested before and after soaking 
in water. The water was changed weekly. Again 
density decreases due to swelling are noted. 
Young's Moduli also were reduced. A clear damp
ing increase was noted in at leaat the cross grain 
specimen at low frequencies. L-values conse
quently decreased with water soaking,but as with 
light· exposure, firm conclusions should not be 
drawn. 

CONCLUSIONS 

In Part I, the case was made for taking E.J./E'I very 
seriously. Low frequency modes are strongly depen
dent on this ratio. The results of this Part 
clear ly show that application of a surface finish 
can increase E..l./E"substant ially: the heavier the 
finish, the greater the increase. The presence 
of a surface finish raises E.l. dramatical ly if 
the wood has a high angle of skew. Thus, mode 
shapes are always altered, sometimes for the bet
ter, sometimes for the worse, by application of 
surfac e finish . 

Application of a surface finish almost invariably 
leads to an overall increase in damping and conse
quently a decrease in the loudness index, L. By 
the arguments advanced in Part I, one should expect 
this result to be always unwelcome in guitars, and 
probably also unwelcome in violins, but not neces
sarily so. That is, 'in some instances better con
trol by the violinist may be gained by lowering L. 

Within a given species of wood, application of a 
surface finish seems to produce more similar damping 
properties from sample to sample, especially at high 
frequencies. Thus, varnishing tends to smooth the 
wide variations in mechanical properties reported 
in Part I. This seems to be a desirable outcome. 

Provided eq ually careful and skillful instrument 
construction practice is followed, the results show 
that plywood may stand on nearly equal acoustical 
fitting with solid wood. Constant thickness must 
be maintained with plywood which seems to rule it 
out for quality violins. 



Density and stiffness reductions were found when 
wood was exposed to light and soaked in water. 

In sum, it was found that the mechanical properties 
of acoustical importance are indeed altered, some
times dramatically, by applying a surface finish, 
laminating as a plywood, and exposing to light and 
water - treatments practiced by all luthiers to some 
degree. Moat important, these property changes have 
been.quantified in this report. 
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APPENDIX 

TEST METHODS 

Since all tests were performed on rectangular .trips, 
density determination was .imple. Each strip was 
weighed and the length, width and thickness were 
mea.ured. Density, p , wa. calculated by dividing 
the mass by the volume. 

The remaining properties require dynamic mea.ure
ments with each strip excited in bending vibration. 
A block diagram of the instrumentation employed i. 
shown in Figure 1. Le.s expensive electronic com
ponents could be substituted effectively. The wood 
strips were held in place by two tightly stretched 
thin strings positioned at the nodal points for the 
mode of vibration under investigation. For the 
fundamental mode from which most of the mechanical 
properties were derived, these nodal points are 
0. 224 L from the ends, L in this case being the 
length of the string. A very small piece of mag
netic material, was attached to one end of the 
strip to act as an armature. The armature inter
acted with the alternating magnetic field from the 
nearby electromagnetic transducer which was driven 
.inusoidally by the oscillator. 

Resonance frequencies were detected by peak ampli
tudes of vibration when the driving frequency from 
the transducer coincided with a resonance frequency 
of the wood. Damping was measured by observing the 
amplitude dependence of frequency in the vicinity 
of the regonance. Three measurements are taken: 
the resonance frequency itself (peak amplitude), 
fo' the frequency below resonance at which ampli

tude is 3 decibels, (i.e., half power), lower than 
peak, + �)and the frequency above resonance at which 
the amplitUde is also 3 decibels below peak/�.,,(see 
Figure 2). The logarithmic decrement in this case 
can be determined from 

£::; TT (1''1 -+J 
fo 

The Bernoulli-Euler beam model is adequate to deter
mine Young's Modulus (2). With the previously deter
mined density e , length of strip L, thickness of 
atrip H, and frequency of the fundamental mode f, 
the Young's Modulus E, is found from 

£=-
� 4-

O.946pt L 
H2. 

To determine the shear modulus of the strip, at 
least one of the higher resonance frequencies i. 
needed in addition to the fundamental resonance 
frequency and the Timoshenko beam model (2) haa to 
be used. A simple procedure calculating the ahear 
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modulus can be found in the work of Kollmann and 
Krech (3). Results of applying this method com
pare very favorably with the results obtained from 
an elaborate computer program . 
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���&�&����
� 
� ���
�& �� ������
�� 0%��. ;2�  
��
&�	������ ��� ���� ����� 
� ���	�����. 8� ��� �� ���
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� �(��@����
�
������ +��� ��
�� 
� ������� ���	 �
� " ��	 :(- ��
�
���	���	 �� ������������� 
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Abstract: Violin varnishes are known to alter the longitu-
dinal and radial material properties of violin tonewood. 
Here, the varnish-induced changes in the vibrational 
and elastic properties of spruce and maple wood were 
studied by modal analysis of rectangular plates. This 
contact-free investigation yields the eigenfrequencies and 
 corresponding mode shapes and modal damping ratios of 
multiple out-of-plane modes. The longitudinal and radial 
E-modulus and the in-plane shear modulus were deter-
mined by an inverse material property determination 
process. The influence of traditional European varnish 
materials and different coating build-ups, comprising 
alcohol-based as well as oil-based varnishes, was studied 
during their application and for several months during 
drying and aging of the multi-layered systems. The evo-
lutions of the changes induced by the different varnishes 
were rather similar and, except for modal damping, less 
pronounced for maple than for spruce. For the latter, the 
longitudinal E-modulus was slightly decreased while 
the shear modulus and radial E-modulus were increased 
after 18 months. The strong increases in modal damping 
ratios shortly after applying the coating systems (up to 
150%) were reduced over time but remained significant 
for the time-span studied. However, also small differ-
ences between the influence of different coating systems 

and varnish materials on the amplitude of the induced 
changes became apparent.

Keywords: maple, mechanical properties, modal analy-
sis, non-destructive testing, spruce, violin varnish, wood 
dynamics

Introduction
Besides aesthetical rationales and their protective func-
tion against humidity changes and wear, it is recognized 
that violin varnishes influence the vibrational proper-
ties of wood (Schelleng 1968; Ono 1993; Minato et  al. 
1995; Schleske 1998; Obataya et al. 2001; Sedighi Gilani 
et al. 2016; Lämmlein et al. 2019). The (tacit) knowledge 
about the varnish procedure of the renowned Cremonese 
violin makers, however, was not continuously handed 
down and got lost over the years (Cattani et  al. 2013). 
Therefore, most studies focus on revealing the varnish 
compositions and the preparation methods used by the 
famous luthiers (Echard and Lavedrine 2008; Echard 
et al. 2010; Bucur 2016; Spinella et al. 2017; Fiocco et al. 
2019).

The varnish influence on the eigenfrequencies, 
damping properties and elastic moduli has mostly been 
studied on wooden strips before and after varnish appli-
cation. Typically, the strips were excited, either electro-
magnetically or with an impact hammer, to vibrate in 
free-free flexural modes. The results, commonly based on 
the low-frequency modes, mainly show that for Norway 
spruce wood (Picea abies L.), the longitudinal stiff-
ness was slightly reduced, whereas the radial stiffness 
and especially the damping properties were (strongly) 
increased by varnishes (Hutchins 1991; Minato et al. 1995; 
Schleske 1998; Sedighi Gilani et al. 2016; Lämmlein et al. 
2019). Over time, during drying and aging of the coating, 
the effect of the varnish is further subjected to changes 
(Schelleng 1968; Holz 1995; Minato et  al. 1995; Schleske 
1998; Sedighi Gilani et  al. 2016). The described changes 
are visualized in Figure 1. The figure also shows the effects 
on the torsional properties, which have so far not been 
described in the literature, but which are reported in this 
publication.
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The varnish impact is associated with the different 
elastic constants of tonewood and varnish materials. 
Wood, as an anisotropic material, has a higher longitudi-
nal E-modulus (EL) and a lower radial E-modulus (ER) than 
most traditional isotropic varnish materials (Obataya et al. 
2001; Simonnet et al. 2002). In addition, varnish materials 
have a higher density and higher loss factors than spruce 
and maple (Acer pseudoplatanus L.), the wood species 
usually used for the construction of the front and back 
plates of a violin. Moreover, previous studies revealed 
that the varnish influence depends on the type of varnish 
applied and on the multi-layer build-up (Hutchins 1991; 
Schleske 1998, 2002). However, most studies investigated 
specific varnishes or coating systems without identifying 
the individual and cumulated contribution of treatment 
layers.

Besides the importance of ER and EL, numerical sen-
sitivity analyses showed an important influence of the 
in-plane shear modulus GLR on violin top and back plates 
(Rodgers 1988; Viala et  al. 2016) and, generally, also 
of the maple back on the final eigenfrequencies of the 
entire instrument (Viala et al. 2016). Nonetheless, meas-
urements on maple are very rare and one can find more 
general comments on the damping properties (Meinel 
1957; Eichelberger 2006), eigenfrequency changes (Woo 
Yang Chung 2000) or a single measurement of the impact 
of a particular varnish (Haines 1980). The potential influ-
ence of varnish on the shear properties of both, spruce 
and maple, has not been studied to date.

In this publication, the influence of differently com-
bined traditional multi-layer and multi-material coating 
systems on the vibrational and elastic properties of spruce 

and maple wood, and the evolution of these changes 
over time, were investigated. To study this, wideband 
modal analysis was performed on rectangular spruce and 
maple plates. Being non-invasive, this approach allows 
to measure the changes during the varnishing process 
and in a dynamic manner, as for real instruments. The 
method yields the eigenfrequencies and corresponding 
modal damping ratios. The in-plane elastic moduli, i.e. 
ER, EL and GLR, were obtained with an inverse method by 
minimizing the difference between the eigenfrequencies 
of a numerical model and the experimental measure-
ments. The applicability of this method has previously 
been demonstrated not only on simple rectangular plates 
(Larsson 1997; Pérez Martínez et  al. 2011), but also for 
more complex geometries such as violin soundboards 
(Viala et al. 2018). Due to the rectangular plate geometry, 
this approach allows an assessment of the influence on 
the shear properties and a determination of the aniso-
tropic properties in one  measurement on a single sample.

Materials and methods
Wood and coating materials: Fifty spruce plates of 
140 × 100 × 2.9 mm3 (L × R × T) and 30 maple plates of 95 × 60 × 2.6 mm3 
(L × R × T) with planed radial (LR) surfaces were sampled out of quar-
ter-sawn wood blocks. The wood for the specimens was taken from 
the same trees and in the case of the spruce plates all specimens were 
twin samples (five rows in the tangential direction each with 10 sam-
ples aligned in the longitudinal direction). The mean dimensions, 
weight and density are summarized in Table 1. In order to avoid 
potential superposition of the fundamental eigenmodes [see equa-
tions (4)–(6)] and to obtain a significant number of samples, different 
dimensions for spruce and maple were chosen.

Following the traditional violin varnishing methods, the stud-
ied coating systems comprised several layers and different varnish 
materials. Referring to the Byzantine finishing system as described 
by Koen Padding (Padding 2005), which is still being used today 
and allows a systematic analysis of different possible build-ups as 
encountered on antique and modern instruments, the following 
coating materials were chosen and applied with a brush:

Table 1: Dimensions and weights of studied samples at 20°C and 
65% RH.

Spruce plates Ø (std) Maple plates Ø (std)

Mass (g) 18.49 (0.12) 9.77 (0.16)
Length (mm) 140.02 (0.03) 95.12 (0.02)
Width (mm) 100.20 (0.10) 60.44 (0.05)
Thickness (mm) 2.894 (0.011) 2.56 (0.02)
Density (kg m−3) 455.3 (2.7) 665.1 (6.2)

The standard errors of measurement (SEM) are reported in 
Supplementary material S3. Std, standard deviation.

Figure 1: General trends for varnish-induced changes in 
eigenfrequency (left) and damping ratios (right) for spruce (for the R 
radial, L longitudinal and T torsional vibration modes) compared to 
the unvarnished state.
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 – Primer (N), one layer: 4.3 wt% sodium nitrite NaNO2 dissolved 
in distilled water

 – Sealing (S), one layer: mastic resin dissolved in turpentine (Mas-
tic Varnish from Kremer Pigmente GmbH & Co. KG, Aichstetten, 
Germany)

 – Grounding (G), one layer: clear oil varnish (OldWood classical 
amber, OldWood Colours & Varnishes S.L., Madrid, Spain) and 
29 wt% pumice powder (Pumice Powder 6/0 from Kremer Pig-
mente GmbH & Co. KG, Aichstetten, Germany)

 – Alcohol varnish (A), four layers: known as “1704 varnish”, based 
on shellac (Shellac Orange from Kremer Pigmente GmbH & Co. 
KG, Aichstetten, Germany), gum elemi (from Hammerl GmbH 
& Co. KG, Baiersdorf, Germany), spike oil (Spike-Lavender Oil 
from Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany) 
and ethanol

 – Oil varnish (O), four layers: Hammerl standard quality oil var-
nish golden brown.

The varnish application was performed by a scientist, who was 
taught by a professional luthier. Subsequent layers were applied 
with 24 h intervals, including 8 h of ultraviolet (UV) irradiation. To 
study the impact of the individual materials and to reflect different 
coating systems as used for historical and modern violins, different 
combinations (Table 2) were investigated. In general, the applied 
coating materials can be separated into pretreatments (N, S and G), 
which penetrate the outer wood cells, and the main varnish (either 
A or O) which forms a homogenous layer on the pretreated wood 
surface. In the case of the spruce plates’ measurements, all possi-
ble combinations of pretreatments were studied and combined with 
both the alcohol and oil varnishes. For the maple plates, the different 
combinations of pretreatments were studied for the alcohol varnish. 
Besides, the influence of the oil varnish was examined on a NSG 
pretreatment system. As Table 2 shows, this results in eight different 
coating systems for the spruce plates and five different coating sys-
tems for the maple plates. For statistical analysis, each wood/coating 
combination was examined on five plates. The samples were weighed 
on a precision balance (±1 mg) after each varnishing step and at each 
measurement time. To enable a direct comparison between the mass 
changes of the spruce and maple plates, the changes were evaluated 
as a coating system-induced areal mass loading:

 initialAreal loading
m m

b l
−

=  (1)

where m is the mass, b the width and l the length of the plate. The 
subscript initial refers to the initial, unvarnished plate. The plates’ 
thicknesses, which were considered in the density and numerical 
calculations, were determined during the varnish application as an 
average of three measurements per plate with a micrometer (±1 μm), 
and considered as constant during drying and aging.

Modal analysis: To eliminate any influences of temperature and rela-
tive humidity (RH) changes, all wooden plates were preconditioned, 
varnished and measured in the same climatic chamber (20°C and 65% 
RH). The general setup and process of the measurements are shown 
in Figure 2. The vibration was excited contact free with a sine sweep 
between 150 Hz and 10 000 Hz, generated by a loudspeaker positioned 
behind the plate. The out-of-plane vibration velocity frequency response 
function (FRF) was measured with a PSV-500 scanning laser vibrom-
eter (Polytec GmbH, Waldbronn, Germany) using the H1 estimator. This 
non-intrusive approach is of great advantage with regard to potential 
investigations on valuable violins. The measurements were conducted 

at several equidistant points along one short and one long edge of the 
plate whereby the mode shapes were clearly identifiable (Figure 2b). 
The eigenfrequencies and their modal damping ratios were calculated 
by a modified method of linear prediction (Tufts and Kumaresan 1982; 
Lebedev 2002), which was applied for wooden beams in Van Damme 
et al. (2017). The procedure is based on fitting a sum of exponentially 
damped sine waves to the experimentally determined response. Figure 
2 exemplarily shows a measured FRF (blue curve) and the calculated 
linear prediction (red curve) for a spruce (Figure 2d) and a maple (Fig-
ure 2e) plate measurement. The labeling of the eigenmodes refers to the 
number of node lines, i.e. the blue lines in  Figure 2, along the short and 
the long edge of the plates (no. of node lines along the short edge, no. 
of node lines along the long edge). Due to the material properties and 
the dimension of the plates, different eigenmodes can fall on the same 
eigenfrequency, making it difficult to assign them individually. For com-
plex FRFs, with many overlapping resonance peaks, the linear predic-
tion method results in a more reliable estimation of the eigenfrequency 
and modal damping ratios than the straightforward peak identification 
(Remillieux et al. 2015). In Figure 2, the eigenmodes that were clearly 
recognizable for all measurements and that were subsequently used for 
further analysis are displayed and highlighted in the FRFs.

In the case of small damping values (ζ < 0.07), the determined 
modal damping ratios ζ can be converted to other common damping 
measures according to Graesser and Wong (1992):

 
1tan( )

2 2 2 2 
Qδ η Λ

ζ
π

−

= = = =  (2)

where tan(δ) is the loss tangent, η the loss factor, Q the quality fac-
tor and Λ the logarithmic decrement. The modal damping ratios 
of the fundamental bending modes, i.e. mode (1,1), (2,0) and (0,2), 
can directly be transferred to the directional properties [(1,1) = LR, 
(2,0) = R, (0,2) = L]. The modal damping ratio of the second torsional 
bending mode, however, also strongly depends on the longitudinal 
damping properties (McIntyre and Woodhouse 1988).

Inverse mechanical property determination process: Wood, owing 
to its different properties in the longitudinal, radial and tangential 
directions, is commonly modeled as an orthotropic material with nine 
elastic constants and a physical parameter, the density. Based on an 
iterative optimization process, by minimizing the difference between 
the results obtained experimentally and by a numerical model of the 
plate vibrations, it is possible to determine the elastic properties of the 

Table 2: Term and composition of the studied coating systems (✓ 
present, ✗ not present).

Term   Na   Sb Gc  
Varnish 
(Ad or Oe)  

No. of spruce 
samples  

No. of maple 
samples

Reference   ✗   ✗ ✗   ✗   10   5
NA   ✓   ✗ ✗   ✓ (A)   5   5
NO   ✓   ✗ ✗   ✓ (O)   5   –
NSA   ✓   ✓ ✗   ✓ (A)   5   5
NSO   ✓   ✓ ✗   ✓ (O)   5   –
NGA   ✓   ✗ ✓   ✓ (A)   5   5
NGO   ✓   ✗ ✓   ✓ (O)   5   –
NSGA   ✓   ✓ ✓   ✓ (A)   5   5
NSGO   ✓   ✓ ✓   ✓ (O)   5   5

aSodium nitrite solution; bsealing; cgrounding; dalcohol varnish; eoil 
varnish.
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plates. In the case of thin rectangular wooden plates, this approach 
allows identifying the in-plane stiffness properties, i.e. EL, ER and GLR 
(McIntyre and Woodhouse 1988; Larsson 1997; Pérez Martínez et al. 
2011). Within the optimization, these design variables were deter-
mined by minimizing the objective function:
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where i indicates the modes considered for the analysis [i.e. (1,1), 
(2,0), (0,2) and (2,2)], f the corresponding eigenfrequency determined 
numerically and experimentally, respectively, and w a weighting 
factor. As initial presumption, the parameters were estimated by a 
closed-form eigenvalue solution for a free-free beam (Larsson 1997):
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where ρ is the homogenized density, l the length, b the width and 
h the thickness of the plates. For the remaining elastic constants, 
common values were taken from the literature (Kretschmann 2010). 
As apparent from equations (4)–(6) and from sensitivity analyses 
(Larsson 1997; Pérez Martínez et al. 2011), the mechanical properties 
strongly correlate with certain eigenfrequencies. In the case of rectan-
gular free plates, the eigenfrequencies are generally calculated with 
approximations obtained by the Rayleigh’s method, the Rayleigh-Ritz 
technique or using finite element method (FEM) (Hwang and Chang 
2000). For the study of the varnished plates, the density is averaged 
and assumed to be homogenous. The elastic moduli were calculated 
with the different dimensions of the spruce and maple plates in the 
numerical model. A preliminary comparison of the results obtained 
with an FEM model to a calculation based on the Rayleigh-Ritz 

method using the xyz algorithm (with n = 12) (Visscher et al. 1991) was 
conducted. As for the first 18 eigenfrequencies, the relative changes 
between these two methods remained below 0.5%, the calculation of 
the vibrational response for the optimization problem was performed 
with the computationally less expensive xyz algorithm. The optimiza-
tion was conducted in MATLAB using the Nelder-Mead simplex algo-
rithm [fminsearch (The MathWorks 1984–2017)].

Test sequence, statistical evaluation and error quantification: All 
spruce and maple plates were measured in their unvarnished state 
and subsequently after each varnishing step. This resulted in four 
measurements during the varnishing process: (i) initial (unvarnished), 
(ii) after the sodium nitrite solution application, (iii) after the remain-
ing pretreatment application (either S, G or S and G), and (iv) after the 
application of alcohol or oil varnish. Moreover, drying and aging of the 
coating systems was studied by additional measurements that were 
conducted after (v) 1 month, (vi) 3 months and (vii) 6 months, and for 
the spruce plates additionally after (viii) 12 months and (ix) 18 months. 
Generally, the impact of the freshly applied layers differs from the var-
nish-induced changes occurring over time and are therefore consid-
ered separately. The significance of different factors (e.g. pretreatment 
system, alcohol or oil varnish, time evolution, spruce or maple) on the 
measured and calculated properties was determined using a one-way 
analysis of variance (ANOVA) at the 5% significance level in MATLAB.

Results and discussion

Areal loading

Figure 3 shows the mean areal mass loadings that resulted 
from the varnish application during the varnishing process 
and over time. The final loadings varied between 62 g m−2 

Figure 2: General setup and process of measurements for modal analysis.
(a) Setup with a scanning laser vibrometer, a plate and the loudspeaker positioned behind the plate, (b) the measured points aligned along 
one short and one long side shown on a spruce plate, (c) the identified mode shapes corresponding to the measured (blue) and fitted (red) 
frequency response functions of a (d) spruce and a (e) maple plate measurement.

768 S.L. Lämmlein et al.: Influence of varnish on violin wood dynamics



for an NA sample and 173 g m−2 in the case of spruce and 
129 g m−2 in the case of maple for an NSGO plate. A direct 
comparison between the same coating systems on spruce 
(Figure  3a) and maple (Figure 3b) showed that with the 
exception of NA, the areal mass loading for spruce was 
significantly higher than that for maple. When compar-
ing the alcohol (A) and oil varnishes (O), the oil varnish 
always resulted in a significantly higher loading. Con-
sidering the pretreatments, NSG showed significantly 
higher and N significantly lower loadings compared to 
the remaining systems at the end (after 18 and 6 months, 
respectively). Between NS and NG, the only significant dif-
ference occurred in combination with the alcohol varnish 
for the spruce plates. Moreover, the results showed that 
the pretreatments had an influence on the final amount of 
alcohol and oil varnish applied: the total areal loading of 
alcohol or oil varnish in combination with NSG was higher 
than the sum of combining NG and NS and deducting N 
(e.g. NSGO > NSO + NSG − NO). This can be explained by 
the sealing function of the pretreatments, which avoided 
an unrestricted alcohol or oil varnish penetration as for 
the samples treated only with N. Therefore, in the case 
of manual application, more alcohol and oil varnish was 
present on samples without S and G, especially in the case 
of the oil varnish with a slowly advancing drying process 
and thus more time for varnish penetration. Over time, 
during drying and aging of the coating systems (after 
1 month), the areal loadings did not change significantly.

Inverse mechanical property determination 
process

The initial optimization was performed with equal weights 
wi = 1 for all modes. In the case of the spruce plates, the 

starting and optimized values of EL and ER differed less 
than 1.4% and 0.2%, respectively. Therefore, the optimi-
zation problem was reduced to an optimization of GLR. 
From the identified modes, GLR depends mainly on the 
first and second torsional bending modes (1,1) and (2,2). 
Of these two modes, (2,2) is not overlapping with neigh-
boring modes, as observed for (1,1) (Figure 2). Therefore, 
the eigenfrequency and modal damping ratio determina-
tion is more precise and reliable for (2,2). Accordingly, the 
changes in GLR showed similar median changes but less 
variation, when (2,2) is weighted higher than (1,1) ([w(1,1) 
w(2,0) w(0,2) w(2,2)] = [1 1 1 2] and [0 1 1 1] in Figure 4a) and 
thus lead to statistically more meaningful results. Hence, 
the influence of (2,2) was weighted twice within the optimi-
zation problem for the spruce plates ([w(1,1) w(2,0) w(0,2) 
w(2,2)] = [1 1 1 2]). The choice of weighting factor also shows 
an influence on the absolute value of GLR. Figure 4b shows 
the distribution of GLR for all spruce plates before varnish-
ing and after 18 months. In the case of higher weighting of 
(2,2), i.e. fitting more precisely the higher frequency mode 
(2,2), higher absolute values for GLR were obtained ([w(1,1) 
w(2,0) w(0,2) w(2,2)] = [1 1 1 2] and [0 1 1 1] in Figure 4b). 
This suggests that, similar to EL (Ouis 2002), GLR increases 
with frequency and thus that the method is also suitable to 
investigate frequency dependencies of the elastic moduli.

The averaged resulting moduli and modal damping 
ratios for the unvarnished spruce and maple plates are 
summarized in Table 3. Most initial properties were in the 
range of typically observed values and anisotropy ratios (cf. 
Brémaud et al. 2011). The modal damping ratio in the radial 
direction of spruce, however, was significantly higher than 
the previous measurements in the literature (cf. Haines 
1979; Hutchins 1991; Sedighi Gilani et al. 2016). The values 
were probably estimated higher due to the close pres-
ence of a second vibration mode. The detailed data for all 

Figure 3: Mean areal mass loadings induced by the coating systems for (a) spruce plates and (b) maple plates.
The slight loading increases during drying and aging resulted from an increased weight of the wood itself (see changes for reference 
samples), which might be explained by a potential additional moisture uptake for the aged wood.
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individual samples and measurements (including the input 
parameters, i.e. the dimensions, masses and eigenfrequen-
cies) are provided in Supplementary materials 1 and 2.

Results for spruce plates

The results for the mean relative changes in eigenfrequen-
cies, elastic moduli and modal damping ratios (ζ) for the 
coating systems with the alcohol varnish are shown in 
Figure 5.

Generally, the initial influence of the coating systems 
differs between the longitudinal, radial and torsional 
modes. Regarding the eigenfrequencies and elastic 
moduli, the freshly applied coating systems resulted in a 
significant increase for the radial bending mode, whereas 
for the torsional (except NA and NGA) and longitudi-
nal modes, the properties were reduced. With regard to 
the modal damping ratios, the freshly applied coatings 
resulted in a strong increase, which was most pronounced 
in the radial direction and for NSGA-coated samples.

The trends for the further changes occurring over time 
during the drying and aging of the coating systems were 
rather similar. Proceeding from the finished coatings, 
all eigenfrequencies and elastic moduli were increased. 
As meanwhile the mass was not subjected to significant 
changes, as described earlier, these increases indicate a 
stiffening of the coating systems over time. After 18 months, 

the changes in eigenfrequencies and elastic moduli of all 
coating systems were significantly different compared to 
the changes occurring for the reference plates, showing 
increased radial and torsional and slightly decreased 
longitudinal properties. For NSGA, these changes were 
strongest and for NA they were less noticeable. The differ-
ences observed between the different coating systems and 
the different wood directions diminished over time. More-
over, the large damping increases measured for freshly 
applied coating systems were less pronounced with time. 
However, in the case of the longitudinal and torsional 
modes, the general increase remained.

When comparing the development of the changes over 
time, an influence of the solvents is evident. For the NA 
samples, with ethanol as the main solvent, most changes 
happened within the first month. For the NSGA samples, 
with two pretreatment layers based on turpentine (S) and 
linseed oil (G), the dynamics of the changes were slower 
and still apparent after 18 months. This finding is in good 
agreement with previous studies that also showed more 
rapid changes for alcohol varnishes than for (siccative-) 
oil-based varnishes (Barlow and Woodhouse 1990; Minato 
et al. 1995; Brémaud et al. 2016). Schleske (Schleske 1998), 
on the other hand, only noticed this effect for simple var-
nishes, consisting of one resin dissolved in a solvent. For 
more complex varnishes, containing multiple ingredi-
ents, he did not observe an influence of the solvent on the 
drying dynamics (Schleske 1998).

Figure 4: Influence of varnishing and the weighting factors of the eigenmodes [w(1,1) w(2,0) w(0,2) w(2,2)] on the shear modulus GLR.
Box plots showing the influence of the weighting factors on GLR of the spruce plates for (a) different coating systems induced changes on GLR 
after 18 months and for (b) absolute values of GLR (of all plates) before the varnish application and after 18 months.

Table 3: Longitudinal and radial E-moduli, shear modulus and modal damping ratios of the plates before varnishing.

EL (GPa) ER (GPa) GLR (GPa) ζ(0,2) = ζL (%) ζ(2,0) = ζR (%) ζ(1,1)/ζ(2,2) (%)

Spruce plates Ø (std) 14.77 (±0.19) 0.60 (±0.12) 0.734 (±0.014) 0.30 (±0.02) 1.6 (±0.4) 0.54a (±0.03)
Maple plates Ø (std) 12.5 (±0.4) 1.55 (±0.10) 1.58 (±0.07) 0.65 (±0.08) – 0.81b (±0.05)

The modal damping ratios correspond to the values obtained for the identified longitudinal, radial and torsional bending modes. The 
standard errors of measurement (SEM) and their influence on the elastic moduli are reported in Supplementary material S3. Std, standard 
deviation. aFor mode (2,2); bfor mode (1,1).
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To allow for comparison of the oil and alcohol var-
nishes, the mean relative changes for all oil varnish-
containing systems are shown in blue in Figure 6. The 
general trends and pretreatment influences were similar 
to the alcohol varnish systems (indicated in gray in 
Figure 6). However, some differences are obvious: the 
final increases for the radial and torsional eigenfrequen-
cies and elastic moduli were smaller for the oil than for 
the alcohol varnish, whereas the reductions for the lon-
gitudinal properties were more pronounced. Moreover, 
the modal damping ratio increases were more distinct 
for the oil than for the alcohol varnish systems. A direct 
comparison between the alcohol and oil varnishes for the 
coatings with identical pretreatment systems showed that 
these differences are significant for the longitudinal and 
torsional modes. The findings prompt that the oil varnish 

has a lower E-modulus but a higher tan(δ) than the alcohol 
varnish.

As for both varnishes, the impact was increased with 
the number of pretreatment layers applied, a depend-
ency of the investigated parameters on the mass changes 
can be presumed. Figure 7 shows the relative changes in 
eigenfrequencies, elastic moduli and modal damping 
ratios after 18 months as a function of the correspond-
ing relative mass change. Obviously, there is a correla-
tion to the mass changes, but also a strong dependency 
on the type of varnish materials applied. The blue and 
brown ellipses illustrate the influence of the applied 
varnish (alcohol or oil varnish). While the results for the 
alcohol and oil varnishes for the longitudinal bending 
mode fall roughly on one line, the results for the radial 
bending mode and especially for the torsional bending 

Figure 5: Mean relative changes for (left) mode (2,0), (middle) mode (0,2), (right) mode (2,2) of the corresponding (top) 
eigenfrequencies, (middle) elastic moduli and (bottom) modal damping ratios for the coating systems containing alcohol varnish 
(A) applied to spruce plates.
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mode clearly indicated the influence of the varnish, and 
thus its mechanical properties.

Overall, the measured changes for the radial and 
longitudinal properties showed similar results as previ-
ous studies on wood strips (Hutchins 1991; Minato et al. 
1995; Schleske 1998; Sedighi Gilani et al. 2016; Lämmlein 
et al. 2019), i.e. the highest impact was recorded for the 
damping ratio (increase) and, in general, for the proper-
ties in the radial direction. These conclusions hold for 
all studied varnish materials. Even though the material 
properties changed less with the passage of time, they did 
not reach constant conditions after 18 months. The results 
reflect the complexity of the impact of the multi-layered 
coating systems and are dependent on the type of varnish 
materials and their mechanical properties as well as on 
the amount applied and the age of the coating system. 

Moreover, the underlying wood properties also come into 
play, as shown with the following results for the varnish 
impact on maple wood that is commonly used for the 
 construction of the violin back plate.

Results for maple plates

The mean changes for the different coating systems 
applied to the maple plates are shown in Figure 8. As the 
response of the radial eigenmode (2,0) is overlapped by 
the strong longitudinal bending mode (0,2) (see Figure 2), 
it was not possible to determine the precise radial modal 
damping ratio values.

In general, the changes in eigenfrequency and 
elastic moduli were less pronounced compared to spruce.  

Figure 6: Mean relative changes for (left) mode (2,0), (middle) mode (0,2), (right) mode (2,2) of the corresponding (top) eigenfrequencies, 
(middle) elastic moduli and (bottom) modal damping ratios for all coating systems applied on spruce plates.
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The results for the radial eigenfrequency and ER had a 
similar trend as the torsional changes of the spruce plates: 
the freshly applied varnishes resulted in a decrease, but 
over time, the radial eigenfrequency and ER showed an 
increase. This change in behavior over time could explain 
the contradictory results of previous studies, which 
observed a decrease of ER for maple (Haines 1980) and an 
increase in eigenfrequency for mulberry (Brémaud et  al. 
2016). In the longitudinal direction, the alcohol varnish-
containing systems resulted in an increase in eigenfre-
quency after 6 months, whereas the corresponding EL was 
only significantly changed for NSGA. Regarding the tor-
sional eigenfrequency and GLR, the only significant change 
was measured for the NSGA system.

The modal damping ratios showed a strong and sig-
nificant increase [with an exception of the NA system for 
mode (1,1)], as also previously reported for wood strips 
(Meinel 1957; Haines 1980; Eichelberger 2006). Unlike the 

spruce plates, the increase for the longitudinal mode was 
higher than that for the torsional mode.

The lower influence of the coating systems on the stiff-
ness properties for maple than for spruce plates might be 
explained by the higher density of maple wood (Table 1). 
Moreover, the areal mass loadings of the coating systems 
were higher for spruce than for maple wood. Thus, the 
changes in mass and density were more pronounced for 
the spruce plates resulting in an overall higher impact. 
In addition, the initial wood properties also differ. The 
spruce plates showed a higher anisotropy than the maple 
plates with a higher EL but lower ER-modulus (Table 3). 
For common mechanical varnish properties [around 
E = 1–4  GPa for shellac varnish, copal varnish, linseed 
oil, lacquers and nitrocellulose sealer (Ono 1993; Obataya 
et  al. 2001; Simonnet et  al. 2002)], EVarnish is higher than 
ER,wood and smaller than EL,wood, thus, in both cases, closer 
to the maple than to the spruce properties.

Figure 7: Relative changes in eigenfrequency, elastic moduli and modal damping ratios as a function of Δm for the measurement after 
18 months. All A and O varnish containing coating systems are consolidated in the blue and brown ellipses, respectively.
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Conclusions
An interrelated analysis of the time-dependent influ-
ence of representative, traditional multi-layer and multi-
material violin coatings with a focus on their impact on 
the shear modulus and the elastic properties of spruce 
and maple was conducted. The varnish influence on 
the bending mode eigenfrequencies, elastic moduli and 
damping properties was investigated by laser vibrom-
eter measurements. Multimodal analysis of rectangular 
plates was used to determine the material properties. 
This approach enabled a simultaneous determination of 
the different properties on an individual sample within 
one measurement. In general, the effect differed for the 
respective wood directions and depended on the wood 
and varnish material properties, the amount of varnish 
applied and the elapsed time span since application. The 
study showed that the varnishes significantly change 
the longitudinal, radial and shear properties, which are 

known to affect the instruments’ vibrations and thus its 
sound. The modal damping ratios were strongly increased, 
while the eigenfrequencies and elastic moduli showed 
direction- and material-dependent evolutions. In contrast 
to the changes for spruce, the impact of varnishing on the 
eigenfrequencies and elastic moduli of the maple plates 
was relatively low.

The knowledge of the potential influence of a coating 
system on the vibrational properties and elastic moduli is 
important for luthiers, as it prevents unwanted changes. 
However, it should be considered that the varnish influ-
ence is also subjected to changes in time, especially during 
the first 3 months after treatment. Being non-invasive, the 
approach of performing modal analysis and a subsequent 
inverse mechanical material property determination is, 
in combination with an accurate FEM model, suitable for 
further investigations on the impact of coating systems on 
violin plates, the complete instruments or on frequency 
dependencies of the studied properties. Moreover, the 

Figure 8: Mean relative changes for (left) mode (2,0), (middle) mode (0,2), (right) mode (1,1) of the corresponding (top) eigenfrequencies, 
(middle) elastic moduli and (bottom) modal damping ratios for all coating systems applied to maple plates. Due to the smaller scaling of the 
y-axes, the step-wise changes over time appear less smooth than for the spruce plate measurements.
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method can be employed to study the influence of wood 
treatments or new materials used for the manufacture of 
instruments.
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Abstract 

The finite element analysis method of computing vibration 
frequencies has been used to determine which of the nine 
stiffness properties of wood are important in determining the 
vibration frequencies of interest to violin makers. The 
analysis of the influence of individual material properties on 
representative plate frequencies indicates that the three pro
perties most easily measured - along-the-grain stiffness, 
cross-grain-stiffness and the corresponding shear stiffness 
- are the most important properties in selecting wood and 
determining plate frequencies. 

Introduction 

The materials used in making violins - spruce and maple 
- do not have very uniform properties. Both the density and 
the stiffness characteristics vary strongly from tree to tree 
and even from top to bottom and from side to side of the 
same tree. As a result, both the maker and the scientist in
vestigating the technical phenomena associated with violin 
vibration are faced with a real dilemma every time a new 
piece of wood is selected. They would like to know its im
portant properties quickly and easily before much effort is 
put into it. Since wood is essentially an orthotropic material 
which has different elastic properties in all three directions, 
this is a tal l order. 

In the last few years there have been several excellent 
discussions of the orthotropic properties of wood, their im
portance in violin making, and possible ways of measuring 
them. [1-3J These papers have emphasized that it is probably 
important to know all nine elastic constants - the exten
sion stiffness and the shear stiffness in all three directions, 
and three Poisson's ratios (the ratio of the deflection of a 
tensile speCimen in a direction perpendicular to the applied 
load to the deflection in the direction of the load). 

The author has been using the finite element method of 
analysis to Investigate the influence of thickness and arching 
changes on the vibration characteristics of violin plates. [4 
and 5J It was relatively simple to extend the work to include 
series of vibration calculations of plates with conventional 
archings and thicknesses in which the value of each of the 
stiffness elements was Increased in turn. For the back, two 
different finite element models of different mathematical 
sophistication have been used, one of which was compiled 
solely for this material property investigation. For the top, 
only one model was used. For each model calculations have 
been made of both the plate vibration frequencies in the free 
piate configuration and in a restrained configuration approx
imating the plate glued to the ribs. 

During this same period, Dr. Robert T. Schumacher at 
Carnegie Mellon has been broadly investigating the same 
question in a much more elegant and precise way using a 
different finite element program, ABAOUS, and making free
free vibration calculations of an approximate model of a violin 
plate - a portion of a cylindrical shell capped at each end 
by sections of spherical shells, all with constant thickness. 
[8J The conclusions of his work relating to wood properties 
are generally the same as reported here. 
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The Finite Element Model 

The same basic finite element modei was used in this work 
as has been used In the previous plate tuning study. [4J In 
this model, the violin plate is divided into elements having 
a top and a bottom surface and either three or four sides. 
Computer programs have been developed which can 
calculate the deflection patterns and frequencies of all of 
the natural modes of vibration by adjusting the strains and 
stresses in the individuai elements until they fit together in 
the deformed state for each vibration mode. A program called 
SUPERB, developed by the System Development Research 
Company, has been used for this work, primariiy because of 
its availability on a computer at the University of Delaware 
and because it has been easy to understand and to apply. 

One set of calculations has been done on back plates in 
which the computer program uses the mathematics for a 
"thin shell element". In this formulation, it is assumed that 
the violin plate thicknesses are so small in comparison with 
the plate dimensions that variations perpendicular to the 
piate thickness can be ignored. The thin shell element is 
described by its corners and the midpoints on each side. The 
program uses a parabolic interpolation polynomial. Plate 
thickness is assumed to be constant over each element. The 
program also includes the effect of elongation and contrac
tion in the plane of each element, (membrane type deforma
tions), and the effect of shear deformations. In this case, oniy 
six of the nine orthotropic material stiffness constants are 
used in the solutions. 

A second set of calculations has been done on back plates 
using the mathematics for a "solid element". In this case, 
no simplifying assumptions are made in the mathematics 
about the nature of the structure or the importance of stiff
ness elements, and the corners and midpOints of each edge 
of each element are adjusted to fit together using a parabolic 
interpolation polynomial. This is a much more complicated 
analysis procedure, so a somewhat simplified model was 
used to describe the violin back to keep the computation 
times within bounds. This analysis does give information on 
the importance of all nine stiffness elements. 

The top piate was modelled using a combination of 
elements. The plate itself was done using the thin shell 
elements, and the bassbar was described using solid 
elements. The materials axes for the bassbar were the same 
as for the plate (i.e. not skewed slightly to be in line with the 
axis of the bar.) 

The finite element patterns used in the three different 
models can be seen in the figures showing the nodal line 
patterns. Arching in all cases is close to the arching patterns 
described by Sacconi. [7] Thickness patterns were adjusted 
so that the nodal line patterns of the free-free modes II and 
V approached those described as desirable In Hutchins' 
work. [9J 

Two configurations have been calculated for each plate 
model. In one the plate was assumed to have no external 
restraints - the free condition used in tap tone tests or 
shaker table tests. In the other, the plate was restrained from 
vertical motion at the rib line. Motion perpendicular to the 

-— 1 —-



rib at the edge in the plane of the plate was permitted as well 
as rotation about the edge of the rib, except at the blocks, 
where no rotation was allowed. This condition roughly ap· 
proximates the behavior of the plate when it is glued to the 
rest of the corpus. 

In this finite element program, the influence of the air is 
neglected, as Is every other influence on the plate from the 
rest of the violin. The analysis is good enough, however, so 
that some reasonable conclusions can be made about the 
relative influences of the stiffness elements on the frequen· 
cies of the plates. 

All of the calculations were made using the same nominal 
sets of material properties for spruce and for maple which 
had been used in previous work. These have been taken from 
published work on the engineering properties of spruce and 
maple. [11] They are shown in Table 1. In the coordinate 
system used, the V axis is along the wood grain, the X axis 
is across the grain, and the Z axis is perpendicular to the 
plane of the plate. See Fig. 1a. 

Analysis Method 

In each case, a calculation of a base case was first made 
and the frequencies of the first six modes recorded. Then 
a series of calculations was made in which each of the 
elements of material stiffness was increased 15% from the 
value used In the base case. The change in frequency of each 
mode, expressed as the ratio of the percent change in fre
quency divided by the percent change In the stiffness pro
perty, is a measure of the relative influence of that property 
on the frequency of each mode. 

Robert Schumacher has reminded us, in a recent paper, 
[6], that in linear elastic systems the sum of the influence 
coefficients, expressed as described above, must always be 
exactly 0.5. 

Results 

Tables 2a through 2f present the results of the analyses. 
It should first be noted that in all of the cases, the sum of 
the influence coefficients Is satisfactorily close to 0.5. For 
most of the free vibration cases, the total is somewhat under 
0.5. For the cases In which the edges are restrained, the total 
is somewhat over 0.5. It should not be expected that these 
totals would be precisely 0.5, for the increment used was 
relatively large and was always in the plus direction. This 
large increment size was necessary because of the small 
number of significant figures in the frequencies reported by 
the SUPERB program. Schumacher's work [8] elegantly in
dicates a more precise way of taking Increments so that 
totals of the coefficients are very nearly 0.5. 

Figures 1a through 11 show the deflection configurations 
for the base cases used in this study. The dotted lines show 
the undistorted edges of the plates. There are some very dif· 
ferent configurations in the first six modes of vibration of 
backs and tops. In the lowest frequency mode of free plate 
vibration, the deflection pattern is primarily in torsion. In the 
higher modes, the deflection patterns are more complex and 
combine some torsion and bending in both the Y and the X 
directions. In the supported configurations, all of the deflec· 
tion patterns are complex. 

It Is not surprising that the shear stiffness, GXY' should 
have the dominant influence on the free plate first mode fre· 
quency since the torsional deflections are primarily in shear. 
It is likewise not surprising that Eyy and Ex .. the stiffnesses 
in the two bending directions, should have a large Influence. 
The relative influence of these stiffness elements seems to 
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depend on the deflection configuration of the particular 
mode. For example, Exx is the dominant stiffness property 
in the top free Mode II configuration, since the deformation 
is primarily bending in the x-x direction. 

The deflection patterns in the cases with supported edges 
are fairly complex. In all six modes, the stiffness elements, 
Exx, Em and GXY have by far the strongest influence. In 
general Exx and Eyy are equally important in determining the 
first six mode frequencies. 

There are significant differences between the results of 
calculations of the "thin shell" case and the "solid element" 
case. It is obvious that the simplifications in the thin shell 
case distort somewhat the analYSis system and lead to 
resuits that differ in detail. in particular, in some of the edge 
supported modes the shear stiffness, Gyz, has an influence 
that approaches that of GXY' Fortunately, in these modes 
neither shear stiffness Is particularly important. Only three 
of the nine stiffness elements have a large significance in 
determining the frequencies of the violin plates, and one ad· 
ditional element is an "also ran". These are the stiffnesses 
in the along-tha-grain and across-tha-grain directions and the 
shear stlffnesses that include the along-the-grain direction. 

Conclusions 

Only three elastic property measurements are of first order 
importance In violin wood selection and analysis. These hap
pen to be the ones that are most easily determined from the 
waste strips in a flitch of violin wood. 

To the test procedures for measuring Exx and Eyy 
described well in Mort Hutchins' work [10] should be added 
some procedure to determine the shear stiffness in the XV 
direction. Fortunately, the test values of Gxy and GyZ fall 
close to one another. Therefore a simple torsional frequen
cy test using a flywheel and a torsion spring made from a 
circular wood rod cut with the grain running parallel to the 
axis of the rod should give usable information. 

Test procedures are under development which can be used 
at a work bench by anyone with a good ear, a pitch pipe, a 
watch with a second hand, and a special torsional fixture. 
These will be described In a future paper. 
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Table 1 
Base Case Material Properties 

(Mega Pascals) 

Back 
Exx 2,000,000 

Eyy 10,000,000 

Eu 1,200,000 

GXY 1,600,000 

Gxz 720,000 

Gy, 1,600,000 

iJ.xy .092 

iJ.xz .5 

iJ.y, .47 

Density (glee.) .7 

Table 2a 

Top 
70,000 

13,000,000 

45,000 

90,000 

6,000 

90,000 

.02 

.47 

.42 

.4 

Effect of Changes In Wood Stiffness Elements 

Maple Back 
Thin Shell Element Analysis 

Free·Free Vibration Modes 
% Change in Frequency per % Change In Stiffness 

Stiffness Mode 
Element 1 2 3 4 5 6 

Exx .069 .188 .111 .145 .256 .105 

Eyy .064 .170 .189 .158 .158 .190 

GXY .314 .101 .136 .157 .054 .159 

Gy, .017 .006 .021 .008 .002 .012 

Gx, .009 .006 .018 .008 .003 .012 

iJ.xy .007 - .022 - .008 - .009 .048 .001 

Total .480 .450 .471 .466 .521 .479 
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Table 2b 
Effect of Changes In Wood Stiffness Elements 

Maple Back 

Thin Shell Element Analysis 
Edge Supported Vibration Modes 

% Change In Frequency per % Change In Stiffness 

Stiffness 
Element 

Total 

.158 

.158 

.139 

.020 

.013 

.051 

.539 

2 

.141 

.207 

.110 

.010 

.010 

.043 

.521 

Mode 
3 

.187 

.149 

.117 

.019 

.017 

.062 

.551 

Table 2c 

4 

.127 

.191 

.144 

.013 

.008 

.057 

.540 

5 

.130 

.198 

.132 

.011 

.008 

.052 

.530 

6 

.124 

.232 

.110 

.007 

.004 

.049 

.526 

Effect of Changes In Wood Stiffness Elements 

Maple Back 
Solid Element Analysis 

Free·Free Vibration Modes 
% Change In Frequency per % Change In Stiffness 

Stiffness Mode 
Element 1 2 3 

Exx .037 .226 .090 

Eyy .103 .160 .175 

Eu .003 .004 .007 

GXY .309 .048 .172 

G� .003 .015 .007 

G� .018 .007 .025 

4 

.100 

.211 

.004 

.095 

.018 

.042 

.020 - .022 

.005 .008 

.002 

.015 - .002 

.013 .006 

Total .498 .448 

.004 

.508 

Table 2d 

.003 

.477 

5 

.166 

.186 

.002 

.085 

.017 

.020 

.041 

.007 

.002 

.526 

6 

.119 

.140 

.009 

.171 

.016 

.024 

.025 

.016 

.005 

.525 

Effect of Changes In Wood Stiffness Elements 

Maple Back 
Solid Element Analysis 

Edge Supported Vibration Modes 

% Change in Frequency per % Change In Stiffness 

Stiffness 
Element 

Total 

1 

.1451 

.1678 

.0151 

.0611 

.0381 

.0532 

.0386 

.0187 

.0047 

.5424 

2 

.0895 

.2112 

.0074 

.0883 

.0208 

.0439 

.0361 

.0095 

.0030 

.5097 

Mode 
3 4 

.1194 .1189 

.1530 .1680 

.0180 .0145 

.0919 .0925 

.0217 .0334 

.0744 

.0437 

.0241 

.0063 

.5525 

.0485 

.0422 

.0214 

.0069 

.5463 

5 

.0777 

.2444 

.0075 

.0883 

.0143 

.0423 

.0373 

.0075 

.0050 

.5243 

6 

.1263 

.1452 

.0220 

.0874 

.0383 

.0608 

.0481 

.0327 

.0082 

.5700 
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Table 2e 
Effect of Changes In Wood Stiffness Elements 

Spruce Top 
Thin Shell Analysis for the Plate 

Solid Element Analysis for the Bass Bar 
Free·Free Vibration Modes 

% Change in Frequency per % Change In Stiffness 

Stiffness Mode 

Element 1 2 3 4 5 6 

,Exx .080 .247 .165 .158 .092 .091 

�: 
.074 .102 .118 .143 .247 .191 
.002 .002 .002 .002 .001 .001 

GXY .222 .095 .142 .131 .101 .167 
Gxz .014 .012 .014 .011 .007 .010 
GyZ .078 .011 .028 .021 .011 .017 
�Xy .001 -.007 -.005 -.006 .007 .001 
(Jl" .001 
(Jly, 

rotal .471 .462 .465 .460 .452 .478 

Table 2' 
Effect of Changes In Wood Stiffness Elements 

Spruce Top 
Thin Shell Analysis for the Plate 

Solid Element Analysis for the Bass Bar 
Edge Supported Vibration Modes 

% Change In Frequency per % Change In Stiffness 

Stiffness Mode 

Element 1 2 3 4 5 6 

.153 .164 .184 .141 .149 .138 
.165 .148 .164 .185 .169 .194 
.024 .001 .002 .001 .004 .001 
.101 .125 .090 .109 .112 .121 
.020 .019 .012 .016 .014 .006 
.021 .018 .014 .020 .029 .012 
.008 .008 .013 .008 .011 .012 
.001 

Total .493 .483 .478 .480 .487 .482 

Mode I Freq = 113.09 Hz. Mode II Freq = 14B.00 Hz Mode III Freq = 22B.70 Hz 

Mode IV Freq = 247.95 Hz Mode V Freq = 351.41 Hz 

MAPLE BACK, THIN SHELL ELEMENT, FREE · FREE 

FIGURE 18 
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Mode VI Freq = 381.35 Hz 
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Mode I FreQ = 503. I I Hz Mode II Frell = 695.15 Hz Mode III Freq = 811.79 Hz 

Mode IV Freq = 924.65 Hz Mode V Freq = 1035.8 Hz Mode VI FreQ = 1151.4 Hz 

MAPLE BACK, THIN SHELL ELEMENT, EDGE SUPPORTED 

FIGU RE 1b 

Mode I FreQ = 112,16 Hz Mode II FreQ = 150.85 Hz 

Mode IV Freq = 275.35 Hz Mode V Freq = 350.03 Hz 

MAPLE BACK, SOLID ELEMENT, FREE·FREE 
FIGURE 1c 

JCAS Vol. 1, No.1 (Series II) May 1988 

Mode III FreQ = 268 .18 Hz 

Mode VI FreQ = 463.52 Hz 
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Mode I Freq = 423.17 Hz Mode II Freq = 716.12 Hz Mode III Freq = 795.68 Hz 

Mode IV Freq = 1059.3 Hz Mode V Freq = 1072.0 Hz Mode VI Freq = 1303.8 Hz 

MAPLE BACK, SOLID ELEMENT, EDGE SUPPO RTED 

FIGURE 1d 

Mode I Freq = 86.94 Hz 

Mode IV Freq = 279.72 Hz 

Mode II Freq = 163.51 Hz 

.--� 

•� 
1 ' . 

..... .. , .  . 
" , - - -iI· - ·:; · · : ·· 

. � . . , 
. ,/. '  

. 

Mode V Freq = 353.96 Hz 

Mode III Freq = 240.90 Hz 

Mode VI Freq = 407.18 Hz 

SPRUCE TOP, THIN SHELL, SOL ID BASSBAR, F REE·FREE 

FIGU RE 1e 
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Mode I Freq = 606.35 Hz Mode II Freq = 624.21 Hz Mode III Freq = 930.47 Hz 

Mode IV Freq = 984.95 Hz Mode V Freq = 1058.9 Hz Mode VI Freq = 1183.4 Hz 

SPRUCE TOP, TH IN SHELL, SOLID BASSBAR, EDGE SUPPORTED 

FIGU RE 1f 
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SOME NOTE S ON FREE PLATE TUN ING FREQUE N CIES FOR VIOLINS, VIOLAS AND CELLOS 

Carleen M. Hutchins 
112 Essex Avenue, Montclair, N .J. 07042 

In the last several years , many violin 
make rs have re ported the successful u se of 
the free pla te tuning me thod as described in 
the Catgut Acous tical Society Ne wsle t te r  
U 39 1. The report in J ournal U 46 by Mr. 
Sie An ton gives details indicating that the 
"double octave tuning" (modes 1/2 and 115 a t  
matching fre quencies and a n  octave apart in 
b oth top and back free plates) results in 
violins with "good resonance, e venness on 
all four strings, clean and clear tone , good 
dynamics, sonorous".2 A nton also indica tes 
that diffe re n t frequency le vels for these 
"double octaves" result in violins with dif 
fe rent bow ing characteristics: 

X mode 1/2 0 mode US 
165Hz 330Hz "soft bow ing players 

and studen ts" 

17 0Hz 340Hz "chamber players, 
orchestra players, 
teachers" 

180Hz 360Hz "soloists and players 
of exc�ptional bow-
ing techniques. " 

-We have other reports from violin makers 
that violins with the X mode H2 at 185Hz 
and the 0 mode US around 370Hz are also pre 
ferred by players with exceptional bowing 
techniques. The se findings are similar to 
ours. In ad di tion, we find tha t when mode 
#2 is at the same fre quency in both top and 
back fre e pla tes in the ran ge of 180 -185Hz, 
a fine violin results even though mode OS 
is not exactly an octave above , nor match
ing in frequen cy in top and back. Also, 
ins truments wi th pla tes tuned in the "match-
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ing double octaves " around the 18s-370Hz 
range sometimes have a slightly harsh tone 
at first which has been found to smooth out 
with cont inued play i ng . 

The free top and back plates of the con
ce rt S tradivarius known as the "WIRTH" vio
l i n  wh i ch Rembert Wurlitzer loaned me for 
tes ts some ye ars ago had the "double octaves" 
match with mode s H2 at 180Hz and 115 at 360Hz. 3 

AN APPARENT ANOMALY 

Wh en working for the "double octaves" 
plate freque ncy match of modes U2 and US , a 
surprising phenomenon some times occurs. Sud
denly the nodal pattern of e ithe r  mode U2 or 
US will disappear and glitter jumps into 
four small spots, two in the upper and two 
in the lower plate areas. These spots are 
whe re the nodal lines of modes U2 and us in
tersect. It is we l l to mark the spots for 
the y are the best holding points when tap
pin g and liste ning for the cle ar full ring 
of the combined sounds of modes U2 and us 
in a free pla te. The phenome non occurs 
whe n the two modes are exac tly an octave a
part. Even though the vibrations in violin 
shaped plate s are e sse ntially linear, there 
is e nough non-linearity in mos t loudspeakers 
to cause vibration at two freque ncie s an oc
tave apart, e spe cially at high amplitudes. 
A slight change in the frequency of ei the r  
mode U2 o r  U S  and the phenomenon w ill d is
appear. 

NOTE 
A mode match is considered good whe n  the two 
fre quencies lie not more than 1.4% of fre 
que ncy apa rt . 



AO - BO MODE MATCHING 

Here we are dealing with two of the modes 
in the f inished instrument, the so-called 
"Helmholtz" air mode (AO) around 270-280Hz 
and a neck-body mode (BO) which lies nearby 
in frequency, sometimes higher, sometimes 
lower and sometimes matching.4 If a violin 
does have a somewhat harsh tone, it is wise 
to check the frequency relation of these two 
modes.S When these two modes can be adjusted 
to ha ve the same f re quency6 the sound of the 
violin usually smooths out and loses the harsh 
tone quality on the upper strings. This 
harshness can also be ad; us ted to a certain 
extent by bridge tuning. 

TOO MUCH MODE MATCHING? 

Importance has been placed on the fre
quency relationship of modes #2 and #S in 

free p lates and adjusting the ir frequencies 
to be in "matching oct·aves" in top and 
backS. I have reported that when mode #2 
and mode #5 are an octave apart in the top 

plate, mode ill usually lies about an oc tave 
below mode #2 in frequency; while mode #1 
frequency in the back pla te is any where 
from 10 to 20Hz higher than in the top9 

This arrangement of mode Hl frequenc y being 
an octave below that of mode #2 in the top 
plate and less than an octave below in the 
back plate has almost al way s occurred with
out special tuning effort, especially when 
modes H2 and #5 are in matching octaves and 
when standard violin making practice in 
plate graduations is observed. 

In the pas t I have often wondered if 
e ve n better instruments might result if all 
three mode frequencies, til, 112 and 115 were 
in matching octaves in top and back plates. 
We now have at least one example indicating 
that this arrangement of " triple oc taves" 
matching is too much matching! 

A normal 16 inch vi�la had its sp ruce 
top and maple back tuned to matching octaves. 
When it was assembled and strung up, the tone 
quality was so harsh as to be almost unplay
able. It was rejected by all who tried to 
play it. Afte r letting it sit around for 
several years w i th no i m p rove ment, I took 
the top and back plates off and tes ted them. 
To my surprise modes # 1, #2 and #5 were at 
match i ng frequencies in BOTH top and bac k 

pla tes ! Apparently, t h e student, who tuned 
these plates orig i nally as part of an exper
iment, had made the center of the back so 
thin that mode #1 was an octave below mode 
#2 i n the back plate as well as in the top 
plate. Without further documentation, how
ever, we do not have real proof that this 
" tri ple octave mode match" caused the undue 
harshness in this v iola . Just possibly this 
harshness in the "triple octave mode matched" 
viola is due to l owe r damping (higher Q) 
than we are accustomed to in violas. Appro
priate tests for measuring this ch ange in 
overall damping have not yet been done. This 
viola is, howe ver, the only one of over 100 
violas which has this plate modal character
istic and the only one not having good tone 
and playing qu al i ties . 
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MODE FREQUENCIES FOR VIOLA PLATES 

Even though we have had many requests for 
suggested free plate mode frequencies for 
viola plates, I hesitate to recomme nd def
inite frequencies because t he sizes and 
styles of violas vary so greatly , as well as 
the preferred tonal qualities. However, in 
my recent group of 12 violas, which p l ayers 
have rated as excellent, I tune d the free 
plates to have mode oz at matching frequen
cies between top and back in the range of 
115Hz to 125Hz. The body lengths of the se 
12 varie d from 16l:;" to 17l:;" and they were 
of quite different patterns from the slen
der S tr adivariu s to the w ide, ful l Gasparo 
da S alo outlines. In each plate pair mode 
#5 was also tuned to be at matching fre
quencies, but I could not get them to have 
the octave between modes #2 and #5 . Only 
in small violas with nearly violin propor
tions have I bee n able to ge t the oc tave 
rela tionship be tween modes #2 and #5 in 
bo th plates. 

MODE FREQUENCIES FOR CELLO PLATES 

In the course of tuning the free plates 
of over a dozen cellos, I find that mode 
#2 a t 60-65Hz and mode #5 at 120-130Hz, 
with mode JZ al way s at the same frequency 
in top and back, result in the best instru
ments. Cellos with free plate modes a
round 70 to 140Hz have in gene ral not been 
as f le xib le in their playing characteris
tics or sound qualiti es . 

TUNING FOR MODE #1 

In tuning many pairs of fre e plates of 
violin fami ly instruments (over ZOO) I 
find it mos t important to so graduate the 
plate pairs that mode #2 matches in fre
quency between top and back for a give n  in
strument. (Mode frequencies for the OCTET 
instruments can be found in CAS JOURNAL 
# 45.10 Also, I try to achie'le a frequency 
match of the #5 mode in the plate pair, but 
if the octave relationship is not possible 
because of shape, archings or w ood char
acteristics, a higher or lower than the 
octave match of mode 05 f re q uenci e s gives 
good results. 

I do not usually tune especially for the 
relation of mode #1 an octave below mode #Z 
in the top , for if the top plate has been 
properly graduated and the bassbar tuned11, 
the mode #1 frequency usually falls n icely 
about an octave below that of mode #2. In 
the back plate, i f  the center is le ft thick 
enough (4� - S�mm fo r violins and violas) 
mode #1 will be 10-20Hz highe r than the oc
tave below mode #2, which is apparently de
si rab le . 

The cello 1s the only instrument 1n which 
it seems desirab le for the frequency of 
mode #1 1n the back plate as well as 1n the 
top to be nearly an octave below that of 
mode 112 . In other words, the "tr i ple oc
tave match" of frequencies in a pair of cel
lo p late s MAY BE desirable. In tuning cello 
plate pairs, I have noticed that the modes 
#Z and OS at ma tching octave fre quencies, 



those of mode HI are oft e� nearly an octave 
below t h ose of mode H2! I was w orried about 
thi s  at f irs t, but it seems that the m o r e  
nearly is the "triple octave" r elati ons h ip 
achie ved in BOTH t op and b ack CELLO plates, 

the bett er the result i n g  cello! 

Suc h a result from th e " triple mode match" 
is probably due t o  the increased damping of 
the la rger inside ai r mass of the cello as 
compared to that of the v i o lin and viola. 
Thus the unplea sant har sh ne ss tha t  resulted 
fr om the "t rip le mo de match" in the viola 

desc ribed above would tend to give in the 
cello a " br i ghte r " s ound rather tha n un d ue 
ha rshn ess. 

This finding is onl y partly documented, 
so i t  is offered as a mode r ela ti o n s hi p to 
wat ch for. Further documentation and feed
ba c k from violin makers, es p e cia lly on cello 
plate t uning frequen cies of modes HI, U2 and 
US w ould be most appre ciated. 

In all the a bove disc us.ion of mod e f re
q uenc ies i t  must be remembe red that the re 
are th r e e  pa ramet e r s  of i m p ortance in place 
tuning: fr equency, a m p li tude a n d  dampin g of 
a giv e n  m ode. In th e wo rk to date it seems 

thac f req uency is ch e mosc i m porcant fo r 
mode U2, while amplitude an d damp i n g are 
especially i mpo rtan t fo r mode #5. An es
timace of the amplicude c a n  be ma de f rom 
the par t i c le bounce and i t s relati ve 
height. Damp i ng can be jud ged approximate
ly from the n ar rowness of the nodal l ines 
of mode 115 - the narrower, the lower che 
damping, or the lo nger the ring of the 
plate wh en capped. 

In an effor t co h e lp brid g e  the gap be
cween the violin maker and the ac ouscician , 
I a m  c oncinually exp e rimenting wi th the 
parameter s of inst rument c onst ructi�n which 
can be d o cumented in the hopes o f  p r o vid
ing the vio l i n  maker with s ome measurable 
resu l t s  that can aid in making bet ter in
s t rumen t s, an d of g i ving the acoust i cian 
clues for the direction of further mean 
in gful res ea r ch. The fi ndings described 
here ar e o ffered in this spirit. INFORMA
TION FROM O TH ER MAKER S TO AID IN DOCUMEN
TATION IS URG ENTLY REQUESTED! 

RE FE RE N C ES 

1. Hutchins, C .�. "Plate tuning for the violin mk
er," CAS Newsletter ;139, May 1983, pp.25-33. 
Also in Acoustics ,for �he VioZin .'-faker,l'cZ. 
II, p. 9. 

2. Hutchins, C.M. "The Acoustics of Violin Plates," 
Scientific American , Oc tobe r, 1981. 

3. Hutchins, C.M. "Stradivarius Plate Tests," CAS 
Newsletter U37, May, 1982, p. 30. 

4. Bissinger, G. and Hutchins, C.M. "Ai r-Plate 
� Neck Fingerboard Coupling and the 'Feel' 
of a good violin." CAS Journal 1/44, Novem
ber 1985 , pp. 11-12. 

5. Hutchins, C.M. "Effects of an air-body coupling 
on the tone and playing qualities of a vio-
11n," CAS Jo urnal /144, Nove!llber 1985, pp . 12-15 . 

6. Spear, Deena, "Achi.eving an air/body coupling 
in violins, violas and cellos: a prac tical 
guide for the violin maker," CAS Journal 1/47, 
May, 1987. 

7.' Hutchins, C.M. "A Note on practical bridge tuning 
for the violin maker," CAS Journal /142, Nov
embe r 1984, pp. 15-18. 

8. ibid - ref. # and II 2. 

9. ibid - ref. /I and II 2. 

10. Hutchins , C .M. " Free olate frequencies for V iolin 
Octet Instruments, i, CAS Journal 1145, May 1986, 
pp. 12-14. 

11,. BiS Singer , G. and Hutchins, C.M. "Tuning the DaSS
bar in a violin plate," CAS Newsletter 1126, 
November 1976, pp. 10-12. 

and 
ibid - "Tuning the bassbar in a violin plate, II ," 

CAS Newslet ter /130, November 1 978,pp.23-27. 

Note: These references can also be found in 
Acoustics for the Violin Maker, Vols. I and II. 

FOURTEENTH ANNUAL VIOLIN CRAFTMANSHIP SUMMER INSTITUTE, June 8 thro ugh August 21, 1987. On th e campus 
of the University of New Hampshire, Durha m, New Ham pshi re. Instruction provided by four world renowned 
mas ter craftsmen: Kar l Roy, D irecto r, Bavarian St' ate S chool of Violin Making, Mit te nwald , Wes t Germany ; 
Hans Nebel, William Salchow and Arnold Bone. Seminars and workshops ,to be offered at the Institute in
clude: Bow Making (in two s essions; June 8-19 and June 22-July 3); Ba si c Bow Maintenance and Repair 
Workshop (June 29-July 3); Seminar on the Basics of Violin Mai ntenance and Minor Repair (July 6-10); 
Seminar on Violin Repair for Cr aftsmen (July 13-17); Workshop in Ad vanced Violin Repair : Crack Repair 
(July 20-24), a nd four one-week sessions of Violin Building and Varnishing (July 27-A ugust 21). All 

semin ars and workshops suitable for stringed instrument musicians or music ed ucat ors. Rolling a dmissi ons 
p rocess, s pace limited. Ap plicants are urged to apply early. For an ap plicati on and d escriptiv e brochure, 
contact the 1987 V iolin Craft smanship Inst itute at the Univer sit y of New Hampshire, Division of Continuing 
Education, 24 Rosemary Lane, Durham, N. H. 03824; or call (603) 862-1088 between the hours of 8 a.m. and 
4:30 p.m. E.S.T. Monday through Friday. 
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Effects of varnishing on acoustical characteristics 0.
wood used for musical instrument soundboards 

Teruaki Ono 

Department of Physics, Faculty of Engilleering, Gi/u University. 

1-1 Yanagido. Gi/II. 501-1/ Japan 

(Received 18 March 1993) 

Tapping sounds were measured for the varnished boards and the uncoated ones of Sitka 
spruce wood used for musical instrument sound boards, and the acoustical effect of 
varnishing was investigated from their sound power spectra. The Young's modulus and 
the internal friction were measured for these boards, and the equations for the case of a 
coated board were derived theoretically. From these experiments and theories, the 
important mechanisms were clarified. With varnishing, the sound power level decreased 
at low-frequencies « 300 Hz), and it increased or decreased at high-frequencies (> 3 
kHz) and overall. This difference in frequency characteristic variations was due to the 
difference in the variations of Young's modulus (ER) and internal friction (QR-') in the 
direction, R, perpendicular to the grain. The level drop at low-frequencies was due to 
the shifting upwards of the lowest mode frequency with increasing ER• For wood 
having a low Ell. value the power level increased at frequencies above about 300 Hz 
because of the larger increase of Etl> whereas for wood having a high ER value it decreased 
at high-frequencies because of the larger increase of QR -I. The varnishing is beneficial 
acoustically in the former but harmful in the latter regardless of varnish thickness. 

Keywords: Varnishing, Tapping sound, Sound power spectrum, Young's modulus, 
Internal friction 

PACS number: 43.75. De 

1. INTRODUTION 
Sound boards of musical instruments such as the 

violin family, pianos, and guitars have been coated 

with varnish. It has been generally considered that 

the varnishing is done for the purposes of improving 

the acoustical characteristics, suppressing moisture 

absorption, improving the appearance, and protect

ing against stains. The acoustical effect of varnish

ing has been praised by artisans and players, and in 

violins it has become legendary because of the secret 

of varnishing. Although there is much interest in 

this effect, there are only a few scientific studies, i.e. 

H. Meinel,') J. C. Schelleng,Z) and D. W. Haines.S) 

It is very difficult to investigate analytically because 

of the secrecy about varnishing by the musical in· 

strument makers and the complex fabric of the 

musical instruments. Among scientists today there 

seems to be general agreement that varnishing may 

be harmful acoustically. However, the secrecy 

about varnishing still remains and has not been 

resolved, so an accumulation of scientific data is 

needed. 

For the basic study of the effect of varnishing on 

the acoustical characteristics of the musical instru

ments, the power spectrum of tapping sounds and 

the Young's modulus and internal friction were 

measured for the varnished boards and the uncoated 

ones of Sitka spruce wood used for the sound boards, 

and the latter was measured for the film pieces of 

varnish and sealer, also. Furthermore, the equa

tions for calculating the Young's modulus and the 

internal friction of a coated board were derived 

theoretically, and the effects of the varnishing and 
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the appropriate varnish thickness were considered. 

2. EXPERIMENTAL 
2.1 Samples 

Violin top plates of about 3 mm thickness and 

piano soundboards of about 10 mm thickness have 

been coated with varnish on the outer surface only 

and on both surfaces, respectively. In this experi· 

ment, however, in order to detect the delicate effect 

of varnishing and to make the analysis easier, the 

boards with a thinner thickness of abollt 2 mm 

which were Sitka spruce wood (Picea silchew;is 

CARR.) llsed for the sound boards were covered over 
with varnish. Test boards were made by a piano 

maker, because it was very difficult to obtain the 

cooperation of violin makers. Therefore, the wood 

boards, the varnish, and the coating procedure are 

the same as those used for piano sound boards. 

Examples of the making of test boards are shown in 

Fig. I. Three long boards were prepared. The 
boards have a length of 650 mm in the direction, L, 
parallel to the grain, and a width of 105 mm in the 

direction, R, perpendicular to the grain. The blank 

portions in the figure were masked with paper and 

the long boards were coated with a sealer which has 

nitrocellulose for its principal constituents, and 

after sanding they were coated with varnish to a 

thickness of about 65 ,urn. The varnish has a copal 
resin for its principal constituents and a toluene for 

its solvents, and it was diluted with a thinner which 

was composed of 50-60% toluene, 10-20% acetone, 

and 10-20% ethyl acetate by weight. The finished 

test boards were square and 105 mm long. The 
test boards were given a number in order as shown 

in the figure. In the number, the letters V (shadow 

____ L .. 

I 
14S a: 

t 
unit:JIlI1 

Fig. 1 Examples of making test boards. 
letters V (shadow portion) and S (blank 
one) in the board number suffix represent 
varnished and uncoated boards, respec· 
lively. Letters Land R represent direc· 
lions parallel and perpendicular to grain, 
respectively. 
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portion) and S (blank one) represent varnished and 
uncoated (solid) boards, respectively. There were 

nine varnished test boards and nine uncoated ones. 
The grain angles of cross section, eo, for them are 

shown in Table I. 

It has been reported that the acoustical properties 

of varnish change with the passage of time.!) Also, 

it has been generally recognized that the frequency 

characteristics of the musical instruments are in· 

fluenced considerably by the variation of relative 

humidity. In our previous paper on the wood 

diaphragm for loudspeakers, it was observed that 

the frequency characteristics changed with relative 

humidityY Therefore, all the test boards were 

stored in a room maintained at about 23°C and 55-

65 % relative humidity for about a half year before 

testing. 

In making the test film pieces of varnish, the 

varnish was poured into a mold with a base of poly

ester film and hardened in an oven kept at 40"'C over 
about eight months. In making the test film pieces 

of sealer (i.e. nitrocellulose lacquer), the sealer was 

poured into a mold with a base of glass and harden· 

ed in a room over about three weeks. Subsequent

ly, these molds were submerged in tepid water and 

the films were separated. From them, test pieces 

were then cut into a rectangular shape with a razor 
blade. The dimensions are shown in Table 2. In 
the table, I shows length, I thickness, and IV width. 
The standard deviation of thickness for varnish 

test pieces and for sealer test pieces was 3 % and 4 % 

of each average value, respectively. 

2.2 Measuring Methods 

The measurements of tapping sounds were made 

using the apparatus shown in Fig. 2. The distance 
between a board and a condenser microphone 

should make long for the measurement of spectrum 

envelopes. The ratio of SIN at high·frequencies, 

however, becomes lower with increasing distance. 

The great interest in varnishing effect is in the high 

frequency range and the range is important. The 

distance effect on spectrum envelopes can be elim

inated by taking the manner that the varnishing 

effect is shown by the difference in level between a 
varnished board and a solid one. Therefore, a 

condenser microphone was set up 30 mm in fronl 

of the board surface cenler. The board was sus· 

pended vertically by Iwo fine threads attached to 

both corners at onc cnd. The momentum of the 
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, Thread � 
(33OwI) 
Thread _____ 

C. Mic. 
(cp 7n1n) -.-

fI� 
Steel ball 

(5.5g.¢llJllTl) 

FFT 
<.I1l;)lyzcr Test board 

(7.5-10g, 1 05:1(] OSXZIllll) 

Fig. 2 The apparatus for measuring tapping 
sounds. 

ball just before impacting the board is 1.72 X 10-3 

kg·tn/s. In a FFT analyzer, the window function 

was a rectangle window, the data transmission time 

(data length) 40 ms, the sampling frequency 25.6 

kHz, the sampling number 1,024 points, and the 

input sampling in an AID converter (quantization 

level) 12 bits. 

The analyses of sound power spectra and 1/3 

octave spectra and the calculations of overall power 
levels were made by the FFT analyzer. In the FFT 

analyzer, the analyzed frequency range was 10 kHz 
and the resolution frequency 25 Hz, and the indicat

ed sound power level was standardized by the power 

which showed I volt in half amplitude, that is, the 

power level to show I volt in the half amplitude of 

a sinusoidal wave was 0 dB. The power spectrum 

hardly changed with repeated tapping. 

The Young's modulus and the internal friction 
for the boards were measured by using a flexural 

vibration at the 1st mode: The board was suspended 

horizontally by two fine threads at the nodes. The 

middle of one end of the board, to which a thin iron 

piece was glued, was set to face an electromagnetic 

transducer and that of the other end was set to face 
a condenser microphone. The same measurements 
for the film pieces of varnish and sealer were made 

by using a reed vibration at the 1st mode. The 

Young's modulus and the internal friction were cal

culated using the peak frequency and the half-value 

width in the resonance curve, respectively. 

The density of the film pieces was measured by 

the Archimedes water-displacement technique. All 
measurements were made in a room maintained at 

20-25°C and 50-60% relative humidity. 

3. RESULTS AND DISCUSSION 
3.1 Variations of Tapping Sound Waves and Their 

Power Spectra with Varnishing 

Examples of tapping sound waveforms and their 

power spectra are shown in Figs. J-4 and Fig. 5, 
respectively. In Fig. 5, a solid line and a dotted 

line show the relative sound power levels (relative 

sound pressure levels: ReI. SPL) of an uncoated 

board and a varnished board, respectively. The rela

tive overall power levels, ReI. Po, for each board are 
shown in Table 1. From these figures and table, 

conflicting effects of varnishing are observed; Figs. 

3 and 5(a) and Figs. 4 and 5(b) show typical ex

amples of the level increase and the level decrease 

with varnishing, respectively. 

The results of vibrational experiments for the un

coated and the varnished boards are shown in Table 

I. In this table, t shows thickness, p density, f 
resonant frequency, E Young's modulus, E/p 
specific Young's modulus, and Q-l internal friction. 
From a comparison between Fig. 5 and Table I ,  

,-
E 0 
> 

(a) No.12S 

-50 L���������--' 

I 0 
> 

o 20 40 
Time(ms) 

(b) No.llV 

-50 ':--��������� 
o 20 40 

Time (ms) 
Fig. 3 Waverorms or tapping sound. (a) 

board No. 12S, (b) board No. 11 V. 
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g 

Board 
No. 

11 V 

12 S 
13 V 

14 S 
15 V 

16 S 

IS Av, 
IV Av. 

21 V 

22 S 
23 V 

24 S 
25 V 

26 S 

2S Av. 
2V Av. 

31 V 

32 S 
33 V 

34 S 
35 V 

36 S 

3S Av. 
3V Av. 

1 
(mm) 

2.133 

2.050 

2.157 

2.045 

2.187 

2.072 

2.056 

2.159 

2.178 

2.049 

2.155 

2.021 

2.164 

2.042 

2.037 

2.166 

2.227 

2.040 

2.167 

2.050 

2.199 

2.052 

2.047 

2.198 

Table I Characteristics of varnisbed boards and uncoated ones of Sitka spruce wood. 

o p I,. fR EL Ell. El./p ER/p QL-l 
(deg.) (g!em') (Hz) (Hz) (GP.) (GP,) (GP,) (GP.) 

10 

8 

11 

9 

9 

10 

9 

10 

8 

7 

5 

8 

8 

8 

7 

7 

9 

6 

7 

8 

13 
7 

7 

9 

0.400 860.2 346.3 7.34 

0.335 898.6 205.6 7.22 

0.396 857.2 342.8 7.04 

0.336 915.2 219.6 7.55 

0.397 893.4 345.3 7.45 

0.338 940.8 226.6 7.83 

0.337 918.2 217.3 7.53 

0.398 870.3 334.8 7.27 

0.412 894.4 348.6 7.69 
0.341 907.2 226.5 7.40 
0.405 832.4 347.6 6.70 

0.347 852.6 237.4 6.84 

0.408 844.8 350.8 6.83 
0.353 872.8 249.0 7.16 

0.347 877.5 237.6 7.13 

0.408 857.2 349.0 7.07 

0.418 

0.352 

0.425 

0.358 

0.429 

0.363 

0.357 

0.424 

863.4 

913.6 

872.2 

931.6 

898.0 

956.0 

933.7 

877.9 

359.8 

242.3 

358.1 

265.2 

377.3 

274.4 

260.6 

365.1 

6.98 

7.77 

7.68 

8.24 

7.97 

8.85 

8.29 

7.54 

1.20 18.3 2.99 0.0119 

0.382 21.6 1.14 0.0080 

1.14 17.8 2.87 0.0117 

0.439 22.5 1.31 0.0083 

1.12 18.8 2.83 0.0119 

0.458 23.1 1.35 0.0074 

0.426 22.4 1.27 0.0079 

1.15 18.3 2.90 0.0118 

1.21 18.7 2.93 0.0125 

0.476 21.7 1.40 0.0077 

1.21 16.6 2.98 0.0125 
0.545 19.7 1.57 0.0082 

1.19 16.8 2.93 0.0133 

0.596 20.3 1.69 0.0089 

0.539 20.6 1.55 0.0083 

1.20 17.3 2.95 0.0128 

1.24 

0.565 

1.32 

0.679 

1.42 

0.731 

0.658 

1.32 

16.7 

22. I 
18.1 

23.0 

18.6 

24.4 

23.2 

17.8 

2.97 

1.61 

3.11 

1.90 

3.30 

2.02 

1.84 

3.12 

0.0137 

0.0081 

0.0133 

0.0077 

0.0127 

0.0075 

0.0078 

0.0132 

QIt-1 

0.0341 

0.0180 

0.0336 

0.0178 

0.0400 

0.0177 

0.0178 

0.0359 

0.0439 

0.0163 

0.0386 

0.0173 

0.0342 

0.0169 

0.0168 

0.0389 

0.0436 

0.0169 

0.0416 

0.0166 

0.0395 

0.0160 

0.0165 

0.0416 

EnIE... QR-1/ 
QL-1 

0.163 2.87 

0.053 2.25 

0.162 2.87 

0.058 2.14 

0.151 3.37 

0.058 2.37 

0.057 2.25 

0.159 3.04 

0.157 3.51 
0.064 2.11 

0.180 3.09 

0.080 2.10 

0.175 2.58 

0.083 1.89 

0.076 2.03 

0.170 3.06 

0.177 

0.073 

0.172 

0.082 

0.178 

0.083 

0.080 

0.176 

3.19 

2.09 

3.13 

2.14 

3.11 

2.13 

2.12 

3.14 

ReI. Po 
(dB) 

-39.5 

-41.6 

-39.8 

-41.5 

-40.0 

-41.5 

-41.5 

-39.8 

-40.3 

-40.5 

-40.1 

-37.2 

-39.9 

-37.2 

-38.3 

-40.1 

-40.0 

-37.4 

-39.8 

-36.6 

-40.3 

-37.9 

-37.3 

-40.0 

,.. 
.. 

i 

� 
.;. � 
:§ -.. 
� --

:§ 
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" 
E 0 

> 

-SO 
0 

> E 
> 

o 

! a) No.34S 

20 
Time(ms) 

(b) No.35V · 

20 
Time(ms) 

" 

" 

Fig.4 Waveforms of tapping sound. (a) 
board No. 345, (b) board No. 35V. 

it is found that peaks at 200-300 Hz and about 900 
Hz, which are shown by arrows in the figure, arc the 

resonances in the R direction and in the L direction 

at the first mode, respectively. So, with varnishing 
the resonance frequency at the first mode in the L 
direction hardly changes, but that in the R direction 

increases remarkably. From Table I, with varnish· 

ing, Elp decreased slightly and Q_l increased in the 
L direction, whereas in the R direction both £1 p 
and Q-l increased considerably. Consequently, 

the variations of (Elp)L and (Elph correspond to the 

frequency variations of peaks in the L direction and 

in the R direction, respectively. 

The effects of varnishing on sound power spectra 

were investigated by taking the difference (LIP) 

between the level of 113 octave power spectrum for a 

solid board and the mean level of 1/3 octave power 
spectra for varnished boards adjacent (0 both sides 

of the solid board. Examples of the increase (No. 

11-13 boards) and the decrease (No. 33-35 boards) 

in overall power level are shown in Fig. 6(a) by a 

dotted line and solid line, respectively. The stan· 

dard line of 0 dB is the sound power levels of each 

band in 1/3 octave spectra for their solid boards 

R L , . , 

<D No.1 u 
-' a. 
VI .. 
� 
" cr 

Frequency (Hz) 

101 

iii u 

-' a. VI 
� 
" cr 

Frequency (Hz) 
Fig. 5 Power spectra of lapping sounds. (a) 

boards No. 125 and No. IIV, (b) boards 
No. 345 and No. 35V. Arrows Land R 
show the resonance points at the first mode 
in the lL direction and R direction, respec· 
lively. 

(No. 12 and 34). For reference, they are shown in 

Fig. 6(b), having the problem in spectrum envelopes 

which is described in section 2.2. With varnishing, 

the sound power levels for No. 11-13 and No. 33-

35 boards decrease at frequencies below 300 Hz. 
The sound power level for No. 11-13 boards in· 

creases at frequencies above 300 Hz and notably at 

frequencies above 3 kHz in particular. Whereas, 

that for No. 33-35 boards hardly changes in the 

frequency range of 300 Hz-3 kHz and decreases at 

frequencies above 3 kHz. Thus, the sound power 

levels in both cases decrease at iow.frequencies and 

there is a greater level difference between them at 

high·frequcncies. This mechanism is considered in 

Section 3.3. 

3.2 Relationships between Variations of the Over· 

all Power Level and the Young's Modulus and 

Internal Friction with Varnishing 

From Table I, it is typical that the varnishing 

heightens considerably the Ell and QR -1 of the wood. 
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Fig. 6 The effect of varnishing on 1/3 oc
lave power spectra. (a) variations of 
power level with varnishing in boards No. 
11-13 and No. 33-35. (b) 0 dB in Fig. 
(a), that is, 1/3 octave power spectra for 
uncoated boards No. 12 and No. 34. 

(V) 

3.0 

2.5 

r::, Y--O.470X+ 3.40 
(r=-0.632) 

-2.5 0.3 

, ... 

8 • .,; " 

b'" 2.0 '��8� 
I - 1�6� 

2.0 

1.5 

1.0 L_--:"-:---:L-_-:'-:_--:L..._:-" (X) 
1.0 1.5 2.0 2.5 3.0 3.5 

Fig. 7 Relationship between the variations 
of Young's modulus in the R direction, 
(E./E")R. and of internal friction in the R 
direction, (Qc-1/Q,,-I)R. with varnishing. 
Numbers in this figure are the variation of 
LIP, (dB). 
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Then, in order to investigate the relationship be

tween the variations of ER and QR -I with varnishing, 

the values of (E�/Eo)R and (Qe-1/Qo-I)R were cal

culated, where Eo and QO-I are the values of a solid 

board and E" and Q,,-I are the mean values of the 

varnished boards adjacent to both sides of it. The 

result is shown in Fig. 7. From the figure, there is 

a negative correlation between them, though they 

are scattered. 

The values of (E/p)'/:/p and Q-L are proportional 

10 an acoustic radiation damping factorU and the 

ratio of loss energy to vibrational energy per cycle, 

respectively. Therefore, the £ and the Q-I should 

have the positive correlation and the negative one 

with sound power, respectively. The variations of 

the overall power level with varnishing, L1 po. were 

noted near each measured point. From the figure, 

in the boards with larger increase of Young's 

modulus, the increase of internal friction is smaller 

and the increase of Po is larger, whereas in the 

boards with smaller increase of Young's modulus, 

the increase of internal friction is larger and the 

decrease of Po is larger. These results agree with 

above reasons. 

The relations found above can b e  made more 

clearly by using the quantity of EH/QH-L, which con· 

cerns in the acoustical conversion efficiency from 

above reasons. The ratio of EH variation to QH-1 
variation with varnishing, (EeIEoh/(Q.-'IQo-I)R, was 

taken, and the relationship between this ratio and 

{yl 
6 

, 

, 
� � 

0 0 � < 

., 

., 

, 

l-. '  , , 

0.5 1.0 

• 

(r=0.B21 ) 

\.Y�6.68X'8.19 

• 

1.5 2.0 2.5 
{Xl 

Fig. 8 Relationship between the variation 
of LlPo and the ratio (E.IEo),,/(Q.-I/Qo-L)l\' 
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LJPQ was investigated. The result is shown in Fig. 

8. From the figure, there is a positive correlation 

between them as expected. On the whole, the 

varnishing acoustically brings about a positive effect 

for the boards whose ratios increase (> I) and 

brings about a negative effect for the boards whose 
ratios decrease « I). In Fig. 6(a), the ratios in the 

dotted line and in the solid line are 1.6 and 0.8, 

respectively. 

At tapping, the contact time for the steel ball with 

a wood board having higher Young's modulus must 

be shorter, and the sound must include the higher 

frequency spectrum. Therefore, a harder board 

receives higher vibrational energy from the steel ball 

and the inputted energy differs with boards. The 

both Figs. 6 and 8 must have this influence, and so 

these results can not be applied directly to the fre

quency characteristics and the acoustical conversion 

efficiency of practical musical instrument sound

boards under forced vibration. It is estimated that 

the level difference at high-frequencies in Fig. 6 and 

the rising slope in Fig. 8 become lower under con
stant input energy. 

3.3 Mechanisms of the Variations of Sound Power 

Spectra with Varnishing 

As there is the theoretical relationship of foe 
(1::/(1)1/2 between eigenfrequency f and Young's 

modulus E regardless of vibrational modes, the 

increase of Ell should shift each mode frequency 

upwards. From Table I, the ER variation is greater 

in No. 11-13 boards than in No. 33-35 boards and 

their spectrum variations agree qualitatively with 

this theory. From the facts of this and Sections 3.1 

and 3.2, the variations of sound power spectra with 

varnishing can be explained as follows: 

a) The level drop at low-frequencies is caused 

by shifting the lowest mode frequency upwards with 
increasing Ell., and this variation occurs not only 

under tapping, but also under forced vibration. 

b) The peak level of sound spectra in wood 

decreases with increasing frequencies. Also, the 

spectrum of a wood board whose Ell. increases larger 

with varnishing shifts larger upwards in whole. As a 

result, the spectrum level increases at high-fre

quencies with increasing Ell.' 

c) In addition to these, the QII,-l increases with 

varnishing in all the frequencies, that is, the effect 

to make the level drop in whole is added to these. 

As the increase of QR-I with varnishing is smaller in 

the wood board with large increase of En than in 

that with small increase, the drop effect is smaller 

in the former. 

d) From above a}-c), the difference in spectrum 

variation at high·frcquencies is caused by the dif

ference in degree in the increase of Eft. with varnish

mg. 

This consideration receives a support from Sec· 

tions 3.4 and 3.5, also. Consequently, when the 

ER increases largely with varnishing, the frequency 

characteristics of soundboards are improved. 

3.4 Mechanism of the Variations of Young's 
Modulus and Internal Friction with Varnishing 

From the result of Section 3.2, the values of the 

Young's modulus and the internal friction in the 

wood board used for a base plate and the coating 

thickness of varnish at which the varnishing has a 
positive acoustical effect can be found by clarifying 

the mechanisms of the variations of Young's mod

ulus and internal friction with varnishing. Thus, 

the equations for calculating the Young's modulus 

and the internal friction of a wood board coated 

with varnish were derived theoretically. 
The varnish hardly soaks into the wood due to 

the sealer, which is sanded oul. Therefore, our 

varnished wood board can be considered to be ap
proximately a sandwich compo�ite which has the 
cross section shown in Fig. 9. In the figure, numbers 

o and I show the wood board of a base plate and the 

varnish film of a coated plate, respectively. The 

Young's modulus of a sandwich composite, Ee. 
can be expressed by the following equation that is 

generally known: 

( 1 ) 

where, Eo and EI are the Young's modulie of each 

layer, and 10 and II are the moment of inertia of each 

plane figure with respect to the horizontal axis of 

a x Base Plate-+--
tzzIzzl-=-T:!: 1- t, 

Fig. 9 The cross section of a sandwich 
composite. 
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symmetry, the x-axis. The thickness of each layer, 

In and 11> was taken as shown in Fig. 9, and folie and 

Illle were calculated. The results were as follows: 

�: � (1+ ;: r" 1 -3 ;:. (- ;;« I) ( 2 )  

��1_(1+2)-\32. (3) 
Ie 10 10 

Substituting Eqs. (2) and (3) into Eq. (I), we obtain 

the following equation: 

. ( I, ) I, E,,� 1-3- Eo+3-E, 
10 10 

E. ·.1+3(E, _1)2. 
Eo Eo to 

(4a) 

(4b) 

The theoretical equation for the internal friction 

of a sandwich composite has been unestablished. 

A. Tatemichi has derived the equation under the 

condition of no slide between layers8): 

A" 
= 

Ao + (£\lIIEo/o)A\ ( 5 ) 1 + (E\ldEo/o) 
where. Ac( = Q,,-I) is the internal friction of a sand

wich composite. It/fo was calculated, and the result 

was as follows: 

��(1+2)'_1"32. ( 6 )  
fo '0 '0 

Substituting Eq. (6) into Eq. (5), we obtain the fol

lowing equation: 

A.= A, + 3(E,/E,)(/,/I,)A, 
. 1 + 3(E,/E,)(/,/I.) (70) 

A. � 1 +3(E,/E,)(}.,/}.,)(I,/I,) 
A, � 1 +3(£,/E.)(/,/I.) (7b) 

From Eqs. (4b) and (7b), the variations of Young's 

modulus and internal friction with varnishing are 

determined by two or three relative quantities, i.e. 
the ratios of the Young's modulus and internal fric

tion of varnish to those of wood and the thickness 

ratio of varnish to wood. The experimental results 

for the film pieces of varnish and sealer are shown 

in Table 2. ]n comparison with Table 1, both the 

value of Young's modulus in varnish and that in 

sealer lie between those in the Land R directions in 

wood, and the values of internal friction in both 

varnish and sealer are much higher than those in 

both directions in wood. Therefore, from Fig. 8 

and Eqs. (4b) and (7b), it is estimated that the 

varnishing has a positive acoustical effect on wood 

boards having a low Young's modulus and high 

internal friction in the R direction. Generally, wood 
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having lower Young's modulus has higher internal 

friction, so this is possible. In addition, the mea

sured resonant frequencies in Table 2 were about 

100-270 Hz. 

The relationships between the variation of 

Young's modulus in the R direction, (EejE"h= Y, 

and the thickness ratio of varnish to wood, 'I/fv = X, 

were investigated using Eq. (4b) for each board 

having 0.35 GPa and 0.70 GPa in Young's modulus, 

EoR, in the R direction al no coating. The former 

and the latter were expressed by the straight lines of 

m: Y=I+27.9Xand 11: Y=I + 12.4X, respectively. 

These relationships are shown in Fig. 10. From the 

figure, it is observed that there is a great difference 

between lines of m and 11, and that the m line being 

the case of a low EOR is influenced more strongly by 

varnishing. The experimental resuhs were plotted 

in the figure, and the EOR values were noted near 

Table 2 Characteristics of the test film 
pieces of varnish and sealer. 

Coating 
I t "' P E Q-' (mm) (mm) (mm) (g/cmS) (GPa) 

Varnish 25-40 0.5 8. 0 1. 124 3.6 0. 05 3 

Sealer 20 0.2 9. 8 1.368 2.1 0. 057 

3.S{Y) m 
'OROO•352 

3.0 0.392 
• 

2.5 
0.476 •• 0.439 

� 0.565 
0 0.545 • " w - • 

v 
'" 2.0 0.679· 

1.5 ) 
O.70GPa 

1.0 (X) 
0 2 4 6 8 to 

t,/tO(xlO-2) 

Fig. 10 Relationship between the variation 
of Young's modulus in the R direction, 
(Ee/Eola., and the ratio of varnish to board 

thickness,I,/lo' Numbers in this figure are 

the value (GPa) of EOR' m: Y=I+27.9X, 
II: Y=I+12. 4X. 
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each point. At the measured points, the lower the 

EOR values, the higher the increasing rates of Young's 

modulus with varnishing, and their values agree 

qualitatively with the theoretical values. However, 

in the low range of Young's modulus in the R direc· 

tion it is observed that the measured values are 

greater than the theoretical values. This can be 
explained by considering that the Young's modulus 

in the R direction increases due to the sealer having 

higher Young's modulus in comparison with wood, 

which is shown in Table 2. Paradoxically. this fact 

shows the efficacy of sealer. 

As preparation for calculating the variation of 

internal friction, the relationship between the 

Young's modulus, EOR• and the internal friction, 

Q�R -I, in the R direction was investigated for the 

solid wood boards. The result's is shown in Fig. II. 
From the figure, it is observed that there is a very 

high correlation between them, and that the internal 

friction decreases linearly with increasing Young's 

modulus. The values of internal friction corre

sponding to 0.35 GPa and 0.70 GPa in Young's 

modulus are 0.0183 and 0.0164, respectively. Then, 

for each board having this pair of values in the R 
direction, the relationships between the variation of 

internal friction in the R direction, Q"_I/Q,,,_l = Y, and 

the thickness ratio, '1/10= X, were investigated using 

Eq. (7b). They were expressed by curves of m: 
Y�2.89-1.89/(1 +lO.9X) and II: Y�l.24-2.24/ 
(t + 15.4X), and shown in Fig. 12. From the figure, 

IV) 
0.022 

0.020 

0.018 

0.016 

0.014 

(r=-0.984) ;/' Y--O.OO56X+ 0.0202 

� 

-.,\. e 'e. e� 

o . 0 12 ':-'-:-'-:-'-:-'-:-L-L-L-L-L...J 
a 0.2 0.4 0.6 0.8 IX) 

1.0 
E

OR
(GPa) 

Fig. II Relationship between the Young's 
modulus in the R direction, £OR' and the 
internal friction in the R direction, Qon-I, 
for sitka spruce wood. 

with increasing varnish thickness, the internal fric

tion in the R direction increases and then the rate 

decreases gradually. Also, the difference between 

curves m and 1/ is small, because the difference in 

internal friction between their base plates is small 

itself. The relationship in the L direction also was 

investigated because the variation of the internal 

friction in the L direction with varnishing was some

what high from Table I. It was expressed by the 

curve of I: Y=6.63-5.63/(1 + I.44X), and shown in 

Fig. 12. In this calculation, the average values of 

Young's modulus and internal friction in the L direc

tion for the solid boards, 7.50 GPa and 0.0080, 
were used as the values of EOL and QOL -I. The inter

nal friction in the L direction increases almost linear

ly with increasing varnish thickness, but the increase 

is smaller than that of the internal friction in the R 
direction. The experimental results were plotted 

in this figure, and solid and open circles show the 

values in the R direction and L direction, respec

tively. II is observed that the measured values in 

both the R direction and the L direction almost 

agree with the theoretical values in each direction, 

so, it may be said that Eq. (7b) is almost valid. In 

addition, it is observed that the measured values in 

both directions are slightly higher than the theoret

ical values. This is due to the sealer whose internal 

friction is higher than those of wood in both direc· 

tions. 
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Fig. 12 Relationship between the internal 
friction variation Qc-I/Q",-l and the thick
ness ratio (I/t�. Solid circles: R direc
tion, open circles: L direction. I: Y= 
6.63-5.63/(1 +1.44 X), m: Y=2.89-1.89j 
(I +30.9X), n: Y-3.24-2.24/(I + 15.4X). 
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From Figs. 10 and 12, the variation or ER with 

varnishing large depends on the EK value or wood 

and the En increases large ror the board having a 

low En value, whereas the variation or QR -I small 

depends on the ER and Qn -I values or wood and the 

QII-I increases. Consequently, the principal mechan

ical ractor or the varnishing effects is the En ror the 

board having a low En value and is the Qn-I ror 

the board having a high En. value. 

3.5 Effects or the Coating Thickness or Varnish on 

the Acoustical Conversion Efficiency or Wood 

From Section 3.2, the quantity or ERIQR-1 con

cerns in the acoustical conversion efficiency. Then, in 

order to investigate the variation ratio or £1\ to QJI-1 
with the coating thickness or varnish, (EcIEo)RI 

(Qe-1IQo-lh, the equation to express the relationship 
between the ratios (E.IEo)/(A.IAo) and (1//0 was 

derived rrom Eqs. (4b) and (7b): 

E.IEo 
A,/A. 

��+ 3(£./ E.)(I'/I.»{ I + 3«E,/ E.) - I)Ct,/I.)} 
I +3(E,/E.)(A,fA.)(I,fI,) 

( 8 ) 

For each board having the same pair or values in 

the R direction as those used ror Fig. 12, the re
lationships between the ratios (£�/£.)n/(Qc-'/Qo-l)n 
( = Y) and (lIto (=X) were investigated using Eq. 

(8). The results are shown in Fig. 13, and the 

equations or the m curve and 1/ curve are )' = 
(I + 58.8X +862X')/(1 + 89.3X) and Y�(I + 27.8X 
+ 191X!)/(1 + 49.9X), respectively. In the m curve, 

with increasing varnish thickness the ratio Y de

creases slightly and arter reaching the minimum 

value at the thickness ratio or about 0.01, it begins 

to increase. Whereas, in the 1/ curve, with increas

ing varnish thickness the ratio Y decreases slightly 

and arter reaching the minimum value at the thick

ness ratio or about 0.03, it begins a slow increase. 

The main ractor of the difrerence between m and 1/ 
is the ER, because the variations of ER and QR-1 
depend large and small on the values of wood, re

spectively. The curve m is over Y= 1.0 above X= 
0.035, whereas the 11 curve never is over Y= 1.0 

because of 114:.10, If the varnish is replaced with 

otller paint, this result should change according to 

Eq. (8). The experimental values were plotted in 

the figure, and the Eon values were noted near each 

measured point. The measured values agree C]uali-
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tatively with tile calculated ones and the difference 

between them is mainly due to the scaler. In the 

figure, the open circle and the open square show the 

values for the boards No. 12 and No. 34. respec

tively. The main factor of the ratio increases in the 

former is the ER because of having a low Ell value, 
and that or the ratio decrease in the latter is the QII-I 
because of having a high EI\ value. The ratio varia
tions bring about the sOllnd power spectrum varia

tions as shown in Fig. 6, which includes the varia

tions that are due to the difference in input power. 

Thus, it was verified that the experimental results 

almost agreed with the theoretical equations derived 

in this study, and the mechanism of the acoustical 

characteristic variations or the wood boards with 

varnishing was clarified. 

4, CONCLUSIONS 
It was found that whether the varnishing was 

beneficial or harmful acoustically could not be con

cluded simply. The factors or acoustical charac

teristic variations with varnishing were the Young's 

modulus in the R direction (Ell) and the internal 

friction in the R direction (QII -I). The variation of 

Ell. large depended on the Ell value or wood and the 
Ell increased large for the board having a low En 
value, whereas the variation of QlI. -I small depended 

on the Ell. and QII. -I values of wood and the Qn-I 
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increased. From these results, the principal factor of measurements, and to Y. Katch of Katch Design 

of the varnishing effect is the En for the board Systems Co., Ltd. who kindly assisted in making 
haying a low En value and is the QJI. _1 for the board varnish films. 

having a high ER value. Therefore, the acoustical 

characteristics in the former are improved with 

varnishing and the sound power level increases at 

frequencies above about 300 Hz; but on the other 

hand, those in the latter are worsened regardless of 

varnish thickness and the power level decreases at 

high frequencies. These facts mean that the fre· 

quency characteristics of the wood boards can be 

controlled to some degree by varnishing. 

ACKNOWLEDGEMENTS 

I would like to express my gratitude to prof. T. 

Sugimoto of Daidoh Technical College for his help

ful advice, and to Y. Watanabe, M. Kanemitsu and 

T. Sasaki of Kawai Musical Instruments Mfg. Co., 

Ltd. for making test boards and providing varnish, 

and to H. Ueno of Gifu University for his assistance 

REFERENCES 

1) H. Meinel, "Regarding the sound quality of violins 
and a scientific basis for violin construction," J. 
Acoust. Soc. Am. 29, 817-822 (1957). 

2) J. C. Schelleng, "Acoustical effects of violin 
varnish," J. Acoust. Soc. Am. 44, 1175-1183 (1968). 

3) D. W. Haines, "On musical instrument wood
Part II," J. Catgut Acoust. Soc. NL33, 19-23 (1980). 

4) T. Ono, Y. Katoh, and M. Norimoto, "Humidity
proof, quasi· isotropic wood diaphragm for loud
speakers," J. Acoust. Soc. Jpn. (E) 9,25-33 (1988). 

5) R. A. Mangiarotty, "Acoustic radiation damping 
of vibrating structures," J. Acoust. Soc. Am. 35, 
369-377 (1963). 

6) A. Tatemichi, "Internal friction of multilayer 
plates," Oyo Buturi 29, 802-803 (960) (in Japa
nese). 

407 



Verso Filler Page� �

https://en.wikipedia.org/wiki/Recto_and_verso


INVITED PAPER

Relationship of vibro-mechanical properties and microstructure
of wood and varnish interface in string instruments

Marjan Sedighi Gilani1 • Johanna Pflaum2
• Stefan Hartmann3 • Rolf Kaufmann3 •

Michael Baumgartner4 • Francis Willis Mathew Robert Schwarze1

Received: 25 January 2016 / Accepted: 26 January 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract Wood varnish coatings not only are aestheti-

cally important, but also preserve the musical instrument

from wear and fluctuations in the ambient humidity.

Depending on the thickness, extent of penetration into the

wood and the physical and mechanical properties after

hardening, varnishes may change the mechanical and also

vibro-acoustical properties of the coated wood. Contrary to

studies on the chemistry of the varnish and primer used for

old and contemporary musical instruments, the physical

and mechanical properties of the varnished wood in rela-

tion to the geometry of their interface have been poorly

studied. We implemented non-destructive test methods,

i.e., vibration tests and X-ray tomography, to characterize

the hardening-dependent change in the vibrational proper-

ties of master grade tone wood specimens after coating

with four different varnishes. Two were manufactured in

the laboratory, and two were supplied from master violin

makers. For a controlled accelerated hardening of the

varnish, a UV exposure method was used. It was demon-

strated that varnishes increase wood damping, along and

perpendicular to the grain directions. Varnishes reduce the

sound radiation along the grain, but increase it in the per-

pendicular direction. Changes in the vibrational properties

were discussed together with results of 3D images of wood

and varnish microstructure, obtained from a customized

tabletop X-ray microtomographic setup. For comparison,

the microstructure of the interface of the varnished wood in

the laboratory and of specimens from two old violins was

analyzed with the same X-ray tomography setup. Labora-

tory varnishes with various compositions penetrated dif-

ferently into the wood structure. One varnish of a master

grade old violin had a higher density and was also thicker

and penetrated weaker into the wood, which is more likely

related to a more sophisticated primer and varnish appli-

cation. The study demonstrates the importance of the vibro-

mechanical properties of varnish, its chemical composition,

thickness and penetration into wood.

1 Introduction

The term varnish is generally referred to as ‘‘a liquid

which, when coated over a solid surface, dries to a trans-

parent film’’ [1]. Wooden musical instruments are covered

by varnish layers often made by different organic com-

pounds. They protect the musical instruments from changes

in the relative humidity (RH) and direct contact with the

player. Varnishes are aesthetically important for the

instrument, and they also influence the acoustics of the

instrument by modifying the wood properties, e.g., mass,

stiffness and damping.

Wood is the preferred material for most music instru-

ments. It is a hierarchically structured cellular composite,

with various anatomies and biochemical compositions

depending on the selected species. The density, hygro-

scopicity and vibro-acoustical properties vary between
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wood species. At the submicron scale, e.g., cell wall sub-

layers and middle lamella, wood can be seen as a fibrous

composite material, whereas the cellulose crystalline

microfibrils represent the reinforcing components in a

matrix consisting of hemicelluloses and lignin [2]. Briefly

speaking, cellulose is mainly responsible for stiffness,

while the matrix is more sensitive to humidity variations

and contributes to the viscoelasticity and swelling of wood.

Microfibrils and matrix are linked by hydrogen bonds and

covalent cross-linkages, which enforce the hygroscopicity

and dimensional instability of the bulk material. Physical

and mechanical properties of wood are different along and

perpendicular to the longitudinal cells, i.e., tracheids in

softwood. Moreover, Norway spruce ‘tone wood’ used for

soundboards of violin families has different properties, i.e.,

lower density and narrower annual rings than timber used

for construction. Thus, it is safe to assume that treating of

the surface of this fine material, with a solid, e.g., varnish,

will influence the delicate vibro-acoustic performance of a

music instrument. To date, we do not exactly know how the

microstructure and physical properties of varnish will

change the vibration and damping of the treated wood and

influence the vibration and acoustics of string instruments.

It is generally assumed that the varnish of old Cremona

violins have unique properties which are partly responsible

for their superior sound quality. Even though experts agree

that the good contemporary violins might sound as good as

the esteemed Cremona violins [3], the history and aes-

thetical features of the old varnishes provides an excep-

tional added value to old instruments. This encourages

further analytical studies to help understand the details of

varnishing craftsmanship used for esteemed Cremona

instruments. Microscopy of semi-thin sections from his-

torical instruments showed that the wood coating has two

principal layers that consist of inorganic or organic com-

pounds: the primers, which are a transparent or lightly

colored layer containing mineral particles and then several

layers of varnish. In the case of the violin, the varnish can

be slightly colored, containing organic dyes, finely dis-

persed of organic lakes or inorganic pigments [4]. The

vibrational properties of the varnished wood depend on

(a) composition and thus the time-dependent physico

(thermo-hygro)-mechanics of varnish and (b) the extent of

penetration of varnish into wood which makes the inter-

face. The chemistry of the layered structure of varnish in

historical instruments, in terms of mineral elements and

organic compound, has been studied in in-depth in the past

[5–7]. Also, the geometry of the interface has been inves-

tigated using different microscopy techniques [8, 9] or by

applying synchrotron [10, 11] methods. Nevertheless, non-

destructive X-ray imaging techniques have a larger

potential for documentation and diagnosis of cultural her-

itage objects such as old violins [12–14]. Also, the physical

and mechanical properties of contemporary and old var-

nishes and their impact on vibro-mechanics and hygro-

scopicity of the coated wood are not well studied. Our

knowledge on changes in wood properties after coating is

mainly based on studies by Haines [15], Ono [16, 17],

Schleske [18, 19] and Obataya et al. [20] that examined the

vibrational behavior of small wood strips or plates before

and after coating. They reported changes in the stiffness

and internal damping of the varnished wood and discussed

problems regarding the orthotropicity of wood properties,

i.e., different stiffness and damping properties along the

grain (longitudinal) and perpendicular to the grain

(transversal). Considering that the varnish composition is

different for each violin maker, an understanding of the

relationship between the chemistry of varnish and changes

in the physico-mechanical properties of the coated wood is

still a challenge. The problem is even more complex, when

we note that the criteria used by different violin makers and

tone wood retailers for selecting master grade tone wood,

even for the most commonly referred properties of tone

wood, e.g., internal damping or density, are different.

The main objective of the presented study was to

improve our understanding on the changes in vibro-me-

chanics of coated wood, in relation to the varnish compo-

sition and geometry of wood and the varnish interface. Our

hypothesis is that changes in mass, stiffness and

microstructure of the interface layer influence damping,

stiffness and sound radiation of coated wood strips. Twin

specimens of Norway spruce tone wood were excised from

sapwood and heartwood (the outer and inner part of the tree

trunk), and their natural frequencies and internal damping

were measured before and after coating with different

varnishes at different hardening states. Certain simplified

recipes were used for preparation of varnishes in the lab-

oratory. Changes in the vibro-mechanical properties were

discussed in comparison with X-ray microtomographic

sections, showing the thickness of varnish and its depth of

penetration into wood. Moreover, results were compared to

the X-ray microtomographs of specimens from two old

violins, one from a cello made in Turin, Italy, in 1640/60

and the other from a violin manufactured in Saxony,

Germany, around 1920.

2 Materials and methods

2.1 Wood

Twin wood plates with dimensions of 120 mm (R, radial

direction) 9 2.5 mm (T, tangential direction) 9 420 mm

(L, longitudinal direction) were excised from a plank of

Norway spruce wood (Picea abies L.), with narrow and

even annual rings and perfectly quartered with minimal run
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out according to the criteria for ‘master grade’ tone wood

for violin making. The tree was felled in autumn 2010, in

the Berguen region, Switzerland. Forty quarter-sawn strip

specimens of 12 (R) 9 2.5 (T) 9 150 (L) mm3 were pre-

pared for characterization of the vibro-mechanical prop-

erties in the longitudinal direction and also 20 strip

specimens of 120 (R) 9 12 (T) 9 2.5 (L) mm3, for

transversal direction. From the 40 longitudinal specimens

above, 20 were prepared from sapwood (SW_L), the

outermost portion of a tree trunk, which is used for making

the central part of violin top plate and 20 from the heart-

wood (HW_L). Specimens were stored and conditioned in

a climate chamber at 30 % relative humidity (RH) at

20 �C. The density at equilibrium moisture content (EMC)

was 439.4 (±8.3) kg/m3 for HW_L, 444.1 (±9.5) kg/m3 for

SW_L and 439.9 (±4.7) kg/m3 for transversally excised

specimens (TR).

In Fig. 1, the selected material illustrated at three dif-

ferent spatial scales, (a) macroscale: sound board, (b) me-

soscale: test specimens for the vibrational tests and

(c) microscale: microtomography image of the cellular

structure of Norway spruce wood, is presented. In the lat-

ter, the orthotropic directions and some important

anatomical feature of Norway spruce wood are highlighted.

2.2 Varnish and accelerated hardening with UV

light

We selected four varnishes, two prepared in the laboratory

and the other two were collected from two professional

luthiers in Germany. The luthiers made their varnishes in

their own workshops, but shared the major components of

their varnished and their volume fractions. The prepared

and laboratory-made varnishes were designed by Johanna

Pflaum, a qualified luthier who studied at Mittenwald in

Germany. The main ingredients of the utilized varnishes

were:

• Laboratory_1 (lab_1): 50 g colophony, 30 g linseed oil

and 30 g terpentin oil targeting a 77 % resin and a

23 % oil composition

• Laboratory_2 (lab_2): 112,5 g burgundy resin, 37.5 g

amber and 150 g linseed oil targeting a 50 % resin and

a 50 % oil composition

• Luthier_1 (lut_1): 750 g amber, 200 g dammar, 60 g

manila copal and 50 g aloe targeting a 62 % resin and

38 % oil composition

• Luthier_2 (lut_2): 1.5 l linseed oil, 150 g aloe, 500 g

amber, 26 g dragons blood, 33 g gamboge targeting a

60 %resin and 40 % oil composition

We used a mixture of egg white, linseed oil and water as

a basic primer before varnishing the wood. All specimens

were coated first, with a similar quantity of primer, 0.16 g

for the longitudinal and 0.12 g for the radial specimens. A

drop of primer solution was placed with a pipette onto the

wood and spread over the surface with a thin spatula. After

5 days of drying, the same method was implemented for

applying one layer of varnish. Our main aim was not to

obtain a good quality varnish in the laboratory or to apply it

professionally on the wood surface, but to keep the pro-

cessing method structured, documented and repeatable for

our analytic studies.

To speed up hardening of varnish, all varnished speci-

mens were simultaneously exposed to five and two incre-

mental steps of 3 h (a total of 5, 8 and 11 h) in a custom-

made UV box. As part of the hygroscopic moisture is

desorbed after UV exposure, a waiting time of up to 7 days

was required between measurements until the specimens

reached EMC at 30 % RH. Thus, the specimens were kept

in the controlled 30 % RH chamber between each UV

Fig. 1 a Norway spruce tone wood plank, b strip-shaped wood specimens and c 3D microstructure of Norway spruce wood acquired by

synchrotron X-ray tomography
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exposure, and their mass measured until gaining EMC.

Table 1 shows the mass of varnish layer measured after

treating the wood specimens and after 5-, 8- and 11-h

exposure to UV light and equilibrium at 30 % RH.

Although we intended to coat the wood with a similar

quantity of varnish, the total mass of coating was different

depending on the varnish type, e.g., significantly higher for

lab_2 and reduced after UV exposure.

Moreover, two 1.5 9 1.5 9 1.5 mm3 wood specimens

were excised from old violins, for comparison of the spatial

geometry of varnish and the wood interface with the var-

nished specimens treated in the laboratory. One specimen

was excised from the spare edge of a Cello made in

1640-60, after being trimmed by luthiers to a more man-

ageable size in recent years. The instrument had been

crafted in Turin, Italy, most probably by Henricus Casner,

also known as Enrico (also the specimen label in the

study), and is still in an excellent condition and sounds

wonderful. The other specimen was from a violin manu-

factured in Markneukrichen, Saxony, Germany, made

around 1920. It is a violin of average quality and not worth

restoration and thus dedicated for destructive tests.

2.3 Vibrational test setup

We used a free–free resonance flexural vibration test to

determine the first resonance frequency (fR) and internal

friction (tan d) in beam elements [16, 20]. Non-contact

forced-released vibration was enforced through an electro-

magnet device, in the face of a thin metallic plate of

\20 mg weight. Metallic plates were glued to one end of

each wood specimen, and displacements at anti-node of the

first vibration mode were measured using a laser triangu-

lation displacement sensor. Vibration emission and acqui-

sition of data were performed in a custom-developed

algorithm in labview (described previously in [21]). A

broadband frequency scan was used to detect the first

resonance frequency, on which a second, narrow-band scan

allowed the determination of the quality factor Q (band-

width at half-power). Then, the excitation (fixed at fR) was

stopped and the logarithmic decrement (k) of amplitudes

was recorded to compare the tan d in both frequency (1/Q)

and time (k/p) domains. Given the high aspect ratio of the

samples, the influence of shear and rotary inertia was

ignored. Thus, the specific modulus of elasticity was cal-

culated by using the fR in Euler–Bernouilli equation:

E

q
¼ 48p2l4

m4
nh

2
f 2Rn ð1Þ

where l is the length of the sample, h is the thickness, fRn is

resonance frequency of the mode n and m is a constant

equal to 4.730 at the first vibration mode. Also, E is

Young’s modulus along the specimen length, and q is the

density of the material; thus, the unit of the specific mod-

ulus of elasticity E/q is MPa m3/kg. All measurements

were taken inside a humidity- and temperature-controlled

chamber, at 30 % RH and 20 �C, while specimens were at

EMC. The primer and varnish were implemented inside the

same climatic chamber, and measurements were repeated

immediately after varnishing, and also after specimens

reached EMC after 5-, 8- and 11-h exposure to UV light.

Each measurement was repeated three times, and the mean

values calculated. Subsequently, the sound velocity, c,

sound radiation coefficient, R, and characteristic

Table 1 Mass of varnish layer

(in mg) after treating the surface

of wood specimens, and after 5-,

8- and 11-h exposure to UV

light

Hardening state Mass of varnish layer (mg)

Wet 5 h UV 8 h UV 11 h UV

HW_L

Lab_1 93.2 (±1.6) 86.9 (±1.1) 84.0 (±1.4) 82.3 (±0.9)

Lab_2 101.1 (±1.1) 93.0 (±2.0) 92.1 (±2.0) 92.0 (±2.0)

Lut_1 84.84 (±1.7) 71.6 (±1.8) 72.9 (±2.8) 70.82 (±2.9)

Lut_2 83.2 (±0.6) 70.9 (±1.1) 72.66 (±4.1) 69.0 (±0.6)

SW_L

Lab_1 97.1 (±1.1) 90.22 (±2.1) 87.1 (±2.1) 85.4 (±2.3)

Lab_2 102.7 (±1.4) 92.6 (±1.9) 91.2 (±0.9) 90.2 (±1.7)

Lut_1 87.12 (±1.9) 73.7 (±1.6) 72.6 (±2.1) 70.9 (±2.4)

Lut_2 86.1 (±1.8) 72.7 (±1.7) 71.9 (±1.6) 70.4 (±1.8)

TR

Lab_1 72.8 (±0.7) 63.7 (±1.2) 60 ( (±0.8) 57.8 (±0.9)

Lab_2 80.8 (±1.5) 67.4 (±1.7) 65.8 (±1.7) 64.2 (±1.9)

Lut_1 66.1 (±1.5) 53.2 (±2.0) 51.6 (±1.6) 48.2 (±2.0)

Lut_2 65.9 (±0.6) 50.1 (±0.4) 48.4 (±0.5) 47.0 (±0.2)
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impedance, z, in the longitudinal (_L) and transversal (_RT)

directions were calculated as:

c ¼
ffiffiffiffi

E

q

s

; R ¼ c

q
¼

ffiffiffiffiffi

E

q3

s

; z ¼ cq ¼
ffiffiffiffiffiffi

Eq
p

ð2Þ

2.4 X-ray microtomography

X-ray tomographies were performed at the center for

X-ray analytics at Empa [22] by a microfocus X-ray tube

from Viscom XT9160-TXD operating at an acceleration

voltage of 80 kV and a tube current of 120 lA. Thin

sections were extracted with a razor blade, with a

dimension of approximately 1.5 9 1.5 9 1.5 mm3 from

the coated sapwood with different varnishes and also from

old violins. All sections were scanned at ambient RH and

temperature and reconstructed with the same settings to

allow a direct inter-relative comparison. The acquisitions

were corrected for artifacts and reconstructed using

Octopus reconstruction software [25]. Full-field cone-

beam tomographic acquisitions were performed which

limited the spatial resolution to a voxel size of

2.5 9 2.5 9 2.5 lm3. In addition to 3D visualization of

the microstructure, dependency of the X-ray absorption on

the density of material enables certain analysis of the

density distribution in the wood cell walls and varnish by

comparing the relative gray values.

3 Results and discussion

Figure 2 shows the specific modulus of elasticity, E/q
versus internal damping, tan d of all wood specimens, 20

(HW_L), 20 (SW_L) and 20 (TR) before coating with the

primer and varnish. The relationship has the form of a

power law, confirming the suggested dashed-line trend by

Ono and Norimoto [16]. The average longitudinal E/q of

heartwood was 35.89 (±0.4) MPa m3/kg, of sapwood was

34.0 (±0.8) and of transversal specimens 1.93 (±0.14).

According to Eq. 2, the sound velocity in heartwood was

5991 (±35) m/s, slightly higher than in the sapwood, which

was 5832 (±72). Also, sound velocity was significantly

lower in transversal direction, 1390 (±51) m/s. This is due

to the curtail-like acting of the growth rings for sound

waves, resulting in a slower speed in the transversal

direction. The same argument explains the higher damping

in the transversal direction of 0.0168 (±0.0006), while it

was 0.0056 (±0.0001) in the heartwood along the grain and

0.0057 (±0.0002) in the sapwood.

In Fig. 3, the box-and-whisker plots of longitudinal E/q,
and in Fig. 4, the longitudinal tan d, before and after

coating with different varnished are presented. Also, Fig. 5

shows that the transversal E/q and tan d. E/q in heartwood

was higher and less scattered than in the sapwood. After

coating of wood with all the varnish types, E/q was

decreased and subsequently increased as a result of varnish

hardening after UV exposure. Nevertheless, it never

reached the initial value of E/q before coating, even after

11 h of UV exposure. Also, coating increased the tan d, in
both the longitudinal and transversal directions. UV

exposure decreased the tan d, though it never declined to

the low damping values measured in the material before

coating. However, a moderate increase in damping can be

beneficial for the sound of violins [23, 24], as high notes

are dampened and instruments sound mellow and warm. In

the transversal direction, E/q was increased after varnish-

ing and also after UV exposure as indicated in Fig. 5. The

origin of the dissimilar change in the E/q of longitudinal

and transversal specimens is related to differences between

the magnitude of stiffness in the longitudinal and

transversal directions. In the longitudinal direction, E/q of

raw wood varied between 34 and 36 MPa m3/kg, while

value of only 1.93 MPa m3/kg was obtained in the

transversal direction (Fig. 2). Coating a media with another

stiffer layer improves stiffness of the composite, which is

more likely the case in transversally excised wood speci-

mens. Thus, we can assume that varnish is stiffer than

wood in the transversal direction, even if we did not

directly measure stiffness of the varnish coating. The

scattering of the measured data was lowest on raw wood

and increased after varnishing, especially varnish lab_2,

but often reduced after prolonged exposure to UV light.

Similar to tan d, E/q scattered stronger in varnished wood,

e.g., lab_2. However, apart from this slight difference, the

box-and-whisker presentation did not indicate any other

significant differences, i.e., between the changes in the

properties in relation to the varnish type.
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Column bars in Fig. 6 show the change in the sound

radiation and acoustic impedance of wood, after imple-

menting the 4 different varnishes and hardening after 11-h

UV exposure. The initial R and z data (averaged between 5

raw specimens) are also labeled closed to each column bars

which represent the change in these properties after

implementing the respective varnishes. Varnishing

decreased the sound radiation, up to 6.5 %, along the grain.

In this regard, no significant difference was observed

between the sapwood and heartwood. Among different

varnishes, changes were most significant after coating with

lab_2 varnish, which is the one with the highest oil frac-

tion. Changes in sound radiation were also higher for the

varnish prepared in the laboratory, lab_1, compared to the

professional makers’ varnishes. Contrary to the longitudi-

nal specimens, varnishing increased sound radiation in the

transversal direction, and at a higher rate with the profes-

sional makers’ varnishes. As R describes how the vibration

of a solid body is damped by sound radiation, a higher

sound radiation correlates with the emission of a louder

sound. Also, the orthotropic changes in sound radiation,

i.e., reduction in longitudinal direction and increase in the

transversal direction, have an important influence on the

resulting sound of the music instrument, as the wood

orthotropicity is reduced. One should note that in violins,

the wood carries a significant load in longitudinal, but also

in the transversal direction, which is mechanically less

robust. This fact plays a significant role in defining the

arching of the violin soundboard by violin makers, for re-

distribution of forces in the desired directions. In this

regard, the stiffening impact of the varnish along the woods

weakest direction is likely beneficial. While varnishing has

a different influence on the longitudinal and transversal R,

the acoustic impedance z always decreased, up to 2.7 %

longitudinally and 10.5 % perpendicularly. z relates to the

transmission of vibrational energy from the soundboard to
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b heartwood specimens treated
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exposure times to UV light
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the air; thus, its reduction is more likely a drawback for the

musical instrument. The lab_2 showed the highest reduc-

tion in z. Luthiers who play their instruments before and

after varnishing report that the instruments often produce a

‘sharper’ sound before varnishing. However, varnishing is

an inevitable step of violin making, for the beauty of the

instrument and for protecting it from wear and moisture

exchange with air, which in turn negatively changes the

vibrational properties of wood in the short and long term.

In Fig. 7, X-ray tomography sections of wood speci-

mens treated with 4 different varnish coatings are pre-

sented. The thin-wall earlywood tracheids of Norway

spruce wood are distinguishable with larger cell lumina

with a diameter of approximately 30–40 lm. The latewood

tracheids have thicker cell walls, and their lumina were

smaller (8–15 lm) than the cells in the earlywood. Red to

yellow colors correspond to the higher gray values, due to

higher attenuation of X-ray in denser materials, while the

green to blue colors indicate material with a relatively

lower density. In this context, all 4 varnished sections had a

lower density than wood cell walls. They filled the wood

lumina, in a depth of a few hundred micrometers from the

surface. No significant differences were observed between

the depth of varnish penetration in earlywood and latewood

tracheids, even though they have different lumen size and

pit structure, and thus different permeability [26]. The

varnish lab_2 was different from the other varnishes, as it

penetrated deeper into the wood. In the latter case, there

were even lumina that were randomly filled up to 400 lm
beneath the surface. This may partially explain the inferior

properties of this varnish, regarding the impulse changes in

the sound radiation and acoustic impedance. However,

different varnishes may have different stiffness which may

significantly influence the vibro-mechanical properties of

the varnished wood. The averaged profile of the gray val-

ues over all sections confirms the above observation; gray
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showing changes in longitudinal

tan d of a sapwood and

b heartwood specimens treated
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exposure times to UV light
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value of the lab_2 specimens is significantly different from

the others, in 200 lm depth from the surface. As we

applied only one layer of varnish for simplification and

removing additional variables, e.g., discontinuities in

manually applying a multilayered varnish, the varnish on

top is too small for quantification and further discussions.

In Fig. 8a, b, the 3D rendered geometry of the varnished

wood from 2 old violins and a middle section from each

(inlet) are presented. The labeled specimen as Enrico is

extracted from an instrument made in 1640, with a varnish

of highest quality, while the other varnish, from the

instrument made in 1920s, is of average quality with traces

of repair and restoration over the years. The varnish was

thick and cracked all over the instrument, the wood was

infected by wood worm, and the instrument was in a poor

condition and cannot be restored or played anymore. In

both cases, the varnish thickness was greater in the labo-

ratory specimens, up to 40 lm in Enrico and 80 lm in

Saxony, as makers always implement several layers of

varnish and not only one coating. The varnish also pene-

trates weaker into the wood, which is likely due to the more

sophisticated primer application in a real instrument com-

pared to the laboratory varnish, but also can be dependent

in the viscosity of the varnish itself. One interesting

observation is different densities of the varnishes, which

was significantly higher in Enrico (red–yellow colors), than

in the Saxony and all the contemporary varnishes. Wood

density, especially in the latewood tracheids, was higher in

the Enrico specimen, and the growth rings were narrower,

when compared to the Saxony and contemporary tone

wood. A layer of glue was observed in the middle of the

Enrico specimen, with a density similar to the varnish and a

thickness of up to 80 lm. Microcracks, with an opening of

below 10 lm, were observed all around the surface of

Saxony varnish, which were locally covered by another

thin layer with a higher density on top (Fig. 8c). Also,
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some high density particles with dimensions of few lm
were observed on the wood surface and trapped inside the

varnish, which are parts of inorganic powders, e.g., Pumice

or chalk, used for filling the lumina on the wood surface to

avoid the penetration of varnish deep into the wood. The

assessment of the detailed chemical composition of these

components and also determining their mechanical prop-

erties for upscaling the microstructure–property relation-

ships in wood and varnish interface through a coupled

numerical and experimental approach are the topics of our

future studies.

4 Conclusion

Varnish coating plays an important role for the long-term

quality of sound of wooden musical instruments, but as

applied on the wood surface, impulse changes in the vibro-

mechanical behavior of wood can be recorded. We exam-

ined the change in the specific modulus of elasticity of

wood, which is correlated with the speed of sound and also

in the internal damping in the material, after coating with 4

different varnishes (professionally made or in the labora-

tory). It was demonstrated that all varnishes, independent

from their original compositions, increased the internal

damping of wood, along or perpendicular to the grain. The

specific modulus of elasticity and sound radiation were

decreased along the grain and increased in the perpendic-

ular direction. After exposure of varnished wood speci-

mens to UV light, the specific modulus of elasticity

increased and the internal damping decreased, as a result of

hardening of the varnish. X-ray microtomographs showed

no significant difference between extent of varnish pene-

tration into the earlywood and latewood tracheids. With all

coatings, the varnish penetrated approximately 100 lm
into the wood, with exception of the home-made laboratory

varnish that had the highest oil fraction (lab_2) and pene-

trated deeper into wood. The latter varnish caused a larger

scattering for all measured vibrational properties, and a

more significant reduction in the longitudinal sound
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radiation. However, the depth of varnish penetration was

not the only parameter that determined changes in the

vibro-mechanical properties of the varnished wood. Thus,

also the mechanical properties of varnish itself are an

important factor, which we will demonstrate in a future

study. The orthotropic changes in the sound radiation or
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speed of sound makes the continuation of this study on 2D

elements such as plates or the real curved soundboard of

the instrument important. Characterizing the orthotropic

change in vibro-mechanical properties of wood plates after

varnishing and numerical simulation of the relation

between these changes and the vibration of the violin body

are the topic of our next study.
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Brémaud for making it possible to use her developed vibrational

testing hardware and software.

References

1. R. Mayer, The Artist’s Handbook of Materials and Techniques

(Viking Press, New York, 1940)

2. R.B. Adusumalli, R. Raghavan, R. Ghisleni, T. Zimmermann, J.

Michler, Appl. Phys. A 100, 447–452 (2010)

3. C. Fritz, J. Curtin, J. Poitevineau, H. Borsarello, I. Wollman, F.C.

Tao, T. Ghasarossian, PNAS 111(20), 7224–7229 (2014)

4. M. Malagodi, C. Canevari, L. Bonizzoni, A. Galli, F. Maspero,

M. Martini, Appl. Phys. A (2013). doi:10.1007/s00339-013-7792-

2
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Two violins were investigated. The only intentionally introduced difference between them was the
type of varnish. One of the instruments was covered with a spirit varnish, the other was oil varnished.
Experimental modal analysis was done for unvarnished/varnished violins and a questionnaire inquiry on
the instrument’s sound quality was performed. The aim of both examinations was to find differences
and similarities between the two instruments in the objective (modal parameters) and subjective domain
(subjective evaluation of sound quality). In the modal analysis, three strongly radiating signature modes
were taken into account. Varnishing did not change the sequence of mode shapes. Modal frequencies
A0 and B(1+) were not changed by oil varnishing compared to the unvarnished condition. For the oil
varnished instrument, the frequency of mode B(1+) was lower than that of the same mode of the spirit
varnished instrument. Our two violins were not excellent instruments, but before varnishing they were
practically identical. However, after varnishing it appeared that the oil-varnished violin was better than
the spirit-varnished instrument. Therefore, it can be assumed with a fairly high probability that also in
general, the oil-varnished violins sound somewhat better than initially identical spirit-varnished ones.

Keywords: violins, modal analysis, varnish, subjective sound quality evaluation.

1. Introduction

Wooden musical instruments are usually coated
with a so-called ‘varnish’, in order to protect them from
moisture and dust and to enhance their visual appear-
ance. These varnishes consist of one or more layers of
mixed organic and mineral materials prepared by a
luthier by grinding, mixing, solubilising and/or heat-
ing the raw materials. The mixtures are subsequently
applied with a brush or a piece of cloth on a sur-
face of a violin (Echard et al., 2008). Violin-makers
distinguish three main varnish types: (a) solutions of
resins in alcohol, the so-called spirit varnishes, drying
quickly by evaporation of the solvent, (b) solutions of
resins in volatile oils, i.e. essential oil varnishes, dry-
ing more slowly, (c) mixtures of resins with siccative
oils, i.e. oil varnishes, drying slowly. Volatile oils mainly

used are turpentine oil and spike oil. The siccative oils
most often used for oil varnishes are linseed and wal-
nut oils. Colophony, Strasburg and Venice turpentines,
sandarac, copals, benzoin, elemi, and mastic are vege-
tal resins typically used in violin varnishes. Shellac is
a resin exuded by an insect (Echard et al., 2007).
The dynamic behaviour of violins may be in-

vestigated by experimental and computational meth-
ods. Among those former, the most popular are op-
tical measurements and modal analysis. A detailed
modal analysis of a violin was done by Marshall
(1985) and many others (Bissinger, 1995, 2003, 2008;
Bissinger, Keiffer, 2003; Skrodzka et al., 2009).
However, a few reports were published on the effect
of structural modifications on vibrational behaviour of
violins, among them by Weinreich et al. (2000), ex-
amining a violin with holes drilled in the ribs, and the
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report by Meinel (1937), who measured the response
curves for violins with and without varnish, with thick,
normal, and thin plates. Thus, there are many papers
about modal analysis of violins and one, rather histor-
ical (Meinel, 1937), on the influence of varnishing on
violin’s modal behaviour.
Basic information about the nature of vibration

of a complete violin and its parts and behaviour of
particular elements when strings are excited by differ-
ent playing techniques can be found in handbooks by
Cremer (1981); Fletcher and Rossing (1998), and
Hartmann (1997).
Modal analysis technique has been extensively

used to investigate a behaviour of particular ele-
ments of cellos, violins, and guitars, like a cello
tailpiece (Fouilhe et al., 2011), the violin bridge,
and a soundpost (Bissinger, 1995; 2006; Sald-
ner et al., 2006), symmetric and asymmetric brac-
ing patterns on guitar soundboards (Skrodzka et al.,
2011), isolated guitar soundboards (Elejabarrieta
et al., 2000; Boullosa, 2002), a complete Hutchins-
Schelleng violin octet (Bissinger, 2003), complete vi-
olins (Marshall, 1985; Dünnwald, 1999), and many
others.
The aim of the present work was to show differ-

ences (if any) in natural vibrations between two com-
plete violins with intentionally introduced differences
in varnishes. Parameters of natural vibrations (modal
frequencies, modal damping, and modal deformations
associated with them), being inherent properties of the
structure, are responsible for the sound radiation from
any vibrating mechanical system. Additionally, a sub-
jective evaluation of the sound quality of violins was
done by a simple auditory test.

2. Experiment

2.1. Violins

Two replicas of the “Ysaÿe” violin of Giuseppe
Guarneri del Gesu (1740) were made by a profes-
sional luthier. We named them “1” and “2”. Top plates
of both instruments were made of the same piece of
spruce. Back plates, ribs, and heads were made of
maple (sycamore). Special attention was paid to make
both violins as similar as possible, if not identical. The
only intentionally introduced difference was the coat-
ing varnish. Figure 1 shows the thickness of the front
(right) and back (left) plates in millimetres. Violin sizes
are listed in Table 1.
Both instruments were equipped with identical

sets of strings: G – Pirastro Flexocore, D – Thomastik
Infeld Red, A – Pirastro Chromcore Eudoxa, E –
Pirastro Gold.
The first modal experiment was performed for both

unvarnished instruments. The second modal experi-
ment was done after varnishing. Before varnishing both

Fig. 1. Thickness of the front (right) and back (left) plates
in mm.

Table 1. Violin sizes (mm).

Front
plate

Back
plate

Body length 353 353

Maximum width in the upper
bout

167.5 167.5

Width at the waist (arch)
110.5
(113.5)

110.5
(114.5)

Maximum width in the lower bout 206 206

Mensur length – 195

Maximum height of arch 14 15.5

Ribs height 29–32

Bass beam length 270

Maximum bass beam height 13

Bass beam width 3–6

Bass beam position according to
the instrument axis of symmetry

18 (upper part)
20 (bottom part)

violins were painted using wood stain of golden-brown
colour tone. Next, the instruments were prime painted
using linseed oil. Subsequently, instrument 1 was var-
nished using the spirit varnish; for instrument 2 the
oil varnish was applied. The spirit varnish prepared by
our luthier consisted of transparent spirit, ruby shel-
lac, sandarac, mastic, gummi elemi, and benzoin. The
oil varnish was JOHA� Oil Varnish, IA. This varnish
contains a mixture of natural and synthetic resins, dis-
solved in turpentine and linseed oil, as well as essen-
tial oils such as lavender or rosemary. Golden yellow,
golden brown, and amber colour extracts were used
to obtain the desired colour shade. No siccatives were
used. A badger painting brush was used. Violin 1 was
covered with 20 layers of the spirit varnish and violin 2
with 10 layers of the oil varnish, following the common
rules of varnishing, well known among violin makers.
Both violins were measured in playing conditions with
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undamped strings at tension, without chin, or shoulder
rest, similarly to Bissinger (2008).

2.2. Measurements

2.2.1. Modal analysis experiment

Modal analysis is a popular experimental method
of studying dynamic behaviour of structures, including
violins and guitars (Marshall, 1985; Ewins, 1995;
Skrodzka et al., 2005, 2006, 2011). The main assump-
tion of the modal analysis is that the system under
investigation is linear. In terms of the modal analy-
sis, linearity means that interchanging the positions of
the accelerometer and the impact hammer does not
change the course of Frequency Response Functions
(FRFs) obtained at these two positions. Thus, if the
FRFs are the same, the Maxwell’s reciprocity principle
is valid and the system is linear. In reality, no mechan-
ical system is linear but the assumption is not very
strict (Marshall, 1985; Skrodzka et al., 2011).
In terms of the modal analysis, the FRF for the

response Xi at the point i, due to an excitation force
Fk applied at the point k, has the form (Ewins, 1995;
Marshall, 1985; Skrodzka, Sęk, 1998):

Xi

Fk
= Hik(s) =

n∑
r=1

(
rikr

s− pr
+

r∗ikr
s− p∗r

)
, (1)

where rikr is a residue for r-th mode, s is Laplace vari-
able, pr = σr + jωr, for k = 1, . . . , r is the eigenvalue
or the pole of the FRF, σr is the modal damping of
the r-th mode, ωr is the modal frequency of the r-th
mode.
If all points i and k are taken into consideration,

then Eq. (1) takes the form:

H(ω) =

n∑
r=1

(
{ur} {ur}t
jω − pr

+
{u∗

r} {u∗
r}t

jω − p∗r

)
. (2)

The Laplace variable s in Eq. (1) has been replaced by
the frequency ω along the frequency axis; rikr and {ur}
are complex quantities. Thus, each mode of vibration
is defined by a pair of complex conjugate poles (pr, p∗r)
and a pair of complex conjugate mode shapes ({ur},
{u∗

r}); {ur}t and {u∗
r}t are transpositions of {ur} and

{u∗
r}, respectively. A set of FRFs with indices i and k
is usually arranged in a matrix called a modal matrix.
The modal analysis method describes the dynam-

ics of any vibrating system in terms of modal pa-
rameters: natural frequencies and natural damping,
as well as deformation patterns (mode shapes) associ-
ated with them. As the measurement setup was similar
to that described in our previous works (Skrodzka
et al., 2005, 2009, 2011), only the most crucial de-
tails are given below. For measurements, the instru-
ments were mounted in a wooden cage of a significant
mass, allowing the soundboard and the back plate to

vibrate without any obstacles. The instruments were
excited by an impact hammer to provide a broad-band
excitation (PCB Impact Hammer 086C05, sensitivity
2.25 mV/N). As the version of the modal analysis with
a fixed response point was used, the response signal
was measured at the fixed measuring point marked
as a black dot in Fig. 2. An ONO SOKKI NP-2910
accelerometer, with the mass of 2 g and sensitivity
0.3 pC/m/s2 was used. The mass of the accelerometer
was significantly less than 10% of the mass of the top
of each instrument (about 120 g) and did not affect the
results of the measurements. Both the excitation and
the response signals were measured perpendicularly to
the top plates, i.e. in the most important direction as
regards the vibration of the final instrument. The ac-
celerometer was mounted on a beewax. On the basis of
these signals, the frequency response functions (FRFs)
were calculated between all 230 excitation points on
the front plate, see Fig.2, and the fixed response point
where the accelerometer was mounted. The modal pa-
rameters extracted from the FRFs were calculated by
means of an SMS STAR-Modal� package (The STAR
system, 1990). The FRFs were measured at 230 points
on the front plate. Geometry of the measuring mesh
is shown in Fig. 2. A black dot in Fig. 2 denotes the
position of the accelerometer. The position was chosen
experimentally, avoiding areas of the top plate, where
the bass bar was attached, and after a preliminary
test, when the FRFs measured between some tested
accelerometer positions and some points of excitation
were evaluated by the experimenter with respect to a
proper course of the coherence function and repeatable
frequencies of peaks in FRFs.

Fig. 2. Geometry of the modal analysis measuring mesh.
The black dot denotes the position of the accelerometer.

All FRFs were measured in the frequency range
0–3200 Hz with a 4 Hz spectral resolution, and their
quality was controlled by the coherence function. Ten
spectral averages were used to improve the signal-to-
noise ratio and FRFs.
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2.2.2. Performance subjective remarks

To judge the sound quality of the varnished in-
struments, it was decided to evaluate them in natural
playing conditions. Thirteen people with some expe-
rience in comparison of violin’s sound (luthiery stu-
dents) took part in the experiment. Their task was to
fill up a questionnaire shown in Table 2 by assigning
the mark “+” to the subjectively better instrument
and mark “−” for the worse instrument. In the case
when both instruments were evaluated equally they
gave “+” (both good) or “−” (both bad). The ques-
tionnaire was similar to those used during luthier com-
petitions. Subjects listened to sounds of violins in the
concert hall of I.J. Paderewski Academy of Music. Sub-
jects were informed about the symbol of presented in-
struments (1 or 2) and they were not informed about
varnishing. Instructions concerning the questionnaire
were given before the test. A professional violinist was
the player. Subjects evaluated the sound of individual
strings listening to the sounds: g (196 Hz), h (245 Hz),
d1 (294 Hz), f1 (349 Hz), a1 (440 Hz) on string G; d1

(294 Hz), f#1 (370 Hz), c2 (523 Hz), e2 (659 Hz) on
string D; a1 (440 Hz), c#2 (554 Hz), e2 (659 Hz), g2

(784 Hz), h2 (988 Hz) on string A; e2 (659 Hz), g#2

(831 Hz), h2 (988 Hz), d3 (1175 Hz), f#3 (1480 Hz) on
string E. Then scales were played on all strings and the
task of the subjects was to evaluate the level and vol-
ume of the sound of all the strings. Finally, the Largo,
C-major Sonata, BWV 1005 by J.S. Bach was played
and the task of the subjects was to point out the instru-
ment which according to them was better, with a more
noble and interesting sound, or, in other words, they
were asked about their general opinion about the level,
range, and timbre of the sound.

Table 2. Questionnaire for the subjective evaluation
of the sound quality.

Sound Violin 1 Violin 2

Sound of indi-
vidual strings

Scale on string G

Scale on string D

Scale on string A

Scale on string E

Level and equal
volume of the
sound of all the
strings

Scale on all the
strings

Level Level

Equal
sound
volume
of strings

Equal
sound
volume
of strings

General opinion
about the level,
range and tim-
bre of the sound

J.S. Bach, Largo,
C-major Sonata,
BWV 1005

General remarks

3. Results

3.1. Modal analysis

A dozen or so modes were found in the frequency
range measured. The mode shape sequence was similar
to that well described in earlier papers and analyzed
in a descriptive manner, being a widely accepted stan-
dard in the literature (Marshall, 1985; Dünnwald,
1999; Bissinger, 1995; 2003; 2008; Bissinger, Keif-
fer, 2003; Schleske, 2002; Skrodzka et al., 2005;
2009, 2011). Our discussion of individual modes will be
limited to three strongly radiating modes A0, B(1−)
and B(1+) (Bissinger, 2008) of the top plate. These
modes fall into the first Dünnwald frequency band
(190–650 Hz) and are responsible for the sound “rich-
ness” (Dünnwald, 1999). A0 is a Helmholtz resonance
(“air mode”). B(1−) and B(1+) are “plate modes”
which arise from the bending and stretching of the
front plate. For the top plate, the mode shape B(1−)
has two longitudinal nodal curves placed almost sym-
metrically on both sides of the main axis of sym-
metry. Mode B(1+) on the top plate has two nodal
curves crossing the upper and the lower bouts. In Ta-
ble 3 the mode shapes, modal frequencies (f), and per-
centage of the critical damping (d) are shown for the
above modes. Mode B(1−) of the oil varnished violin
2 presented in Table 3 was excluded from the anal-
ysis because of a high value of the critical damping
(> 10%). The main assumption of the modal analysis
is linearity of the system under investigation. Strictly
speaking, none of the violins is a linear system but
it can be treated as such when critical damping is
smaller than 10% (Skrodzka et al., 2009; Ewins,
1995).

3.2. Performance subjective remarks

The results of the subjective evaluation of the
sound quality of both varnished instruments are
shown in Table 4. The evaluation of the individual
strings was as follows: string G – nine persons pointed
at violin 2, two persons – violin 1, and two subjects
stated that in both instruments it sounded well.
String D – eleven subjects preferred instrument 2, one
subject – instrument 1, and for one person the string
was good for both violins. String A – seven persons
pointed at instrument 1, six – instrument 2. String E
– eleven subjects preferred instrument 2, one subject –
instrument 1, and for one subject the string was good
in both instruments. When the sound level was evalu-
ated, none of the instruments was significantly better:
six subjects pointed at violin 2 and five persons pre-
ferred instrument 1; for one person both instruments
were good, and for one both were bad. The strength
of the sound was evaluated as better for violin 2
(twelve subjects); only one subject pointed out instru-
ment 1. Instrument 2 covered with the oil varnish was
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Table 3. Modal parameters for the top plate modes A0, B(1−) and B(1+). Mode B(1−) for the oil
varnished instrument had a damping value exceeding 10% of the critical damping.

Mode Violin 1 (white) Violin 2 (white)

A0

f = 281 Hz, d = 10.0% f = 280 Hz, d = 9.0%

B(1−)

f = 476 Hz, d = 9.6% f = 451 Hz, d = 7.1%

B(1+)

f = 548 Hz, d = 8.1% f = 540 Hz, d = 5.0%

Violin 1 (spirit) Violin 2 (oil)

A0

f = 277 Hz, d = 5.2% f = 276 Hz, d = 6.4%

B(1−)

f = 492 Hz, d = 4.6% f = 419 Hz, d = 17.0%

B(1+)

f = 598 Hz, d = 4.1% f = 534 Hz, d = 5.1%
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Table 4. Results of the subjective evaluation
of the sound quality.

Violin 1
(spirit)

Violin 2
(oil)

Both
good

Both
bad

(+) (−) (+) (−) (+) (−)
String G 9 2 2 9 2 0

String D 1 11 11 1 1 0

String A 7 6 6 7 0 0

String E 1 11 11 1 1 0

Sound level 5 6 6 5 1 1

Sound strength 1 12 12 1 0 0

Total 2 10 10 2 1 0

evaluated in total as better (10 persons) than the violin
covered with the spirit varnish (2 subjects). For one
subject the overall evaluation of both instruments was
good.

4. Discussion

For unvarnished (“white”) and varnished instru-
ments, the mode shapes, modal frequencies, and modal
damping of the modes under consideration were sim-
ilar to those described in earlier papers (Marshall,
1985; Bissinger, 2003; 2008; Schleske, 2002). While
comparing the modal frequencies of the unvarnished
violins the only significant difference was found for
mode B(1−), Table 3. Thus, modal parameters of
the “white” instruments were very similar. Varnish-
ing did not change the mode shapes but it influenced
the modal frequencies, especially of modes B(1−) and
B(1+). There was no systematic trend in the modal fre-
quency changes. The modal frequency A0 was the same
for both instruments before and after varnishing (mea-
surement accuracy was 4 Hz). For mode B(1−) the
modal frequency of “white” instrument 1 was 476 Hz
and for the same instrument with the spirit varnish it
was 492 Hz. A significant increase in the modal fre-
quency for violin 1 was also observed for mode B(1+):
from 548 Hz for the “white” instrument to 598 Hz for
the varnished corpus. For unvarnished instrument 2,
the frequency of mode B(1−) was 451 Hz; for the
same violin with the oil varnish this mode was not
observed with the assumed “damping limit” (10% of
the critical damping). The modal frequency of mode
B(1+) before varnishing was 540 Hz and 534 Hz after
it. Thus, it was not changed by oil varnishing of violin 2
within the measurement accuracy of 4 Hz. By compar-
ing the modal frequencies of the varnished instruments
it was found that the modal frequency B(1+) was
significantly lower for instrument 2 with the oil var-
nish (534 Hz) than for violin 1 with the spirit varnish
(598 Hz). The modal damping was slightly reduced for
both varnished corpuses when compared to the unvar-

nished instruments (Table 3), but this fact did not in-
fluence the violin’s quality, as damping trends are not
robust quality discriminators (Bissinger, 2008).
The frequency of mode B(1+) is very important for

the violin sound and may be a “mechanical’ gauge of
the sound quality. According to Schleske it acts as a
“tonal barometer” of the violin sound quality. When
the frequency of mode B(1+) is lower than 510 Hz,
an instrument is “soft”, with a rather weak ‘resistance’
to the player, and its sound is dark. The instrument
with B(1+) frequency higher than 550 Hz is ‘stubborn’,
‘resistant’ to the player, with a bright sound with a
tendency of harshness (Bissinger, 2008; Schleske,
2002). The sound of our both varnished instruments
was evaluated subjectively and the subjects pointed at
the oil varnished violin to be better “in total” than the
spirit varnished violin. This subjective feeling was ob-
jectively confirmed by the frequency of mode B(1+):
for the oil varnished violin it was 543 Hz (less than
550 Hz) and for the spirit varnished violin it was much
higher (598 Hz). Thus, by comparing the sound quality
of the two varnished violins, oil varnished instrument,
as evaluated subjectively and in agreement with com-
parative judgments of other authors (Bissinger, 2008;
Fritz et al., 2007; Schleske, 2002), was found bet-
ter. It is worthwhile to note that famous 18th and 19th
century instruments were usually oil varnished.
However, there are some reasons that keep us far

away from a conclusion that the oil varnish has advan-
tages over the spirit varnish when the sound quality
of the violin is concerned. First, only two instruments
were investigated. This number is obviously not ap-
propriate for any statistical considerations. Nonethe-
less, similar situations, when only a few instruments
were investigated with the aim of formulating general
conclusions, can be found in some reports (Marshall,
1985; Skrodzka et al., 2009;Weinreich et al., 2000).
Next, the “better” violin 2 probably is not acousti-
cally ‘excellent’ because it did not outperformed violin
1 in all categories in the subjective test, and in the ob-
jective modal experiment the strongly radiating mode
B(1−) was missing. Therefore, a better score obtained
by violin 2 can be explained by the lower frequency of
the “tonal barometer” B(1+). Finally, our investiga-
tions were carried out just after hardening of the var-
nish. Its drying and ageing induce important changes
in its composition and may influence both the visual
appearance and sound quality of the instrument.

5. Conclusions

An experimental modal analysis of two unvarnished
and varnished violins, as well as a subjective evaluation
of the sound quality of the varnished instruments, was
done to find differences and similarities in the modal
parameters and subjective judgment. Hence, we con-
clude that:
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1. Our violins were not ‘excellent’ instruments, but
before varnishing they were practically identical.
However, after varnishing the subjects pointed out
the oil-varnished violin as better than the spirit-
varnished one. Therefore, it can be assumed with
a fairly high probability that also in general, the
oil-varnished violins sound somewhat better than
initially identical spirit-varnished ones.

2. In the case of unvarnished violins the only differ-
ence in the modal frequency was observed for mode
B(1−).

3. Varnishing did not change the mode shape se-
quence.

4. For the oil-varnished violin mode B(1−) was not
taken into account due to a high value of the criti-
cal damping. The modal frequencies A0 and B(1+)
were not changed by oil varnishing within a 4 Hz
frequency measurement accuracy.

5. The frequency of a “tonal barometer” (mode
B(1+)) was lower for the oil varnished instrument
than the frequency of the same mode of the spirit
varnished instrument. Thus, the objective value of
this frequency suggested that the violin 2’s sound
quality was better.
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1. Introduction
The tone of wooden musical instruments, such as the

violin family, guitars, and pianos, is strongly dependent on
humidity, and musicians pay a great deal of attention to
maintaining good tone. Only good quality wood of the Picea
genus is used to make the top plates and soundboards of
wooden musical instruments. However, obtaining such woods
is becoming increasingly difficult due to problems with
limited environmental resources. In addition, wood quality
varies widely as wood is a biomaterial, and so it is necessary
for musical instrument makers to invest a great deal of effort
in quality control and in the wood drying process. To resolve
these issues, we have begun the development of synthetic
wood for use in musical instrument soundboards. Such
synthetic wood would make it possible to supply materials
with optional and stable properties, therefore improving
existing musical instruments and creating new instruments.

Our first goal was to produce a synthetic material with
similar acoustic properties to wooden soundboards and
increased stability against humidity. Unidirectional carbon
fiber-reinforced polyurethane foam composite, (CF/UF)L,
developed as described in our previous paper, compared
favorably with Sitka spruce (Sp) for musical instrument
soundboards with regard to density, �, and Young’s modulus
in the direction along the fibers, i.e., in the longitudinal (L)
direction [1]. An experimental guitar was built using this
composite as shown in Fig. 1. However, the composite was
inferior to Sp in Young’s modulus in the direction across the
fibers, i.e., in the radial (R) direction. Young’s modulus in the
R direction, ER, in (CF/UF)L composite is determined by the
Young’s modulus of the polyurethane foam matrix, Em, which
is dependent on density. As low density is necessary for
soundboard materials, the ER cannot be improved by
increasing the density of the polyurethane foam. Therefore,
in the present study, we made a composite, (CF/UF)LR, in
which the R direction was reinforced with carbon fibers.

2. Design and production of composites
Composites were produced by lamination of three sym-

metrical layers, i.e., a surface layer reinforced with carbon
fibers oriented in the L direction, a second layer reinforced
with carbon fibers oriented in the R direction, and a neutral
layer of polyurethane foam. The (CF/UF)LR composite
produced in this study is shown in cross-section in Fig. 2.
First, an equation for calculating the Young’s modulus of this

composite, Ec, was derived:

Ec ¼
I0

Ic
� E0 þ

I1

Ic
� E1 þ

I2

Ic
� E2 ð1Þ

I0 ¼
1

12
� w � t30 ð2Þ

I1 ¼ Ic � ðI0 þ I2Þ ð3Þ

I2 ¼
1

12
� w � fðt0 þ t2Þ3 � t30g ð4Þ

Ic ¼
1

12
�w � ðt0 þ t1 þ t2Þ3 ð5Þ

where E is Young’s modulus, I is the geometrical moment of
inertia, t is thickness, l is length, w is width, and subscripts c
and 0–2 represent composite and each layer, respectively.
After substituting target values into Ec [1,2], the E1 and E2

values were calculated from Eqs. (1)–(5). Then, the volume
fraction of carbon fibers in layer 1, VFf1, that in layer 2, VFf2,
and the amount of polyurethane resin were computed using
the law of mixtures on Young’s modulus of a composite.

The procedure for the production of (CF/UF)LR compo-
sites and the cross-section of the mold with carbon fibers set
are shown in Fig. 3. The conditions for manufacture of a (CF/
UF)LR composite sample, designated D10B, are shown in
Table 1. The sample D10B had dimensions of 610 ðlÞ �
440 ðwÞ � 3 ðtÞmm, suitable for use in production of guitar
top plates. For comparison, the composite sample L2S
measuring 300 ðlÞ � 300 ðwÞ � 3 ðtÞmm with two symmet-
rical layers, in which only the surface layer was reinforced
unidirectionally with carbon fibers, is also shown in Table 1.
Sizing attached to the carbon fibers was washed off using
chemicals to enhance the orientation of the carbon fibers and
the penetrability of polyurethane resin into the carbon fiber
strands. Thin strands 1/4 of the width of those extending in
the L direction were laid in the R direction to obtain a uniform
distribution of a small quantity of fibers. Specimens measur-
ing 105 ðlÞ � 105 ðwÞ � 3 ðtÞmm were cut from the CF/UF
sample boards, and their vibrational properties and frequency
response characteristics were measured by a flexural or
torsion vibration method and a frequency sweep method
with excitation at the center, respectively. The detailed
techniques used for measurement were as described in our
previous paper [1].

Acoust. Sci. & Tech. 25, 6 (2004)



3. Results and discussion
The vibrational properties of CF/UF composites and Sitka

spruce are shown in Table 2 where Q�1 is the internal friction
and G is the shear modulus. The power spectra and the 1/3-
octave band power spectra of (CF/UF)LR D10B and (CF/
UF)L L2S in comparison with those of Sitka spruce are shown
in Figs. 4 and 5, respectively. In (CF/UF)LR sample D10B,
both ER and GLR were enhanced keeping the density low and
were almost the same as those of Sitka spruce. Comparison
with the values for (CF/UF)L sample L2S showed that they
were markedly improved in D10B. The figure shows that the
frequency response of D10B was very similar to that of Sitka
spruce and agreed with the results shown in the Table.
Although the ER of D10B was lower than that of Sp, the fR of
D10B was higher than that of Sp. This was because D10B
(t ¼ 3:30mm) was thicker than the Sp sample (t ¼ 3:03mm).

Fig. 1 The experimental guitar built using (CF/UF)L composite.

Fig. 2 Cross-section of (CF/UF)LR composite with
three symmetrical layers. Numbers 0–2 indicate each
layer of laminate.

Table 1 Making condition of CF/UF composites.

Materials Composites

Samples Fiber Matrix �c ELt ERt

�f (g/cm
3) Ef (GPa) VFf (%) �m (g/cm3) Em (GPa) VFm (%) g/cm3 GPa GPa

CF/UF D10 B
(L)

1.74 228
5.00

0.339 0.392 92.9 0.438
16.8

(R) 2.07 1.01

CF/UF L2 S 1.74 228 6.33 0.325 0.370 93.7 0.414 21.3 0.398

VF: volume fraction, f: carbon fiber, m: matrix of polyurethane foam, t: value calculated by law of mixture, L: direction along grain,
R: direction across grain.

Fig. 3 The procedure for making the (CF/UF)LR com-
posite sample and the cross-section of the mold with
carbon fibers set. A, Aluminum frame (thickness ¼
3mm); B, Aluminum plate; C, Double-faced tape for
adhesion of carbon fiber strand ends onto aluminum
plates; D, Carbon fibers in the L direction; E, Carbon
fibers in the R direction; F, Polyurethane foam.

Table 2 Vibrational Properties of CF/UF composites.

Specimens
� �=�c fL EL EL=ELt QL

�1 fR ER ER=ERt QR
�1 EL=� EL=ER GLR EL=GLR

g/cm3 % Hz GPa % �10�3 Hz GPa % �10�3 (km/s)2 GPa

CF/UF D10 B 0.432 96 1654.6 12.6 75 5.21 487.2 1.09 108 7.27 29.2 11.6 0.831 15.2
CF/UF L2 S 0.408 99 1742.2 13.5 63 6.40 303.4 0.408 103 17.6 33.1 33.1 0.378 35.7

Sp 0.487 1405.4 11.8 8.82 459.4 1.29 14.4 24.2 9.15 0.869 13.6

LR: plane with edge grain.
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Thus, a composite with acoustic characteristic very similar to
those of Sitka spruce was obtained by reinforcing not only the
L direction but also the R direction. In L2S, the measured
value of EL was lower than the calculated value ELt,
EL=ELt ¼ 63%. On the other hand, the measured value of
ER agreed well with ERt. Analysis of the cross-section of the
composite revealed that the fibers were situated not in the
surface layer but in the inner layer. As bending stress is
strongest on the surface, E1 is best reflected in Ec. Therefore,
the lower EL value described above was due to the slackness
of the fibers. In D10B, designed to reduce fiber slackness, the
measured value EL was markedly enhanced, 75% of ELt, and
agreed with the above interpretation.

The composite with three symmetrical layers, reinforced
with perpendicularly intersecting fibers, showed reduced fiber
slackness and good penetrance of polyurethane resin into the
carbon fiber strands. Our results indicated that Eqs. (1)–(5)
deduced by the authors are useful for the design of composites
with three symmetrical layers reinforced with fibers. The
composite developed in this study is expected to be useful as a

material for musical instrument soundboards. However, some
peaks that are not observed in wood were detected at
frequencies above the second peak (L1), and further studies
are required to resolve this problem. In future research, we
will investigate the transient response, and will attempt to
make larger plane boards and curved boards for use in pianos
and violins, respectively, and will apply this new material to
practical musical instruments.
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Fig. 4 Power spectra of (CF/UF)LR D10B and (CF/
UF)L L2S compared with Sitka spruce by the fre-
quency sweep method. Dotted line, Sitka spruce wood.
Arrows L and R indicate the resonance point at the first
mode in the L direction and that in the R direction,
respectively.

Fig. 5 1/3-Octave band power spectra of (CF/UF)LR
D10B and (CF/UF)L L2S compared with Sitka spruce.
Dotted line and arrows are the same as in Fig. 4.
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£PPLI CATI ON OF GRAPHITE COMPO S I TES IN MU S I CAL I NS TRUMENTS 

Daniel W. Haines and Nagyoung Changl-

Abs tra c t  

H i gh  modulus graphite-epoxy compo s i t e s  have b e e n  employed in 
aucc e s s ful r e p l a c ement s of s pruc e s oundbo ards for gu i tars and 
violin s . Th e s e  soundboard � po s s e s s  h� gh ac ous t i cal qual i ty 
and s tabl e ,  pr e d i c t able pr o perti e s . Th i s  d eve l o pmen t should 
faci l i ta t e  the ma s s  product ion o f  con s i s tently go o d  i n s trumen t s  
at reasona b l e  pri c e s . 

Fiber re i nforced compo s i t e s  have enj oye d wide 
acc ep t an c e  wh ere ma t e r i a l s o f  h i gh s t re ngth and 
low dens i ty are require d . When long s t rands o f  
graphi t e  f i b e r s  a r e  al i gn e d i n  paral l e l a n d  c lo s e l y 
packed in a r e s in ma t r i x , a c ompo s i t e  wi t h  extra
ordina r i ly h i gh s tre ngth and s t i ffne s s  is a ch i eve d 
in the d i r e c t i o n  of t h e  f i be r s . The re l a t i ve l y 

lcw value s of the s e  pro p er t i e s in d i r e c t i on s  
perpend i cul ar to t he f i b e r  o r i e n t a t i o n  has gener
ally b e e n  r e gard e d  as a hand i c a p  to be overcome 
by weavi ng the f i b e r s  o r  by c o n s truc t i ng lamina t e s  
with a l t erna t ing f i b e r  o r i e nta t i o n . I t  may come 
as a sur pr i s e ,  therefore , that i t  i s  thi s ve ry 
an i so t ro p i c c hara c t e r  o f the compo s i t e  whi ch , 
rather than b e ing an embarra s sment , thru s t s  
gra ph i t e- e po xy compo s i t e s  t o  t h e fore fro n t  for 
certain mus i cal ins trum en t  ap p l i c a t i o ns . 

S tringe d mu s i cal i n s trument s ,  such as gu i tars 

and vi o l i n s , are c on s t ruc t e d  a lmo s t  e n t i r e l y  of 
woo d . Th i s is no a c c i d e n t a s  it is we l l  e s tab
l i shed that r e s o nan c e s  of the wo o d p l ay a v i tal 
ro l e  in t h e  qual i ty o f  s o un d  whi ch ra d i a t e s  f rom 
the i n s trumen t ( 1 ) . I n d i s c r i m i na t e  u s e  of s ub s t i
tut e s  f o r  wo o d  can resul t i n  re s o nan c e f r e quenc i e s  
tlhi ch are mi s pl a c e d  and t h e  o v e ra l l r e s po n s e  o f  
the i n s trument i s  weak . Ev e n  t h e  i n f e r i o r  qua l i ty 
cf many wo o d en ins t rum e n t s  can be a t t r i bu t e d  to the 
craf t s man ' s  inabi l i t y  t o comp e n s a t e  for th e varia
t ions in w o o d  pro p er t i e s  i n  o rd e r  to pro p e r ly 
p l a c e  the r e s o nance frequenci e s . Fur t h ermor e , t h e  
overa l l  s hape a n d  ma t e r i a l  c o n s t i tu e n t s  o f  s tringe d  
ins t rum e n t s  a r e  pro p e r t i e s wh i ch canno t b e  t r e a t e d  
ind e pend e nt l y , and i f  i s o tr o p i c  ma t e r i a l s s u c h  a s  
meta l s ,  c erami c s , o r  p la s t i c s  are u s e d , t h e  i n s tru
ment wou l d n e c e s s a r i l y  be of s u c h  a b i zarre shape 
a a  to render i t  un pl ayab l e .  

Why s e ek a sub s t i tu t e f o r  wo o d ? Woo d pro pe rt i e s 
vary s o  muc h that gr e a t  s k i l l  i s  r e qu i r e d on t h e  
par t  o f  the c r a f t smaa t o  s e l e c t  wo o d and d e t e rmi ne 
its thi ckne s s e s  to produ c e  cons i s t e n t l y  f i n e  i n s tru
ment s . Few cra f t smen po s s e s s t h e s e  a b i l i t i e s .  Th e 
mechan i cal pro p er t i e s  o f  wo o d  are gr ea t l y a f f e c t e d  
b y  t h e  wea th e r , e s p e c i a l l y  r e l a t i ve humi d i t y .  S o m e  
in s trument s a r e  kno wn t o  und e rgo dra s t i c ch ange s in 
qual i t y w i t h  change s  i n  environmental c o nd i t i on s .  
Cracking and mo r e s er i o u s dama ge i s  c ommon w i t h  
wo o d en i n s t rument s .  F i na l l y ,  t h e  s u p p l y  o f  sui t 
a b l e  w o o d  i s  no t a s  amp l e  a n d  a c c e s s a b l e  a s  coul d 
be d e s i r e d . The a t t ra c t i o n  o f  a durab l e  wo o d  s ub

s t i tut e , s t ab l e w i t h  e n v i r o nm e n t a l  c o nd i t i o n s , 
and with pre d i c tab l e c o n s tant pro p er t i e s  i s  the re
fore great . Graph i t e- e po xy compo s i t e s  o f f e r  a 
bri ght prom i s e  for f i l l i n g  t hi s n e e d .  

In ord e r t o  ap pre c i a t e why graphi t e - e po x i e s  are 
sui t a b l e  where o th er s fa i l , a n  und ers t an d i ng o f  
pla t e  s i mu l a t i o n cri t e r i a  i s  n e c e s s a ry . Th e t o p  
pla t e s  o f  s t ringe d i n s trumen t s  a r e  e x c i t e d by s t r ing 
v i bra t i o n s  tran s m i t t e d  by th e bri d ge and thus t h e  
plat e s  a c t  a s  s ound board s .  Ac tua l l y  the e n t i r e  b o d y  
of the i ns trumen t ,  t h e  t o p and back p l a t e s , t h e  r i b s , 
the e n c l o s e d  air , and a l l  the a t ta c hm en t s , f o rm a 
hi ghly c o m p l e x  v i b ra t i ng s y s t em . The manne r of e x c i 
tat i on ,  the s h a p e  o f  t h e body , and t h e  func t i o n  o f  
the in s trume n t a s  a n  e f f e c t i ve s o und rad i a t o r  
sugge s t s  that the f l e xural d e forma t i o n  i s  dominant 

in the i n s trument body . Th i s  ha s b e e n  ver i f i e d by 
experimen t s . Thus any s ub s t i tu t e for t h e wo o d  mus t  
be capab l e o f  s imul a t i n g i t s behavior i n  fl � xural 
vibra t i o n . Due to t h e  s t ruc ture o f  wo o d ,  i t  i s  
s t i ffer a l ong t h e  gra i n  than perpendi cular t o  i t .  
Therefor e ,  i so t ro p i c s u b s t i tu t e s  a r e  no t sui t a b l e  i f  
the s h a p e  a n d  s i z e  o f  the i n s trum en t are t o  b e  
mai ntaine d .  

De s ign Cr i t e ri a - For an e la s t i c , o rt ho t ro pi c ,  homo
gene ous , flat plate o f  c o n s tant t h i c kne s s , t h e  l o w  
freque ncy ,  l o ng wave l ength f l e xural equa t i o n  o f  
mo ti on i s  

D a"v + 28 a "v + D a"v _ q _ y a2w (1) xax" aX2ay2 " �" at2  
where x and y a r e  car t e s i an c o o r d i na t e s  i n  t h e mid
p lane of the p l a t e , w is th e d i s p l a c em e n t  no rma l to 
the pl a t e , q and y ar e th e a p p l i e d  no�al load and 
mass p er un i t  surfa c e  area ( areal d ens i ty ) , D and 
Dy ar e t h e  bending s t i ff n e s s e s  in t h e  x and y

X
dir_ 

ections and 2H is t h e  war ping s ti ffne s s .  Th i s 
equa ti on i s  appropr i a t e  f o r  w o o d e n  p l a t e s  as u s e d i n  

s tri nged i n s trume n t s . S u c h  p l a t e s  ar e o rtho tro p i c  
b y  vi r tue o f  b e i n g  i nv a � i a b l y quar t er s awn , i . e .  
cut a l ong a r a d i a l  p l a n e  i n  t h e  t r e e  ( s e e  Figure 1 )  
and the range f o r  wh i ch t h e  equa t i o n i s  va l i d  c o ve r s 
mo s t  of t h e  fr e que n c i e s of a c ous t i ca l  i m po r ta nc e .  

l'igure 1 :  
Quarter sawn wo o d  plate showing end grai n .  

The wave l engths a t  t h e s e  frequen c i e s  are suffi c i 
ently long t h a t  t h e  nonhomo gene i ty d u e  t o t h e  grain 
s t ruc ture o f  wo o d  can b e  n e gl e c t e d .  Equat i on 1 do e s 
not take i n t o  a c c ount t h e  l o s s e s  du e to i n t ernal 
dampi ng wh i ch ar e v e ry -s i gni f i cant i n  wo o d  and ar e 
of gr ea t  impo r t a n c e  in i t s  a c o u s t i cal p e r f o rman c e . 
Though pr e s en t anal y s i s  i s  no t suffi c i e n t l y  d eve l o p e d  
to inc lud e dam p i n g  t e rm s  i n  Equat i o n 1 , i t s  e f f e c t  
can be d e t ermi n e d  by m e a suring t h e  w i d t h  o f  r e s on
anc e  p eak s a t s p e c i f i c am p l i tude ra t i o s , a s t andard 
te chn i que . One s imp l i f i c a t i o n is prov i d e d by n egl e c t
ing the warpi ng s t i ffn e s s  2H , whi ch i s  n e gl i gi b l e  
f o r  wave s in quar t e r o awn wo o d  w h e n  compare d  w i t h  
t h e  o ther e la s t i c  t e rm s  i n  Equa t ion 1. 

Examina t i o n  o f  Equa t i on 1 ,  c o ns i de ra t i on o f  
damping and n e gl e c t  o f  war ping s t i ffn e s s pro duce the 
fol lowing ma t c h ing c r i t e ri a  f o r  plate s imi l ar i ty . 
The valu e s f o r  s pruc e  are f o r  a 2. 5 mID ( 0.002 5  m ) 
thick pl a t e , t y p i c a l  o f  the top p l a t e s  of gu itars 
and vio lin s wi th o r  wi thout a surfa c e finish • 
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1 )� - Rat i o  o f  a l o n g  the grain to cro s s  
grain bending s tiffne s s e s , uni ty for i s o 
tro p i c  mat erial s ,  at l e a s t  1 2 f o r  s pruc e . 
( s e e  Fi gure 2 )  

2 ) '!}xIx - Ratio of a l ong the grain bending 
s t iffne s s  t o  areal d e n s i ty ,  a t  l ea s t  1 2  x 1 0

6 

m/s e c 2 for s pruce .  ( s e e  Fi gure 3 ) 
3 ) 1.  - Areal d e n s i t y ,  between 1 .1 and 1 . 4  kg/m2 

for spruce . 
4 )  6 and 6 L i "  x y - o gar tnm1 c d e crement , a measure 

of damping o f  f l exural vi brat i o n s  a l o n g  the 
grain (6 x)  and cro s s  gra i n  (6 ) .  The s e  
quan t i t i e s  a r e  n o t  c o n s tan t s  Yout general l y  
ri s e  w i t h  frequen cy . ( s e e  Fi gure s 4 a n d  5 )  

ll though the s e  c r i t eria were d e v e l o p e d  f rom 
con s i d erat i o n  of a flat p l a t e , they are val i d  as 
we l l  for p l a t e s  w i th some curvatur e , s u c h  a s  a r c h e d  
vio l i n  p l a t e s , where t h e  d e f o r�a t i o n  i s  s t i l l  b a s i 
c a l l y  f l e xural . S ch e l l en e  e s ta b l i s h e d  t h e  e s s en t ial s 
of the s e  cri t e r i a  a s appl i e d  to a homo geneous subs t i 
tut e  m a t e r i a l  ( 2 ) . Homo geneous sub s t i tu t e s  for woo d  
are s t i l l  beyond r e a ch , h o w e v e r  S ch e l l eng ' s  p i o n e er
ing work was the k ey s t one for deve l o pment o f  the 
succ e s s ful wo o d  sub s t i tu t e  d e s c r i b e d  i n  t h i s paper . 
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llong the grain s t i ffne s s  to areal dens i ty 
rati o s  ( Dx/�) f o r  s pruce ( with and wi thout surface finish ) and various compo s i te a .  
Spruce p l a t e  i s  0 . 00 2 5  m .  thi ck ; compo s ite .  
a� designed to have areal den s i ty t o  match ibis woo d  thicknes s .  

Graph i t e - epo xy Sub s t � t u t e s  f o r  S oruc e - S pruc e  was 
oho sen as the wood of gr e a t e s t  i n t e r e s t  t o  a t t empt 
to find a subs t i tut e . It is t h e  o v e rwn e 1ming cho i ce 
for the t o p  pla t e s  o f  gu i t ar s , the v i o l i n  fam i l y , 
and as soundboard s f o r  pi ano s and harps i chord s . Of 
all the wo o d s  i t  also s e em e d  to o f f er t h e  grea t e s t  
chall enge s in c e  i t s  a l o n g  " h e  grain s t i ffne s s - t o 
weigh t  rat i o  i s  e x c e p t i ona l ly h i gh ,  one o f  t h e  
reasons i t  s erve s s o  we l l  in s tr i nged i n s trument 
appl i cati ons . 

Uni - d i r e c t i onal f iber r e i nfo r c e d  compo s i t e s  

offered o b v i o u s  advantage s t o  produ c e  t h e  h i gh value s 

of the a l o ng the grai n  to cro s s  grain s t i f fne s s  

(Dx/�) .  O f  t h e  ava i l a b l e  compo s i t e s  o n l y  t h e  

graph 1 t e  a n d  boron had suf f i c i e n t l y  h i gh f i b e r  

s t iffne s s  (4  x 1 0 1 1 N/m2 a n d  above ) t o  reach the 

ya1ues o f  Dx/Dy exhibi t e d  by s pruc e .  G l a s s  f i b er 

compo s i t e s , for e xamp l e , f a l l far s h o r t . By u s e  
o f  a suf f i c i ently thi ck graph i t e- e poxy p l a te 
Cri t erion 2 can b e  a c h i e v e d , but t h e  p l a t e  would 
be s o  heavy that Cri t e r i on 3 woul d b e  v i o l a t e d .  
In thi s  s ta t e  the p l a t e  would have " co rre c t "  
r e s onance frequ en c i e s  but i t s  i m p e dan c e  wou l d  be 
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tar too high,  resulting in low ampli tude vibrations 
and. a weak sound from the instrument . 

Satisfaction of Criteria 1 ,  2 , and 3 can be 
aebieved if sandwich construction is adopted b7 
employing a low density isotropic core with thin 
facings of uni-directional high modulus graphite
epoX7 (Figure 6 ) .  However , foams of polystyrene 
or polypropalene . perhaps natural choices  for the 
core because of their compatibility with epoxy resin . 
tail to produce the relatively low damping of spruce . 
It was found that use of a common paper product as 
core material brought the substitute to the point 
ot matching Criteria 1-4 extremely well for a var
nisbed or lacquered spruce plate , of the type used 
in quali ty violins and guitars . 

The process  of fabricating the graphite-epoxy 
sandwich plate is  quite s impl e .  Comeercially 
available high modulus graphite-epoxy tape s can 
be simultaneously cured and bonded to the cardboard 
core , i . e � "cold cured" , without requiring adhesives 
which might add a prohibi tive amount of extra weight 
(y would be raised if adhesives were used ) . For 
flat guitar plates , a press  with heated plat�ena 
serves wel l .  

Viol i n  plates  have a fairly high arch requiring 
the use of a rigid mold .  Graphi t e-epoxy violin 
plates have been successfully cured by pres sing the 
composite to the mold within a vacuum bag and obtain
ing the desired heat and pres sure inside an autoclave . 

New Instruments - Several experimental instruments 
using the graphite-epoxy soundboards have been con
structed to date .  Dr . Donald Thompson of C .  F .  
Martin has supervised the cons truction of  the 
gui tars ( 3 ) . Mrs . Carleen Hutchins of the Catgut 
Acoustical Society recently completed the first 
violin with a graphi te-epoxy top plate . Early 
assessment of bo th the guitars and violin indicate 
that acous tical performance exceeds expectations . 
!he initial goals were to find a substitute that 
overcame drawbacks of wood , but with at bes t  only 
aode s t acoustical capabi lities . Graphite-epoxy 
aoundboards can produce a sound better than we 
dared hope . 

Epoxy glue was used to glue the braces and bass 
bar to the soundboards of  the  guitar and violin 
respectively . Successful attachment of the sound 
boards to the wood  instrument body also was accom
pli shed using epoxy glue . 

Now that replacement of the s pruce top plates can 
be declared a success ,  substitutes for the principle 
vibrating elements of the instrument body appear to 
be feasibl e .  Maple , ros ewood ,  redwood , cedar , and 
mahogany are woods commonly used for the backs and 
aides of guitars and violins . Lower �odulus 
graphi te would appear to produce acceptable  re
placements for these  woods .  

Other possible applications of graphite compo s
ites in stringed instruments ��e in components 
requiring high s trength and s table preci sion fit 
auch as gui tar necks and finger boards . 

Design Refinements - Refinements in the spruce 
substitute appear pos s ible . Our design was based 
on available data for spruce which lacked precision.  
We are currently testing old  and new wood and wood 
tini shes of recogni zed high acoustical qual ity 
under closely controlled environmental conditions . 

�ipre 6 :  
8&n4wich plate : graphite-epoX7 facings with 
low dansit7 core . 

Also . in principle , the acoustical power output 
can be increased beyond the wood capabilities  by 
designing the substitute to have as Iow an areal 
densi ty as is s tructurally feasible . Thi s can be 
accomplished without violating Cri teria 1 ,  2 ,  and 
4 .  insuring proper resonance frequency placement 
and damping. 

Co s t  - The current cost of high modulus graphite
epoxy composites i s  about $95 . 00 per pound ( S 21 0 .  
per kg . ) . About 0 . 07 5  k g  i s  required for a folk 
guitar top , 0 . 028 kg for a violin top .  The material 
cost  of the present core material is almost  negli
gible .  I t would appear that if the cost of 
graphite-epoxy composites  dro ps to 20% of present 
Talues , as is proj ected for five years hence , the 
aaterial will easily be competitive wi th wood. 

Summary - Spruce soundboards have been successfully 
replaced in guitars and violins with a sandwi ch 
construction using graphite-epoxy compo sites . 
Similar replacement for piano soundboards appears 
to be feasibl e .  The new material offers acousti
cal properties  extremely clo s e  to wood . Unlike 
wood it has uniform , predictable properties which 
is necessary for the mas s production of instru
ments of consistently high quality .  Sensi tivity 
to weather variations , a severe problem with some 
wooden ins truments , appears to be absent . Proj ec
tions indicate reasonable cost  within the near 
tuture . 
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Application of natural fiber composites
to musical instrument top plates

Steven Phillips and Larry Lessard

Abstract

A flax-reinforced sandwich structure suitable for replacing wood in the top plates of string musical instruments was

developed. The mechanical properties of Sitka spruce, the most widely used wood species for this application, were

taken as a benchmark when the new materials were developed. The materials were characterized by static and dynamic

methods to determine the dynamic Young’s modulus, shear modulus, internal friction, and static mechanical properties.

Based on the material characterization, a hand lay-up process with a two-part closed mold and internal pressure bladder

was developed and six prototype ukuleles were manufactured. The results show that the flax-reinforced sandwich

structure can successfully act as a top plate and that an efficient manufacturing process can be developed to produce

monocoque string musical instruments out of composite materials.

Keywords

Natural fibers, wood, mechanical properties, musical instruments

Introduction

In relatively recent times, the development of composite
materials has led to superior performance for many
applications. An often overlooked application that has
benefited greatly from their development is musical
instruments. A variety ofmusical instrument components
are now commonly made from composite materials
including saxophone reeds, neck stiffeners, bows, and
string instrument top plates. Top plates are an especially
interesting application since the inherent orthotropic
behavior of composites makes them a suitable replace-
ment for wood. For this reason, composite guitar and
violin top plates were developed as early as 1975.1

Several string instruments with composite top plates
can now be found in the marketplace ranging from
cellos to mandolins. There are several reasons why com-
posites have been used in string instruments including
better resistance to environmental changes, less material
variability, lower production time, and the depleting
supply of certain wood species.

Several types of composite materials have been previ-
ously investigated for this application ranging from syn-
thetic fibers such as carbon and fiberglass2–5 to natural
fibers such as bamboo and wood fibers.6,7 A category of
natural fibers that have not yet been considered are bast
fibers. Bast fibers are derived from the stems of certain

species of plants and have a relatively low density
and high stiffness. The wood-like properties of these
fibers make them seem like ideal candidates for this
application and were therefore selected as the focus of
this study.

Background

Wood is a remarkable material due to its low density and
high specific modulus. Consequently, it is not straight-
forward to select anothermaterial to replace it. In general
terms, wood can be seen as a natural composite material,
with cellulose fibers surrounded by a lignin and hemicel-
lulose matrix.8 The low density of wood comes from
its high porosity, typically around 60% for spruce.9

It would initially seem possible to replace it with an
equally porous natural fiber composite since these mate-
rials are also normally cellulose based. However, this
approach was not feasible since the microstructure of
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wood is very complex and both microscopic and macro-
scopic properties contribute to its high mechanical prop-
erties. Even though the layer angles in the cell wall of
wood are much the same as a composite material ply
sequence,8 it would be very difficult to recreate this com-
plex microstructure with existing manufacturing
technology.

Throughout the history, certain species of wood have
been known to possess good qualities for use as top
plates. The instrument’s success has traditionally relied
upon the skills of a luthier to select these species and to
choose sections that are free from defects. Sitka spruce
(Picea sitchensi) has been known for centuries to pro-
duce good top plates but it was not until relatively recent
times that researchers have determined which mechani-
cal properties make it desirable.10 It has been generally
agreed upon that materials with a high specific modulus
and low internal friction in the grain direction pro-
duce the best top plates.11 Ono et al.12 further demon-
strated that the stiffness in the cross-grain direction also
contributes to the overall sound quality and that the
shear modulus governs the behavior in the high fre-
quency range. Thus, all these dynamic properties must
be taken into account when developing a synthetic mate-
rial that results in the same dynamic behavior as Sitka
spruce. Other important factors are the density and
strength of the material. It is desirable not to exceed
the areal density of a typical spruce top plate in order
to maintain the radiation efficiency of the instrument.
A spruce top plate of 2.5mm thickness typically has an
areal density ranging from 1.1 to 1.5 kg/m2.1 The mate-
rial must also be strong enough to withstand the tension
of the strings. Finally, a high degree of anisotropy is also
desirable so that the top plate responds better to a wider
range of frequencies.11

Mechanical characterization

Since it was not feasible to imitate the microstructure of
wood, the approach of developing a sandwich structure
was taken as was done in previous studies.1,12 To achieve
the required mechanical properties for a top plate, it was
critical to select appropriate fiber, matrix, and core
materials. In the past, it would have been difficult to
make a good top plate based on natural fibers but with
the quality of these fibers increasing it is now more real-
istic. After selecting appropriate materials, both static
and dynamic tests were performed to compare the
mechanical properties of the natural fiber composite
with those of Sitka spruce.

Materials

Due to the limited availability of useful fabrics made
from bast fibers, only flax (Linum usitatissimum) was

considered in this study. Unidirectional (FUD-180)
and woven (FFA-200) flax prepregs with fiber areal den-
sities of 180 and 172 g/m2, respectively, were obtained
from the Belgian company Lineo. Sitka spruce was
obtained from the luthier supplier Stuart Macdonald
for comparison. Balsa wood strips were obtained from
a local hobbyist store for use as a core material. Balsa
was selected for its low damping properties based on the
results of McIntyre and Woodhouse13 In that study, it
was found that a carbon fiber/balsa sandwich structure
had lower internal friction than Sitka spruce.

Sample preparation

Flax samples were manufactured on a heated press with
a pressure of 100 psi. This pressure was chosen to corre-
spond to that which was applied during manufacturing
of the prototype ukuleles. The tool consisted of two
nested aluminum plates that were not sealed so that
resin was able to bleed off during the process. For the
tensile testing, samples were also manufactured by
vacuum bag techniques for comparison. The cure cycle
was selected from the material specifications and corre-
sponded to a 2�C/min heating rate followed by a hold of
140�C for 30min and a cooling rate of 2.5�C/min.

Static testing

Tensile, compression, and shear testing was performed
on a 100-kN MTS� load testing machine. Five samples
were tested for each case and an average was taken for
the final results. A summary of the results is given in
Table 1, where herein FUD-180 and FFA-200 represent
the cured unidirectional and woven flax/epoxy prepregs,
respectively.

Tensile. Tensile testing was carried out in accor-
dance with ASTM D303914 using a sample size of
2� 15� 25mm3. Along with the cured flax prepregs,
spruce and balsa were also tested. A displacement rate
of 5mm/min was applied for the fiber direction and
1mm/min for the transverse direction. A tangent of
the initial section of the curve was used to calculate the
elastic modulus. An average of the stress–strain curves is
depicted in Figure 1. The relationship between fiber
volume fraction and Young’s modulus is plotted in
Figure 2.

Due to the large difference in bulk density of the
materials, it was more useful to compare their specific
properties, as shown in Figure 3. It can be seen that
Sitka spruce had the highest specific modulus in the
grain direction. Therefore, it was concluded that the
flax prepreg, processed by the above methods, did not
lead to a suitable top platematerial on its own.However,
by creating a sandwich structure with a low-density balsa
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core, it was feasible to achieve the required bending stiff-
ness without exceeding the areal density limit.

It should be noted that the specific modulus of the
unidirectional flax/epoxy was comparable to literature
values for E-glass/epoxy.15 However, E-glass/epoxy was
far superior in specific strength. This suggests that flax
fibers have the potential to replace glass fibers in
stiffness-driven applications but not strength-driven
applications. This is in agreement with the conclusions
of other studies on flax fibers.16–18

Compression. Due to the bending moment applied by
the bridge on the top plate of the instrument, there are
some fibers that are in tension and others that are in
compression. Since composite materials generally have
lower properties in compression, it was important to
obtain the compressive strength of the materials in
order to determine accurate failure criteria.

To perform compression testing, specimens were
supported using detachable steel tabs with a gage
length of 1 cm and a loading rate of 1mm/min was
applied. The dimensions of the specimens were
3.4 � 14 � 25mm3. This configuration was based on
the work of Shokrieh.19 Two failure modes were

observed with this setup: buckling and kinking. Pure
compressive fiber failure was likely not observed
due to the relatively low modulus of the natural
fibers.20 The resulting specific compressive strength
was comparable to literature values for Sitka spruce.21

Shear. As mentioned above, it has been shown that
there is a correlation between the shear modulus and
the high-frequency behavior of a top plate.12 Using a
sandwich structure inevitably leads to a reduction of
in-plane shear properties. Consequently, this factor
was taken into account. This effect was minimized
using a balsa core that had some contribution to the
shear properties. To obtain the shear properties, a
three-rail test fixture developed by Eilers22 was used
with a 100-kN MTS� load testing machine. The results
of the shear testing showed that the flax materials had a
higher specific shear modulus than literature values for
spruce. However, by combining the flax prepreg with
balsa wood, it was possible tomake a sandwich structure
with similar apparent shear properties.

Dynamic testing

Although static testing provided a good initial assess-
ment of the flax sandwich structure’s ability to act as a
top plate, it could not determine the internal friction or
dynamic elastic properties. These properties define the
dynamic behavior of the final material; thus, were
critical for an application that was a coupled system of
vibrating elements. To obtain these properties, dynamic
testing was performed in accordance withASTME1876-
09.23 This standard involved exciting small beam
specimens in flexural and torsional modes of vibration
to determine the dynamic Young’s and shear moduli,
respectively. Several other methods of obtaining these
parameters from orthotropic plate samples have also
been investigated in the literature.13,24–27 However, at
the time of writing of this article, no standardized
test existed.

Based on the results of static testing, classical
laminate theory was used to predict which ply sequences

Table 1. Static mechanical properties of cured flax prepregs, spruce, and balsa

FUD-180 FFA-200 Sitka spruce Balsa

Ex (GPa) 28.2 � 1.6 10.4 � 0.66 13.6 � 0.5 1.76 � 0.54

Ey (GPa) 3.31 � 0.20 10.4 � 0.66 0.611 � 0.11 0.0534 � 0.016

Es (GPa) 5.2 � 0.74 3.39 � 0.32 – –

XT (MPa) 286 � 38 108 � 1.74 90.2 � 3.9 8.76 � 2.8

YT (MPa) 11.8 � 1.9 108 � 1.74 4.61 � 0.87 3.92 � 1.0

XC (MPa) 95.6 � 3.4 71.3 � 3.0 – –

YC (MPa) 41.2 � 1.9 71.3 � 3.0 – –

G (MPa) 27.1 � 1.1 23.9 � 1.6 – –

Figure 1. Average stress–strain curves from tensile testing.
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and core thickness would lead to the desired mechanical
properties. The lower limit of the number of plies was
restricted by the required bending stiffness and the upper
limit by the maximum allowable areal density. It was
found that a 2-mm thick balsa core with outer skins of
one unidirectional layer led to a sandwich panel
with comparable bending stiffness to a 2.5-mm thick
spruce top plate without exceeding the allowable areal
density.

It was also desired to develop a ply sequence for
the back plate that had similar properties to one of
the most commonly used wood species for this

component, European maple (Acer pseudoplatanus).
To achieve this, two additional woven layers were
added to the top plate ply sequence. It was determined
that a core thickness of 1.6mm led to the bending stiff-
ness of a 2.5-mm thick maple back plate. This resulted in
a slightly greater areal density compared to typical
maple back plates; however, this was not deemed to be
a problem since the back plate has been traditionally
selected for its appearance and not its mechanical
properties.28

To test the samples, a dynamic testing setup was
designed (Figure 4). Both the non-contact excitation

Figure 3. Specific tensile properties: (a) modulus and (b) strength.15

Figure 2. Fiber volume fraction vs. Young’s modulus: (a) FUD-180 and (b) FFA-200.

148 Journal of Composite Materials 46(2)



method and impulse excitation were selected in order to
minimize errors on the measured loss factors. The
response of the beams was measured using a Polytec
OFV-2000 laser Doppler velocimeter and the excitation
was generated using a steel ball hanging from a thread.
The thread was 32 cm long and the ball was dropped
from an angle of 15�. This angle provided a good
signal while being close enough to consistently place
the location of impact. The samples were supported in
a steel frame suspended by fine fishing line and the
assembly was placed on a damping isolation pad. The
recommended dimensions of the beam samples were
20 � 80 � 3mm3 in order to comply with beam
theory assumptions and also to the place the resonant
frequencies in an acceptable range. However, due to
fixed core and skin dimensions, the actual sandwich
structure samples were 2.66mm thick for the top plate
and 2.82mm thick for the back plate. Small holes of
approximately 1mm in diameter were drilled in the
node lines so that the samples could be supported by

the fishing line. This can be shown to have little effect
on the measured properties.13 A sample of the time- and
frequency-domain responses obtained from this setup is
shown in Figure 5 where the latter was obtained by fast-
Fourier transform analysis in MATLAB.

It can be seen that the time-domain signal contained
two main frequencies. A higher frequency superimposed
on a much lower frequency. The lower frequency signal
was the rigid body motion of the beam and the higher
frequency signal resulted from the vibration mode in
question. The two were differentiated in the frequency-
domain so that the dynamicmechanical properties could
be calculated from the resonant frequency of the desired
vibration mode. The test was repeated until five fre-
quency values within 1% were obtained and an average
was taken. The dynamic Young’s modulus was then
obtained from:23

E ¼ 0:9465
mf2f
b

� �
L3

t3

� �
T ð1Þ

Figure 5. Response from dynamic testing: (a) time domain and (b) frequency domain.

Figure 4. Schematic of dynamic testing setup.
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wherem is the mass of the bar, ff the resonant frequency
in flexure, b the width, t the thickness, L the length, and
T a correction factor based on the thickness and width of
the sample. For the torsional mode of vibration, the
shear modulus was calculated from:23

G ¼ 4Lmft
bt

B

1þA

� �
ð2Þ

wherem is the mass of the bar, ft the resonant frequency
in torsion, t the thickness, b the width, L the length, and
A and B the correction factors.

The internal friction was obtained from the resonant
peak in the frequency-domain using the half-power
bandwidth method, described by the following
formula:29

�r ¼
!2
a � !2

b

2!2
r

ð3Þ

where !r is the resonant frequency and !a and !b the
frequencies at the two half-power points of the mode in
question.

A summary of the results is given in Table 2 where the
quoted values correspond to the engineering constants
for apparent stiffness in flexure of the sandwich struc-
tures. A comparison of the dynamic testing results and
those calculated from classical laminate theory using the
static testing results of the constituent components is
depicted in Figure 6, where herein ‘flax top plate’ and
‘flax back plate’ refer to the aforementioned sandwich
structures. The results show that static testing can be
used in place of dynamic testing up to a frequency of
about 2 kHz.

The results for Sitka spruce agreed well with those
obtained by Ono and Morimoto.30 The flax/balsa top
plate had comparable internal friction to spruce as well
as a high enough apparent flexural modulus. Therefore,
the dynamic testing results suggested that the flax/balsa
sandwich structure could achieve the necessary mechan-
ical properties deemed important in the literature for a
top plate material.

Design and manufacturing

After the material characterization suggested that the
flax-reinforced sandwich structure could successfully

act as a top plate, a prototype ukulele was designed
and manufactured (Figure 7). Due to the cost of tooling,
it was desired to select a small musical instrument to
develop a manufacturing process that could be adapted
to string instruments of any size. The smallest instru-
ment of the guitar family was selected, namely, the
soprano ukulele. Based on ukulele dimensions that
have been developed over the years, a three-dimensional
computer model was first created (Figure 7(a)). Molding
considerations were taken into account and draft angles
of 3� were included in the sides of the instrument.

Mold design

Based on the computer model, a two-part closed mold
with an internal pressure bladder and core was designed
(Figure 8(a)). Since draft angles had been taken into
consideration in the initial CAD model, it was straight-
forward to define the parting regions. The design
flexibility of composite materials allowed for some inter-
esting possibilities that would not have been possible
with a wooden construction. In this case, the mold was
designed to produce a monocoque string instrument.
The mold was CNC machined out of aluminum 6061
followed by sanding and polishing to ensure a good sur-
face finish. The finished mold is shown in Figure 8(b).

Internal pressure bladder. Designing the internal blad-
der was an important part of the mold design. Several
factors were considered: cost, reusability, compatibility,

Table 2. Dynamic mechanical properties of flax top plate, back plate, and Sitka spruce

Ex (GPa) Q�1
x � 10�3 Ey (GPa) Q�1

y � 10�3 Es (GPa)

Flax top plate 16.6� 1.2 8.43� 2.7 1.08� 0.13 20.1� 2.0 1.03� 0.072

Flax back plate 17.2� 0.9 9.95� 2.9 4.20� 0.19 20.4� 2.5 0.714� 0.057

Sitka spruce 13.7� 0.5 8.02� 1.9 0.801� 0.035 24.9� 2.5 0.812� 0.040

Q�1
x and Q�1

y represent the internal friction in the longitudinal and transverse directions, respectively.

Figure 6. Comparison of static and dynamic testing results.
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and strength. In the development of the pressure bladder,
both silicone and latex bladders were experimented with.

It was initially desired to make bladders with the
existing two-part closed mold in order to reduce proto-
typing time and also to eliminate the need for a core in
the neck and head sections. This was achieved using Air
Tech� MultiBag liquid silicone that was designed to
create a flexible reusable vacuum bag on a one-sided
mold. In this study, it was attempted to coat the surfaces

of a two-part closed mold to produce an internal blad-
der. To make the bladders, three layers of the liquid sil-
icone were first applied to both mold halves and allowed
to fully cure. A large bead of the liquid silicone was then
placed around the parting line and the mold was closed.
The closed mold was then inverted so that the liquid
silicone would flow and connect the two mold halves.
The silicone bladder created by this method is shown
inside of the mold in Figure 9(a).

Figure 8. Mold design: (a) assembly and (b) completed mold.

Figure 7. Prototype ukulele: (a) CAD model and (b) finished part.

Figure 9. Internal pressure bladders: (a) silicone inside of mold and (b) latex with dipping mandrel.
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The silicone bladder had a few advantages includ-
ing low cost, no need for additional tooling, and rapid
production time. One significant problem was that the
final size of the silicone bladder was too large. Ideally,
a bladder should be slightly smaller than the tool so
that when it expands, no resin ridges are produced.
The silicone bladder produced by this method was
the same size as the mold cavity and left large resin
ridges on the inside of the prototype. Furthermore, it
had a tendency to break at weak points which was a
serious problem during manufacturing of the proto-
types. For these two reasons (size problem and sensi-
tivity to failure under pressure), this bladder was
deemed not acceptable.

Based on the work of Ghiasi et al.,31 pressure blad-
ders out of latex were also experimented with. This
type of bladder is made by dipping a tool into a mix-
ture of hot water and latex to form a bladder based on
the tool geometry. The dipping process is carried out
by Piercan USA Inc., a company that specializes in
custom latex bladders. The material selected for the
dipping tool must be able to withstand temperatures
above 115�C and be impervious to water. The dipping
tool must also be designed with a large enough open-
ing so that the bladder can be stretched off. The man-
ufacturer recommends limiting this stretching to
around 500% but stretching up to 700% can be
accommodated. Due to the stretching limitation, it
was not possible to make a latex bladder with the
entire part geometry. Consequently, another method
of applying internal pressure concurrently was devised.
A latex bladder was selected for the body section and
a lightweight foam core was machined with a scale
factor of 94% for the neck and head sections. This
scaling factor was small enough so that the cores
could be easily inserted during the lay-up but also
large enough so that sufficient pressure was applied
and a good surface finish was obtained. The dipping
tool was machined from RenShape� 473, a polyure-
thane tooling board, and is shown with the latex blad-
der in Figure 9(b). For heavier production, a metallic
material is recommended for the dipping mandrel but
for prototype work, this tooling material proved to be
adequate.

To seal the bladder, a custom device was developed,
as shown in Figure 10. This device was attached to a
tapered hole in the mold so that it would further seal
the inlet when pressure was applied. It was located at the
existing hole in the top plate so that it would not leave a
mark on the finished part.

In summary, the latex bladder proved to be much
more durable and also better in terms of size flexibility.
They did however have a tendency to stick to the cured
part. However, if sufficient care was taken in removal, it
was possible to reuse them.

Lay-up

After the two-part mold was completed, a manual
hand lay-up process was developed with the prepreg
materials. A total of six parts were manufactured and
improvements were made to the process along the
way. The most significant aspect of the process that
needed adjustment was the definition of the preforms
(Figure 11). The preforms were initially based on flat
pattern features of the CAD model. These proved to
be inadequate due to the unique draping requirements
of the material system. Consequently, adjustments were
made to them after each prototype. The final preforms
ressembled the shapes that are cut out of wood when
producing a string instrument in a traditional manner.
They also produced the same grain orientations as those
on wooden musical instruments to further help mimic
the frequency response.

Due to the monocoque structure of the instrument, a
method was devised to connect the two mold halves.
This was achieved by adding tabs to the lower half pre-
forms so that they could be folded over the foam core
and bladder (Figure 10). When internal pressure was
applied, these tabs bonded to the material in the upper
half of the mold. This method could also be adapted to
mold other hollow monocoque structures.

Cure cycle

It was acknowledged that the large size of the aluminum
mold would lead to a heating lag in the convection oven.

Figure 11. Fiber preforms.

Figure 10. Lay-up illustrating bonding tabs, pressure bladder,

and core.
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To gain more insight into the thermal behavior of the
mold, an experiment was carried out with the empty
two-part mould. A thermocouple was placed inside of
the empty mold and another was placed in the air of the
oven while the whole setup was subjected to a cure cycle.
The thermocouple was fed through the bladder-sealing
device and attached to the bottom of the cavity, where
the greatest temperature lag would likely occur. The
thermocouples were connected to a data acquisition
system and a general cure cycle of ramps, holds, and
overshoots was run to simulate all possible features
that could be added to the cure cycle. The heating and
cooling rates were selected based on the specifications of
the material. The results are depicted in Figure 12.

It can be seen that the internal mold temperature
lagged dramatically behind the air temperature of the
oven. It took the mold approximately an extra 2.5 h to
reach the initial hold of 80�C and a further extra 2.5 h to
reach the final cure temperature of 140�C. The over-
shoots proved to be a good method of reducing the
time for the mold to reach the requested temperatures.
Based on these data, the cure cycle hold time was
increased to 5.5 h and an overshoot of 20�C was added
to the heating ramp.

After curing of the prototype, the bladder and sealing
device were removed and the components of the string
instrument were installed. The ukulele was finally ready
to play (Figure 7(b)).

Prototype evaluation

The prototypes were qualitatively assessed by profes-
sional performers along with a Hawaiian koa ukulele of
known high quality (Kamaka HF-1). Qualitative results
suggest that the sound quality is comparable but some
distinct differences are apparent. Most notably, the nat-
ural fiber string instruments tended to have a reduced
lower frequency response. This was potentially a result
of the Helmholtz resonance, which largely governs

the lower frequency response of the instrument, being
improperly ‘tuned.’32

To evaluate string instruments, it is common practice
to compare frequency response curves such as the driv-
ing-point admittance at the bridge.10 However, this was
not carried out in this case due to inherent differences in
response due to the monocoque structure. A string
instrument can be seen as a coupled system of vibrating
elements and a monocoque structure would likely result
in different boundary conditions and would thus influ-
ence the overall frequency response. The effect of this
structural variation on the frequency response was
beyond the scope of this study but could be an interest-
ing topic of future work.

Conclusions

Due to the broad nature of this study, a few conclusions
can be drawn from the various stages. First, the static
material characterization indicated that a flax, epoxy,
and balsa sandwich structure could attain the required
bending stiffness of a string instrument top plate without
exceeding the areal density of those typically made from
Sitka spruce. It also indicated that the studied flax/epoxy
materials had a similar specificmodulus toE-glass/epoxy
and could therefore replace it in stiffness-driven applica-
tion. However, it had a much lower specific strength.
Therefore, it was not suitable for replacing E-glass in
strength-driven applications. The results of the dynamic
testing confirmed that the sandwich structure had a
sufficiently high bending stiffness and a low enough
areal density as well as comparable internal friction to
Sitka spruce. Therefore, the flax-reinforced sandwich
structure was deemed to be a suitable top plate material
since it achieved all the required mechanical properties
that have been previously shown to be important.

Based on the results of the material characterization,
a hand lay-up manufacturing method in conjunction
with an internal pressure bladder and core was success-
fully developed and a total of six prototype ukuleles were
made. Latex bladders were shown to be superior to sil-
icone bladders made from the existing mold in terms of
durability and reusability.

Finally, as a result of the interdisciplinary nature of
this part of the study, two unique contributions were
made:

. Innovative manufacturing process for composite
string instruments – A start-to-finish manufacturing
process was developed to produce repeatable mono-
coque composite string instruments. At the time
of writing of this article, no other string instru-
ments could be found that were made in such a way
from either wood or composite. This type of struc-
ture would be advantageous in reducing assembly

Figure 12. Air and mold temperature during cure cycle.
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time during the production of string instruments
made from composite materials.

. Dynamic testing – The use of dynamic testing was
also an important contribution. Static testing meth-
ods are very common for characterizing composite
materials but the use of dynamic testing is limited.
This study shows that the results of static and
dynamic testings are in good agreement up to a fre-
quency of about 2 kHz.

It is hoped that the results of this research will assist
future efforts in using flax and other bast fibers in string
instruments as well as other novel applications.
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Abstract
In this paper we present a methodology for the predictive simulation of the vibrometric behaviour of a violin

plate. The 3D outer shape of the plate is acquired by means of a 3D laser scanner and then smoothed in order

to remove artefacts and details that are unnecessary for the acoustics simulation. The thickness of the plate is

incorporated into the model through a technique that receives as input the thickness sampled at some points of

the plate and interpolates it over the entire surface. We validate this 3D reconstruction technique by comparing

the vibrometric behaviour of the 3D model with data measured on the reference plate, and with simulations on

a model with uniform thickness.

Keywords: violin, vibration, simulation

1 INTRODUCTION
The acoustics of bowed strings musical instruments is greatly influenced by vibrations of the top and back

plates. The dimensions and arching of the plates currently in use has been inherited from reference masters,

among which two of the most representative are Stradivarius and Guarneri del Gesú. Some of the instruments by

these masters are preserved in museums. On these instruments only non invasive analysis can be conducted, for

clear reasons of preservation of the masterpiece. Among the geometric measurements that can be conducted,

a relevant one is the thickness of the plates [1, 2], which can be measured either by specialized thickness

gauges or through high resolution Computer Tomography (CT). The first method is not expensive but presents

the disadvantage that measurements in a limited number of points, if permitted, can be taken. The use of CT

is, instead, very expensive but presents the advantage of being per-sè non-invasive. It is however worth noticing

that this measurement requires to move the instrument to specialized centers, which could be an insuperable

obstacle in many cases. The knowledge of the thickness of the plate is, however, fundamental for determining

the vibrational behavior of the instrument, i.e. the modal shapes and the eigenfrequencies [3, 4, 5].

In this work we develop a methodology for the modeling of the vibrational behavior of the plates of a violin

from the scanning of the outer surface of the plates and the knowledge of the thickness at some reference

points, measured by a thickness gauge or by former knowledge available in the literature. The reconstruction

of the 3D of the plate from the outer surface proceeds through modeling the inner surface of the plate as the

composition of two separate regions. The region of the inner surface close to the edge is flat, and therefore it

determines a plane on which the whole plate can lie. Conversely, the central part of the inner surface exhibits

a non uniform thickness. We assume that the thickness is known at some reference points, and we propose

here a methodology for the interpolation of the thickness on a regular grid that covers the whole central area.

The combined knowledge of the outer and inner surfaces makes it possible to reconstruct the three-dimensional

geometry of the plate.

The 3D model is then used for the simulation of the mechanical behavior of the plate through Finite Element

analysis (FEM) [6]. The proposed methodology is validated by means of simulations: a back plate is scanned

through a 3D laser scanner over the entire surface (inner and outer surfaces). The outer surface is then used



Figure 1. The violin back plate acquired by the 3D laser scanner.

for reconstructing the 3D structure through the proposed methodology. The eigenfrequencies, modal shapes of

the 3D model are compared with those obtained on the original 3D structure and on a 3D model with uniform

thickness. Results demonstrate that the 3D model obtained through the proposed methodology yields more

accurate results with respect to the model with uniform thickness.

It is well known in the literature [7] that the eigenfrequencies and modal shapes of the free plates are not

related to those of the assembled violin body. Nonetheless, the use of free plates gives us the possibility to

validate the reconstruction methodology in a controlled scenario. Moreover, it is important to notice that the

eigenfrequencies of the free plates are regarded by violin makers as an important clue for determining the

behavior of the assembled violin. Consequently, during the construction of the instrument, the final arching and

thickness is decided based on acoustic or vibrational tests, aimed at tuning the eigenfrequency of some modes

in predetermined ranges.

The rest of the paper is organized as follows: Sec. 2 describes the method adopted for the reconstruction of the

3D structure from the outer surface. Sec. 3 discusses the technique adopted for the mechanical simulation of

the reconstructed surface. Finally, Sec. 4 draws some conclusions.

2 RECONSTRUCTION OF THE 3D STRUCTURE FROM THE OUTER SURFACE
In this section we propose a technique for obtaining a reconstruction of the 3D shape of a violin plate from

a the 3D scan of its outer surface. The method receives as input the plate outer surface scan and using the

thickness measured at some points, it returns as output a reconstruction of the entire plate 3D geometry.

2.1 Violin plate scanning and mesh generation
We briefly introduce the measurement process of the 3D geometry of the plate from laser scanning. A violin

back plate with definite geometrical properties (outline, arch and thickness) is employed (see Fig.1). The length

of the body is 376[mm] and the upper and lower radii are approximately 83[mm] and 103[mm], respectively.

The 3D geometry of the violin plate is acquired using a Romer ABSOLUTE ARM laser scanner with 0.01[mm]

resolution and PolyworksTM acquisition software by InnovMetric. It is worth noting that the acquired 3D ge-

ometry and its mesh representation present unavoidable imperfections and small holes that are removed in a

pre-processing stage before exporting the polygon data in an STL file. A scan of the entire plate has been

performed and considered as the groundtruth in the evaluation of our reconstruction technique.

2.2 Reconstruction algorithm
Our goal is to estimate the inner surface from the outer surface scan and then merge the two faces in one single

mesh obtaining the reconstruction of the entire plate geometry.
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Figure 2. (a) Thickness measurements sampling points (white) on the violin plate. (b) External boundary

estimated in step 1. (c) Curved region boundary (red) and flat region points (black) computed in step 3. (d)

Inner surface point cloud given by step 4. (e) Inner surface mesh build in step 5. (f) Reconstructed plate mesh

generated in step 6

In order to correctly reconstruct the structure of the violin plate, it is essential to model the inner surface

carefully. According to its curvature profile, the inner face can be subdivided in two main regions: the flat

one, which follows the plate border and a curved central area. The latter determines the non uniform thickness

profile of the plate.

Our method determines the thickness of the central region interpolating the inner surface point cloud from a set

of measurements given by the user.

The reconstruction procedure is summarized in algorithm 1.

Algorithm 1 Violin Plate Surface Reconstruction

Input : Outer Surface Plate Point Cloud

Thickness Samples

Steps:
1. External Boundary Estimation

2. Inner Surface Plane Estimation

3. Curved Region Boundary Estimation

4. Thickness Interpolation

5. Inner Surface Mesh Build

6. Outer and Inner Surfaces Union

Output: Reconstructed Violin Plate Mesh

1. External Boundary Estimation Given the point cloud of the outer surface mesh, the first step requires

the identification of the contour of the outer surface. This is accomplished by means of the well-known alpha

shapes algorithm [8]. The contour is used in step 3 to determine the curved region boundary.

�



2. Inner Surface Plane Estimation In the global three dimensional Cartesian coordinate system the outer

surface ideally lies on the x,y plane looking toward the z+ direction. Unfortunately, sampled plates may present

deformations along the three axis. As a result, the plate lies on a different plane with respect to the x,y plane.

In this step, we determine this plane employing a polynomial fitting of second degree in x and third degree

in y. The point cloud is then projected onto the lying plane, and rigidly translated to obtain the inner surface

plane with the required thickness along the edges. This step is essential to obtain the flat region along the edge

of the inner surface.

3. Curved Region Boundary Estimation In order to characterize the curved region of the inner surface, we

manually remove the spikes from the the contour (step 1) and we fit a smooth curve on the remaining points

using a spline kernel [9]. The identified curve is used as a boundary between the flat and curved regions and

its location is determined by the flat area extension. The flat region width differs slightly from plate to plate,

according to the choices of the violin maker. In general, the width profile follows the plate design and it is

wider in correspondence of the spikes and on the upper and lower edges (see Fig.2(c)) Given the average, upper

and lower flat region widths we can correctly identify the boundary of the curved surface area.

4. Thickness Interpolation Once the curved central region is identified in (step 3), we proceed to the inter-

polation of the thickness from the sampled points on a regular and dense grid. The measured values are used

to drive an interpolation algorithm [10] on the surface points. This operation computes the thickness so that

the transition from the flat region to the curved area is smooth. The interpolated thickness map is used for

computing the actual z coordinate of the inner surface point cloud from the outer surface z coordinates and the

normal directions, as shown in Fig. 2(d).

5. Inner Surface Mesh Build The output of step 4 consists in the final inner surface point cloud determined

by the thickness interpolation of the curved region. The data is used as a set of vertices and a triangulation

algorithm [11, 12] determines the mesh of the inner surface, as shown in Fig. 2(e). Note that after the triangu-

lation of the vertices has been performed, a further cleaning of the output mesh may be required, based on the

meshing process accuracy.

6.Outer and Inner Surfaces Union Finally, the mesh of the entire plate is obtained merging the outer and

inner surfaces. This can be easily done with standard 3D computer graphics software, such as Blender[13]. The

selection of the mesh edge loops and the connection of the outer and inner edges can be accomplished with

built in functions. The unified output mesh of our procedure, consisting in the merged outer and inner surfaces

(see Fig. 2(f)), represents a reconstruction of the entire violin plate geometry that can be employed for accurate

simulations and analysis, as shown in the next section.

3 MECHANICAL SIMULATION OF THE RECONSTRUCTED SURFACE
In this section we discuss the results of a mechanical simulation of the reconstructed violin plate. Our recon-

struction procedure is compared to the results of a vanilla reconstruction method, consisting in a plate with

uniform thickness.

We reconstruct the entire back plate surface of Fig.1 using its outer surface. We follow the methodology

described in 2.2, where the thickness of the curved region has been sampled in 20 points (see Fig. 2(a)). The

average thickness of the flat region is set to 3[mm] and as for the width we measured 30,4[mm] and 16.9[mm]

for the upper and lower edges, respectively. The average width for the remaining part of the contour is set to

6[mm]. The plate with uniform thickness has been obtained by rigidly translating the outer surface by 3[mm]

along the z direction.
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Figure 3. (a) Scanned plate mode 1. (b) Scanned plate mode 2. (c) Scanned plate mode 3. (d) Uniform thick-

ness reconstruction mode 1. (e) Uniform thickness reconstruction mode 2. (f) Uniform thickness reconstruction

mode 5. (g) Proposed reconstruction mode 1. (h) Proposed reconstruction mode 2. (i) Proposed reconstruction

mode 5.

We analyze the mechanical behavior of the three plates (reference, vanilla and proposed reconstructions) with

free boundary conditions through an FEM simulation performed with Comsol Multiphysics R© [14] software. For

each plate, we import the polygon mesh data and a tetrahedron mesh is automatically generated by the software.

In order to accurately simulate the vibration behavior of the plate, the material properties of the object must be

carefully set. In this case, the back plate is made of spruce wood, whose elastic properties along the three axes

are shown in Table 1 [15].

Table 1. Values of the orthotropic properties of the simulated material

Young’s modulus Rigidity modulus Poisson’s ratio

Ex = 12.6[GPa] Gxy/Ex = 0.111 μxy = 0.424

Ey/Ex = 0.132 Gyz/Ex = 0.021 μyz = 0.774

Ez/Ex = 0.065 Gxz/Ex = 0.063 μxz = 0.476

As a first study, we compare the eigenfrequencies of three modes that are considered important by violin

makers, which are namely, mode 1, mode 2 (the so called “cross-mode") and mode 5 (also known as “ring

mode"). In Fig. 3 the mode shapes of the eigenfrequencies in analysis are depicted for the scanned sur-

face (Fig. 3(a),(b),(c)), the uniform thickness reconstruction (Fig. 3(d),(e),(f)) and for the surface reconstructed

�



through the proposed methodology (Fig. 3(g),(h),(i)).

In order to evaluate the effectiveness of the proposed reconstruction technique, we consider the absolute error

in Hz computed as the absolute value of the difference between the eigenfrequencies obtained through the

mechanical simulation of the scanned back plate and the ones given by the reconstructed plates.

The eigenfrequencies of the three simulations are reported in Table 2, along with the relative and percentage

error with respect to the reference plate. From the values reported in columns Eu and Ep of Table 2, it is

possible to notice that the plate reconstructed with the proposed process is characterized by eigenfrequencies

that are closer to the reference values with respect to a plate reconstructed with uniform thickness. In particular,

the error obtained with our reconstruction technique Ep is reduced with respect to the error given by a plate of

uniform thickness Eu for all the eigenfrequencies considered.

This simulation proves the importance of an accurate thickness reconstruction in the context of eigenfrequency

analysis. More precisely, our methodology is able to better approximate the eigenfrequencies of an actual violin

plate, improving significantly the simulation effectiveness.

Table 2. Eigenfrequency values and the relative error Eu of the uniform thickness plate and the proposed

methodology Ep

Scanned Uniform Proposed Eu[Hz] Ep[Hz]

Mode 1 [Hz] 143.51 128.94 140.40 14.57 (10.15%) 3.11 (2.17%)

Mode 2 [Hz] 224.08 207.99 222.43 16.09 (7.18%) 1.65 (0.74%)

Mode 5 [Hz] 484.43 480.68 480.84 3.75 (0.77%) 3.59 (0.74%)

4 CONCLUSIONS
In this paper we proposed a methodology for reconstructing the entire surface of a violin plate when only the

scan of the outer surface and thickness measurements at a few sample points are available. The core of our

procedure, described in Sec. 2, consists in the reconstruction of the inner surface from the outer surface and the

sampled thickness. The inner surface is estimated considering its typical geometry and the characteristics of the

analyzed object. Therefore, the reconstructed plate geometry follows the actual non uniform thickness profile of

the violin plate thanks to an interpolation of the measured thickness values.

The effectiveness of the reconstruction methodology is studied in Sec. 3, where a numerical simulation of

the mechanical behavior is proposed. We analyzed the three modes that are reckoned by violinmakers to be

the most important, which are namely the first, second and fifth modes of vibration of the plate. The obtained

eigenfrequencies are compared with the ones given by the simulation of the entirely scanned plate. Moreover, in

order to asses the improvements of our methodology we compared the eigenfrequency analysis of our plate with

a plate with uniform thickness. The results suggest that our reconstruction succeed in improving the accuracy

of the eigenfrequency analysis with respect to the uniform method. This can be deduced from the analysis of

the error, expressed as the distance between the actual eigenfrequency, of the simulation results. Therefore, the

proposed procedure is introduced as a promising tool for performing more accurate analysis, especially when

there is no possibility of an entire geometry scan, as in the case of historical violins.
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