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70nearm Geometry and se..
Martin D. Kessler and 8. Y. Pisha

Optimum geometry of tonearms has been the subject of
several articles over the past three decades, the earliest com
plete mathematical study being that of H.G. Baerwald in his
paper on optimum geometry in 1941, where an analytical
study of tracking error distortion showed that optimum ge
ometry of a tonearm of given effective length will have a
corresponding offset angle and overhang. Further, the arm
should zero at two positions on the grooved surface of a
phonograph record given the minimum and maximum radii
where the signal will be encountered. Recently the subject
has been brought up by The Audio Critic, and in surveying
the literature, we found papers on the subject of lateral
tonearm geometry by B.B.Bauer in 1945 and John Seagrave in
1956/1957 that presented data essentially the same as that of
Baerwald. Seagrave stated in his paper, "Hear, then, the sad
facts: Few of the commercially available arms are designed to
give minimum tracking distortion on the largest lPs they are
supposed to handle!" Consumer Reports in 1956 stated in a
survey of high-fidelity pickups that "the best performance
was often obtained when an overhang other than that rec
ommended by the manufacturer was used." In these "mod
ern" times of computers and high technology, it is interesting
to note, acrrmiine to nllr calculation .., that only a small group
of manufacturers of tonearms are utilizing optimum lateral

geometry. One would assume there would at least be agree
ment on this design parameter. Recently, Paolo Nuti used
simple trigonometry to present some easy-to-use equations
for measuring and calculating lateral tracking error,and pro
vided a program for use on the Hewlett-Packard 67/97 scien
tific programmable calculators.

Baerwald found "that both absolute and nuisance effects
of tracking distortion are considerably greater than common
ly assumed, published values usually being underestimates,
due to omission of rigorous procedure." Basically, the abso
lute error of the tracking angle is not important but rather,
the weighted error which is the angular error divided by the
groove radius. The idea is to reduce the weighted tracking
error over the entire grooved surface - minimizing the peak
weighted error. Baerwald derived his formulae from a sec
ond-order Chebyshev approximation used in electric wave
filter design. As angular error increases, so does stylus fric
tion, according to Baerwald, where the vertical component of
friction increases in direct proportion to the angular error.
The higher the stylus friction (angular error), the greater the
skating force. A pivoted tonearm with zero tracking error
(tangential type) will maintain a constant stylus friction for a
given recorded velocity. In order to get a fixed offset arm
(most commonly available) to have as near constant friction
as possible, the angular error over the grooved surface would
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have to be minimized. With Baerwald's equations, there will
be slightly more overall angular error than in an arm optim
ized for angular error but, for most arms available, the opti
mal weighted error equations still result in lower overall an
gular error. With simple signals, for instance a sine wave,
distortion is essentially second-order harmonic. This kind of
ctstomcn 15 not a grossly unpleasant sort, but when repro
ducing music, simple signals are usually not encountered.
With the complex Signals of recorded music, according to
Baerwald, second-order cross-modulation products are the
prevalent distortion components. Cross-modulation distor
tions according to The Audio Critic are" time-dispersive and
therefore much more audible and disturbing."

Geometric Considerations
Basically, optimum geometry can be summarized in three

simple equations - the determination of null radii, the optt
mum offset angle. and the optimum overhang for a givl?n
effective length. The equation derived through a second-or
der Chebyshev approximation for the position of the null
radii by Baerwald is given by:

(2)

(1b)
. 2r,r,'

large null radiusw ( 1) ( 1)
1- -.fl r, + 1+ -.fl r,

where r1and rz are the inner and outer maxima of encoun
tered signal. The equation for optimum angular offset is giv
e~bV: r

1+r!

Sin (a) opt = Ir1+r<)'

l\_2_+1
r ,rl

where a is the angle of the offset for the tonearm in degrees
and L is the effective length of the tonearm. The equation for
optimum mounting center is given by:

Mounting center - rALl+rn-r
1 (l +rl (3)

r.-r.
where L is the effective length, f, is the inner null radius, and
rais the outer null radius.

From the above equations optimum tonearm pivot-to
turntable spindle distance (mounting center) can also be
determined from the law of cosines:

Mounting center = -v1'+ri+2Lr, cos (90 a) (4)

where l is the effective length, r1is null radius 1, and a is the
offset angle in degrees.

(10)Small null radius
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The following is an actual numerical example. Given r, =
2.375 in. (minimum groove radius) and r2 = 5.75 in. (maxi
mum groove radtus}, then

Null radius 1 from (la) -
2"2.375x5.75

(H'\h)XS.7S+(1 rz)X2.375
~2.6 in.

Null radius 2 from (lb) =
2x2.375x5.75

(1- -Jz)X5.75+(H~) x2.375

~ 4.76 in.
The above results are the optimum values for the rmru

mum and maximum signaled grooves encountered on a 12
in. LP.

Given an effective length of 9 inches, calculate the offset
angle.
Sin (a) opt from (2) =

2.3 +5.75

[

2.375+5.75)'
9x 2 + 1

2.375x5.75
~ 0.4088.

Therefore the arc sine of 0.4088 = 24.13 degrees.
From the offset angle and one of the null radii, calculate

the mounting center of the tonearm.
Pivot-to-spindle distance from (4) =

--V9'+ 2.6'-2x9x2.6xcos(90-24.13)
~ 8.28in.

Overhang for the stylus is the effective length minus the
pivot to spindle distance (9 in.-8.28 in.~0.72 in.).

Figure 1 shows the relationship of the offset angle to the
effective length to the tonearm mounting center to the null
radii.

Null Radii
On a record surface a pivoted arm will traverse an arc.

Through this arc, with most arms, the stylus will go through
two points where the stylus is tangential to the groove - in
other words, there will be zero error at each of those two
points. In addition, the stylus will encounter maximum error,
depending again on the design of the arm, in three places.
Some arms have near zero error at the beginning and end of
the record, creating a larger error in the middle. To find the
radius of greatest angular error between the null radii, given
the effective length and the overhang, the equation is:
Radius of greatest angular.error between nulls =

-yL'-(l-OH)' (5)
where l is the effective length of the tonearm and OH Is the
overhang.

Given an arm of 9-in. length and an overhang of 0.5 in.,
calculate the radius or maximum error between the nulls.
Radius of greatest angular errorfrom (5) = •

';9'-(9-0.5)' ~ 2.96 in.
Note that the greatest weighted error will not occur at the

same point as angular error but will be quite close - its
solution is determined by an iterative technique and will not
be discussed here.

An arm will have two maximum error points if it is made to
zero at or near the innermost groove and somewhere in the
middle of the record. Most arms are designed this way. Optl
mum arm design has the maximum error at three points 
the outermost groove, the innermost groove. and I between
the null radii. Again, it";s not angular error but weighted
error. With optimum design the weighted error is the same
for each peak. As in Baerwald, the tracking distortion is di-

rectly proportional to the weighted error and inversely pro
portional to the groove radius. To find the exact angular error
of ill given arm, given the offset engle, the effective length,
and the overhang for any given groove radius, the equation
is:

[
R'+E-(l -O H'I]Angular error = 90-0A-arc cos 2RL (6)

where R is the radius for which the error is to be found, L is
the effective length. OH is the overhang, and OA is the offset
angle.

Given an arm of 9-in. length, an offset angle of 24 degrees,
and an overhang of 0.62 in., calculate the angular error for a
4- in. radius.

Angular error from (6) =

[
4+ 9'-(9-0 62)']

90-24·arc cos lx4x9' ~-2.17 degrees.

One of the major problems when calculating optimum de
sign parameters occurs with the source itself, What a~e the
minimum and maximum groove radii that will be practicably
encountered? A number of years ago this would have been a
difficult problem. because the record manufacturers had not
standardized on the record sizes. Since 7-, 10-. 12-, and 16-in.
records were being produced, arm geometry had to be a
compromise. Now that all are using a standard 12-in. format
for high.finplity use, the problem boils down to settling
where the inner groove is to be. Practically all records have
an outermost groove radius of 5.75 in. (146.05 mm). The in
nermost groove on some records has run almost to the record
label, which is at 2 in. NAB standards call for a minimum of
2.25 in. (57.15 mm). Most records, aimed at the audiophile
market, never reach 2.375 in. (60.325 mm), a more realistic
figure for high-fidelity use than the NAB standard 2.25 in.
Generally, the smaller the area over which the arm is to be
optimized, the smaller the peak weighted error will be, So,
within the limits of practicality, arms aimed at the audiophile
market should be optimized for records whose grooves will
end up between 2.375 in. and 5.75 in., as proposed by Bauer.
These values give null radius positions of approximately 2.6
in. and 4.76 in. (66.04and 120.9 mm, respectively).

Effective length
Effective length of the tonearm is the distance from the

pivot of the arm to the cartridge stylus tip. This dimension is
almost alw::lyo;;determined from the design specifications and
is very difficult to measure accurately once the tonearm is
assembled and the cartridge mounted, Generally, as effective
length increases the tracking error decreases - a pivoted
tonearm of infinite length will have zero tracking error. Since
it is impractical to make such a tonearm, most manufacturers
design their products' effective length with other factors in
mind such as effective mass, resonance, the size of the turn
table base upon which the arm Is to be mounted, ae well as
decreased tracking error and distortion. From a design stand
point, it is desirable to have the longest effective length prac
tical.

Overhang
Overhang is a figure derived from subtracting the distance

from the pivot to spindle center from the effective length of
the tonearm. Except for a small number of arms with an ad
justable pivot, once the arm is mounted and the overhang
set, the effective length is fixed. If the arm is mounted
precisely at the correct point, the effective length will be that
which was intended.

From equation 3 it can be seen that the mounting center of
the tonearm is a precisely determined figure in a mathemati
cal relationship to the other lateral components of the arm.
However, our study reveals that most tonearm manufacturers
appear to have overlooked this figure in their production of
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tonearms. As an example, many of the Japanese arms listed in
Table I have a specified overhang of 1S mm. Unfortunately.
the only effective length that will optimally have an
overhang of 15 mm is 274 mm (10.787 in.), a length larger
than many turntable bases can practically accommodate. A
majur problem is locating the precise pivot position on the
turntable base. Most manufacturers of separate tonearms
have failed to supply a precise means of locating the tonearm
on the turntable base, thus negating the parameters designed
into the tonearm. tn our opinion,. it behoo v es the tonearm
manufacturers to supply a means of precisely locating the
mounting center for their tonearm so that the carefully de
signed parameters are maintained. Therefore, assuming that
the tonearm pivot is mounted correctly according to the
manufacturer's specification, the overhang template supplied
with the tonearm may be valid for the design of that tone
arm. though not necessary optimally. Should the mounting
hole center be located wrongly, the overhang templates will
most probably be invalid for the tonearm. In order to de
crease the possibility of imprecisely locating the tonearm pi
vot, snmp tonearms are designed with an adjustable pivot
that is used after the tonearm is mounted. Generally. a slot is
made in the mounting board, located lengthwise along the
line extending from the spindle center to allow for maximum
range of adjustment. On tonearms whose pivots are fixed the
manufacturer has included two mounting slots in the head
shell so as to permit sliding the cartridge to the correct posi
tion for the desired overhang. The adjustable pivot arms usu
ally have two round mounting holes in the headshell. With
these arms, overhang distance is of little concern to the in
staller, because the arm is usually zeroed in on a null tem
plate. With these arms, effective length will vary somewhat
according to the cartridge used (most are standard 0.375 in.
stylus tip to mounting hole center), but also the offset angle
and overhang will vary with this type of tonearm. Since the
inner null radius on many adjustable pivot arms is 2.375 inch-

es, tracking error may be reduced at that point but it may not
be optimum. The second null radius usually ends up in a
location that will prevent optimum tracking distortion char
acteristics over the entire record.

Offset Angle
The offset angle of the tonearm, as seen in Fig. 1, Is taken

from an imaginary line drawn from the pivot center through
the stylus tip and a line parallel to the cartridge body through
the stylus tip. Basically, this angle is a result of design specifi
cation and not a measurement after the fact of assembly. If
the effective length, the overhang, and one of the two null
radii are known, the offset angle can be easily determined by
the solution of that triangle. All the factors fit together like a
jigsaw puzzle - a wrong dimension simply will not fit. For
example, given an effective length of 229 rnrn, an overhang
of 15 mm, and a null radius of 60.325 mm, calculate the offset
angle of this tonearm.

Offset angle =

9O-arccos (229 2+ 60.3252-(229-15)2) ~ 21.85 degrees.
2x229x(,(}.J25

The manufacturers of the tonearms listed in Table 1 sup
plied the effective length, overhang, offset angle, and null
radii for their tonearms. The submlned data Wen checked to
ascertain that the data were consistent. However, some of
the data supplied did not fit the specifications. In one in
stance, the null radii were recalculated according to the sub
mitted data and were found to be different from those given
in the manufactu rer's specifications.

A common mistake among many audio dealers. advertising
copywriters, and audiophiles is to attribute the geometry of
an arm to its shape. A tonearm shape is probably more the
result of industrial or artistic design than geometric consider
ations. There really is no superior shape for tonearm georne-

Fig.1 - Rel..tionship of the lateral
components of·.. tonearm.
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try since resonance, stiffness, mass, lateral balance, and
aesthetics will determine the final shape. With these factors
in mind, many of the tonearms in Table I can be optimized
with little change in the production process. It would be false
to assume that a correction in lateral geometry would have
all tonearms looking alike because a change to optimum ge
ometry would be visually imperceptible and the general ap
pearance would remain intact.

Optimum lateral geometry is important, but other parame
ters and considerations, such as mass of the arm, moment of
inertia, resonance characteristics, cartridge compatibility or
universality, tube stiffness, vertical tracking angle, bearings,
etc., all contribute to the final sound of the arm-cartridge
turntable system. If factors such as those cited above are not
properly executed, the contribution of optimum geometry
will be lost. The improvement of sound resulting from opti
mum geometry is subtle but detectable, if it is not oversha
dowed by other design errors. Even if optimum design is not
entirely practical, it is to be hoped the tonearm manufactur
ers will make absolutely certain that the instructions for set
ting up their tonearm are detailed and correct according to
its design parameters.

Bearings
Correct lateral alignment of vertical bearings is important

for maintenance of designed geometry and cartridge azt
muth. If records were perfectly flat, the angle of the bearings
affecting the vertical axis would not be critical. However, that
is not the case, and with vertical tracking angle (VTA) adjust
ments on some tonearms, the headshell will not remain par
allel to the record surface as the arm moves up and down in
the vertical axis since the plane of the cartridge body changes
with respect to the record surface. If the angle of the vertical
bearings is perpendicular to the line through the offset angle,
there will be only one angular change, that of the VTA. If,
however, the bearings are not perpendicular to that line, the
plane generated becomes a compound angle problem - the
cartridge plane twists in two angles (azimuth Changes). Bear
in mind that when setting up the arm, the instructions usual
ly state that a mirror be used to check the front of the car-

Explanation of Table I
The 22 tonearms listed are representative of the majority of

arms currently available. Only three arms listed have their
geometry optimized, using Bauer's criteria for inner and out
er maximum groove radii, when set up according to the man
ufacturer's instructions. A number of the arms have been
optimized using Baerwald's equations, but used inner and
outer radii other than those proposed by Bauer.

The first five columns of figures represent manufacturer's
tonearm dimensions as supplied. Most of the data were sup
plied by the manufacturers, and some were calculated. Note
that the closer the null radii are to 66.04 mm and 120.9 mm,
the closer the arm will be to optimum when set up correctly.
The next two columns contain data from Table V for compar-.
lson to what the listed arms would be ideally for their effec
tive lengths. The next three columns are the actual absolute
weighted errors in degrees per centimeter at the inner groove
(60.325 mm), between the nulls, and the maximum radius
(14hO~ mm). Note that the weighted error between the nulls
was calculated using an iterative procedure on a computer.
The next column contains the maximum optimum weighted
error for an arm of the given effective length. This error will
be approximately the same at the innermost, between the
nulls, and maximum grooves. For example, for an arm that
has a very low error at the innermost groove/ weighted track
ing error will be compromised over the rest of the record. The

tridge relative to the record surface. As the arm traverses
warps or is raised and lowered in the pivots for VTA, the
parallel plane is lost in proportion to the difference in angle
from perpendicularity from the plane of the cartridge, Visual
izing this isn't easy, but if the arm could be rotated up in the
vertical plane until it was straight up, the arm whose bearings
were in alignment with the offset angle would have the front
of the cartridge still parallel to the record surface, whereas
the arm not so designed would have the right front edge of
the cartridge higher than the left front edge. The problem
becomes very complex with unipivots where, with fixed
bearing arms, the solution is simple. The resolution of the
vectors to bring about the same effect in the unipivot arms is
complicated because of counterweight placement. Gener
ally, if the vertical bearings are in alignment with the offset
angle, the problems with warp and VTAare made less severe
because a simple angle is generated, rather than a compound
angle that is typical with many arms currently available. In
addition, the height of these bearings is equally important for
minimization of warp wow.

Table I seems to be divided on the issue of vertical bearing
angle. There should be no disagreement on the preservation
of cartridge azimuth. At the moment we are not aware of any
literature concerned with the problems of azimuth align
ment.

Tonearm Setup Errors
Murphy's law dictates that practical problems will arise

both for the professional setting up audiophile quality equip
ment and the user trudging through the tonearm munufac
turers' sometimes confusing and inaccurate setup instruc
tions. Typical problems that may arise in the course of an
installation follow.

1. The cartridge has LJet::1I pushed all the way forward and
the proper overhang still cannot be achieved.

2. The overhang is correct according to the instructions,
but the mounting hole was drilled in the wrong place.

3. With a movable pivot arm, there appears to be too little
forward adjustment travel and the stylus will not reach the
template null and "zero" simultaneously.

next column for reference is the maximally encountered an
gular tracking error. Generally the maximum error will occur
at the outermost groove. The next column is the maximum
angular error for an optimum arm of the same length. On
occasion this figure will be slightly larger than the actual arm
as designed (it was designed for angular error, not weighted
error). The next column denotes the method of pivot loca
tion - if the arm is fixed, a round hole would be drilled; lf
adjustable, a slot to allow the overhang to be adjusted. The
last column denotes whether the tonearm's vertical bearings
were aligned so that they were perpendicular to the offset
angle line (yes or no). Since these figures represent "as set
up" dimensions, choice of arm should not be based on ge
ometry per se, inasmuch as alignment devices such as the
JMl and 08 protractors and the Dennesen Soundtracktor
give the installer a convenient way of aligning the arm-car
tridge system to optimum values.
• The SAECWE-3OBSX arm design is based upon research
done by the Sansui Electric Co. The AESpreprint1390 (D-5)
derived the optimum pivot position from a kinematiC point
of view, with the mass of the arm, the location of the center
of gravity, and the moment of inertia around the system's
center of gravity. Resonance was the engineering problem
being solved. For this particular arm, it is not advised to op
timize the geometry, or the resonance of the system will
change to such an extent that the arm will not track properly.
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Table I
M.lnufaclurer's
N....

Audio Technica
ATlOO9

Audio Technica
AT1010

Breuer
Dynamic5A

Decca-London
"International

Denan
DA305

Dynavector
D\l505

Fidelity Research
FR·12

Fidelity Research
FR·64s

Grace
G-707 Mk II

Hadcock
Super Unilifl Mk III

Infinify
Black Widnw GF

/MLCo.
TA·3A

Lustre
GST-B01

Magnepan
Arm

Mayware
Formula 4 MK III
I A Michell Engr. Ltd.
Fluid Arm

Keith Monk.
M~BAMk3

SAEC
WE-308SX

Series 20
PA1000

Sh.re SME
3089 Series III

Technics
EPA.-l00

Ultracraft
AC-300 Mk II

240.000

240.000

228.000

232.000

244.000

241.000

230.000

245.000

237.000

228.900

237.000

229.000

240,000

241.300

229.000

232.000

228.000

240.000

237.000

231.190

250,000

237,000

""'.,
Anile
(deB)

21.500

21.500

25,500

27.000

20.500

21.500

23.442

21.930

24.000

23.000

21.017

24.102

22.500

22.800

23.667

23.750

23.000

11.974

21.683

22.600

21.000

22.000

O"ef~anB

(mm)

15.000

15.000

20.000

16.000

14,000

15.000

17.068

15.948

15.000

16.050

14.359

18.156

15.000

17.145

17.342

17.880

16.184

5.000

15.000

15.B56

15,000

15,000

Null R1
(111m)

60.356

60.356

67.912

42.672

59.647

60.102

63.000

63000

47332

59.287

60,000

65,970

53.630

65877

63500

65,980

60325

39584

59588

60.325

62.174

57.203

NuIlR:z
(mm)

115.565

115.565

128.401

167.980

111.254

116.551

120.000

120.000

145.461

119.590

110.000

121.050

130.058

121.138

120.352

120,894

118.317

60.000

115.544

117.366

117.010

120.360

°lltlm ..'
O'isel
.AnSle
(dos)

21.914

21.914

24.195

23.752

21.518

21,814

23.971

21.421

23.221

24.094

23,221

24.083

21.914

21.784

24.083

23.752

24.128

21.914

23.221

23.840

21.949

23.221

Oplimal
Overhanl

(mm)

17.241

17.241

18.225

17.885

16,937

17.164

18.053

16.863

17.477

18.148

17.477

18.139

17.241

17.141

18.139

17.885

18,173

17.241

17.477

17.952

16.502

17.477

Weilhted
Errm@

(,(I•.nSmm
(.eKlcm)

0.001

0.001

0.199

0.711

0.012

0.004

0.059

0.055

0.399

0.023

0.006

0.129

0.165

0.120

0.077

0.127

0.000

0.014

0.014

0.000

0.035

0.067

Wl:'iKhted
Irmr@
Bet Null
~del!cm)

0.140

0.140

0.142

0.661

0,122

0.145

0.143

0.135

0.423

0.168

0.119

0.130

0.256

0.123

0.144

0.127

0.160

...
0.147

0.149

0.126

0.188

Wl:'lghled
Error@

146.05 mm
(des!cm)

0.158

0.158

0.091

0.146

0.178

0.153

0.141

0.129

0.003

0.148

0.190

0.130

0.090

0.121

0.137

0.128

0.153

0.533

0.162

0.156

0.141

0.141

Optimal
Error@
MbRut
(del/e .. )

0.123

0.123

0.130

0.128

0.120

0.123

0.130

0,120

0.125

0.130

0.125

0.130

0.123

0;122

0.130

0.128

0.130

0.123

0.125

0.129

0.117

0.125

Ad ....
Angulu

"Error,del
(mu)

2.314

2.314

1.322

5.597

2.603

2.236

2.027

1.880

3.506·

2.155

2.778

1.904

2.136

1.773

2.000

1.874

2.235

7.790

2.370

2.279

2.062

2.052

Optinul
Angular

Error.dq.
146.05 mm

1.799

1.799

1.914

1.874

1.764

1.790

.1.894

1.756

1.827

1.905

1.827

1.904

1.799

1.788

1.904

1.874

1.908

1.799

1.827

1.082

1.714

1.827

Pivot
Mount
Type

(AI/Adl)

Fix

Fix

Fix

Fix

Fix

Fix

Fix

Fix

Fix

Ad;

Ad;

Fix

Adj

Fix

Fix

Fix

Ad;

Fix

Fix

Ad;

Fix

Fix

Verticaf
Bearlnl
Allsned

(Yet/Not

Yes

Yes

Yes

No

No

Yes

No

No

No

No

No

Yes

Yes

Yes

No

No

No'

Yes

No

Yes

Yes

No



TABLEII - Optimum parameters for two different
tonearms.

Occurences such as these will frustrate even the most pa
tient audiophile and technician. Both will throw up their
hands in defeat and assume the fault was theirs in that they
left out an important step. Although one should be as accu
rate as possible with the setup, many times the instructions
accompanying the tonearm are insufficient, in error, or poor
ly translated. The consumer is seldom aware of the geometric
interaction of the Idl~ldl tonearm components; errors of a
degree here or a millimeter there go unnoticed or are consid
ered insignificant, while actually such errors have considera
bly altered the geometry of the tonearm.

As a reference, it is important to consider the null radii. The
positions of the radii actually represent the design of the arm
being installed more than any other parameter. If after care
ful setup, the arm does not "zero" on its designed null radii.
an error may have occurred either in setup or possibly on the
drawing board. For the following discussion the relative
changes of the nulls will be considered with respect to (am
mon prrnr ...in setup.

1. What effect does a "small" error in offset angle have on
null radii, and does arm length make a difference?

Referring to Table II, suppose the correct geometry of both
arms Is altered by adding a 0.4'" error to the offset angle,
leaving all the other parameters the same except, of course,
the null radii. The offset angles are changed to 28.254°
(27.854° +0.4°) and 16.549° (18.149° +0.4°). It is easy to make
a 0.4° error; most people do it inadvertently. The results in
Table III show that with only 004° error, the small arm misses
the nulls by -2.707 mm and +5.159 mm, while the large arm
increases to -4.17 mm and +8.14 mm. Note that the longer
the arm, the more critical it is to get the offset angle exactly
right. Errors over two degrees may put the null radii some
where off the record - hardly optimum.

Fig.2 - Dual null radiusprotractor.

Table IV - Change in null radii when 1 mm is added
to the optimum overha.ng of Table II 'onearms.

Table III - Change in null radii when 0.4 degree is
added to the optimum offset angle of Table II tonearms.

Arm 2
300mm
16.549°

61.830 mm
129.040 mm

Arm2
300mm

'14.606 mm
79.955 mm

106.939 mm

Arm 1
lOUmm
26.254°

63.293 mm
126.059 mm

Arm 1
200mm

22.055 mm
73.539 mm

113.349 mm

2. What happens when small errors in overhang occur?
Using the same optimum tonearms as in Table II, an error

of +1 mm will be induced in the overhang. This kind of
problem can occur if the arm is mounted in the wrong posi
tion but the manufacturer's instructions were to align the
overhang of the stylus with reference to the headshell. Since
no cross checks are supplied, it is assumed that the job was
done correctly. Incidentally, almost no manufacturers supply
the consumer with geometric cross-reference checks for the
arm setup, especially for those arms with particularly confus
ing instructions. Referring to Table IV, with +7.539 mm and

Effective Length

Offset Angle
Null Radius 1
Null Radius 2

-7.551 mm translational error in the position of the null radii
for the small arm and +13.955 mm and -13.961 mm in the
large arm, small errors in overhang become crucial. Actually,
if the manufacturer supplied an overhang template to check
the overhang over the spindle, the problem would be minim
ized to a large extent. Overhang changes very slowly com
pared to changes in offset lingle and arm length. The length
of overhang is more important than the absolute accuracy of
the mount. Also, the longer the arm, the more critical the
overhang dimension.

Effective Length
Overhang
Null Radius 1
Null Radius 2

Arm 1 Arm 2
200mm 300mm
27.654° 16.149"

21.055 mm 13.606 mm
- Inner = 66.04 mrn; Outer ...

Effective length
Offset Angle
Overhang
Null Radii (for both arms)
120.9 mm.

SPINDLE
CENTER

I
-0-

I
0.282"
0.284"

NULL RADIUS 1
2.6"

NULL RADIUS 2
4.76"
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TABLEV - Optimum values for tonearms (200-250
mm) and angular error.

3. A movable pivot arm is mounted on a turntable with a
predrilled mounting slot. In the course of moving the pivot
towards the null template, forward travel stops in the arm
before the arm reaches the zero position on the template.

This is unfortunately a more common problem than might
be realized. A few of the more popularly priced direct-drive
turntables have convenient precut mounting boards. At this
point, aesthetics got into the way of performance. Many
movable pivot tonearms are relatively short, e.g., 9 in, (229
rnrru, and planers un the turntables are oversize, up to 13 ill.
diameter (330,2 mm). In order to preserve aesthetics and pre
vent a "cluttered look," the mount is located a comfortable
distance from the platter, and the slot center may be located
at least 0.5 in. (12.7 mm) from where it should be. The result
is that the arm probably ends up with its null radii off the
record surface (a 3-mm error will accomplish this). The actual
results are the same as for example 2, where the offset angle
and effective length are "frozen" - the overhang gets the
short end (no pun intended).

From the above it can be readily seen that even using care,

2000 7.87-4 21_055 0.829 27.854 0.927 -1.328 2.258
201.0 7.913 20_936 0.824 21.104 0.921 -1-319 2.244
2020 1.953 20.822 0.820 27.555 0.91.'> ~1.311 2.22'9
203.0 1.992 20.708 0.815 27.408 0.909 -1.303 2.215
204.0 8.031 20.595 0.811 21.262 0.904 -1.295 2.201
205.0 8.071 20.483 0.1106 21.118 0898 -1.287 2.187
2<J60 8.110 20.313 0.6')2 26.976 0.892 -1.279 2.17)

207.0 8.150 20.204 0.798 26.835 0.BB7 -1.272 2.160
200.0 8.189 20.156 0.794 26.696 0a32 -1.2&4 2.1-47
209.0 B.226 10.049 0.189 26.558 0.876 -1.256 2.133
210.0 8.2&8 19.944 0.785 26.422 0.871 -1.2-49 2.121
211.0 lS.JOI l'Et,cH9 0.761 26.207 0 .eee -1.242 2.100

212.0 8_346 19.736 0.777 26.153 0.861 -t.235 2.095
213.0 8.386 1'1.634 0.77] 26.021 0.856 -1.227 2.083
214.0 8.425 19.533 0.769 25.891 0.851 ~ 1.220 2.071
215.0 8.465 19.433 0.165 25.762 0.ee -1.214 2.058
211'.n R.S04 19.334 0.761 25.634 0.841 -1.207 2.(M1

217.0 8.543 19.237 0.757 25.507 0.636 -1.200 2-D)5

218.0 6.583 19,140 0.754 25.382 0.631 -1.193 2.023

219.0 8.622 19.044 0.750 25.258 0.627 -1.187 2.012
220.0 8.6&1 18,949 0.746 25.135 0.822 -1.180 2.0'0
221,0 8.701 18.856 0.742 25.013 0.817 -1.174 ,....
211.0 6.740 16.763 O.7J~ 2".693 0.613 -1.167 '.978
223.0 8.780 18.671 0.735 24.774 0.609 -1.161 1.967
224.0 8.819 18.580 0.731 24.656 0.604 -1.155 1956
225.0 8.858 18.490 0.728 24.539 0.800 -1.149 1946
226.0 6.B98 18.401 0.724 24.423 0.195 -1.143 1.935
227.0 8.937 18.313 0.721 24.309 0,791 -1.137 1.925
228.0 8.976 18.225 0.718 24.195 0.787 -1.131 1.914
229.0 9.016 18.139 0.714 24.063 0.783 -1.125 1.90.
230.0 9.055 18.053 0.711 23.971 0,719 -1.119 1.694
231.0 9.094 17.969 0.707 23.861 0.715 -1.113 ,-
232.0 9.134 17.885 0.704 23.752 0.771 -1.107 1.874
lJl.U 'J.17l 17,001 0.701 2'.11>+4 0.767 -1.102 1....
234.0 9.213 17.719 0.698 23,S37 0.763 -1.(196 1.855
235.0 9,252 17.636 0.694 23.431 0.759 -1.091 1.845
236.0 9.291 17.557 0.691 23.325 0.755 ~l.08S 1.636

237.0 9.331 17.477 0.... 23.221 0.751 -1.080 1.827
138.0 9.]:70 ".JIIR ..., 23.118 0.7048 ~1.015 1.817
239.0 9.409 17.319 0.662 23.016 0.744 -1.069 1.1106
240.0 9.449 17,241 0.679 22.914 0.740 -1.064 1.799
241.0 ..- 17.164 0.676 22.814 0.737 -1.059 1.790
242.0 9.528 17.06B 0.673 22.714 0.733 -1.054 1.782
243.0 9.567 17.012 0.670 22.616 0,729 ~1.049 1.n3
:l44.U '.000 16.'3'37 0.M7 ZZ.'16 0.7Z6 -1.0+4 1.7M
245.0 9.646 16.863 0.664 22,421 0.722 -1.039 1.756
246.0 9.665 16.790 0.661 22.325 0.719 -1.034 1.747
247.0 9.724 16.717 06 se 22.230 0.715 -1.029 1.739,,,.0 9.7&4 16.&44 0.655 22.135 0.712 -1.024 1.731
249.0 9.803 16.573 0.652 22.042 0.709 -1.020 1.122
250.0 9.843 16.502 0.650 21.949 0.705 -1.015 1.714

This table gives optimal values for arms tracking within
60.325 mm and 146.05 mm (2.375 in. and 5.75 in.) inner and
outer grooves. The last three columns· represent the actual
angular error for the inner groove, between the null radii,
and the outer groove. This table can be used for determining
the mounting position for drilling the tonearm mounting
board.

EHecti...e
Arm Lenp;th

mm inch

Optlmum
O'l'erh.1ng

mm Inch

Optimum
OffHt
Angle....

Actu,,1 Ansulu Em:.r, des
Inn« Between Outef"

60.325 mm Nulls 146.05 mm

errors that appear small can create large problems. Most
setup procedures supplied by the tonearm manufacturers arc
inadequate given the tools supplied for the installation - a
paper template, whose accuracy is questionable, and many
times a confusing set of instructions. The manufacturers
should consider providing a cross-reference check template
to validate the designed null radii. In tonearms that have a
continuously variable VTAadjustment, the lateral error might
be so far off that a change in VTA might never be heard.

Optimizing Tonearm Geometry
If the tonearm is not optimized, do not be overly con

cerned, since the result is not wholly fatal. It is feasible to
optimize the lateral geometry of the arm if it is already
mounted, but only if the arm is reasonably close in its
overhang so that the optimization procedure will not com
promise the integrity of the arm-cartridge system. For exam
ple, on some adjustable pivot arms where the headshell has
no mounting slots, the cartridge cannot be twisted in the
shell to achieve a line-up with an optimum null radius tem
plate if both mounting screws are in place. (At least one
dealer we know of connected a cartridge with only one screw
in such an arm so as to achieve optimal geometry, but ended
up negating all of the good characteristics the arm had - a
pyrrhic victory at best.) Another instance occurs in the ;um"
that have correct vertical bearing alignment with the car
tridge. Here, one has to decide on a compromise - on most
arms designed with correctly aligned bearings, a change in
azimuth is less critical than maintaining optimum lateral ge
ometry. Assuming the tonearm's mounting hole is within a
few millimeters of optimum and the headshell has slots to
allow the cartridge to be twisted and moved, the arm can be
optimized by using a null radius template. On other arms,
where the mounting hole is out of range, it is up to the user
to decide whether the trouble warrants redrilling a new
mounting board or leaving the arm as is,

llere it i!i necessary to discuss the tools that will be re
quired for the optimum tonearm-cartridge setup. Recently,
three manufacturers have introduced alignment devices to
accomplish an optimum tonearm-cartridge setup - JMl
Company, DB Systems, and Dennesen Electrostatics,

The JMl Universal Tonearm Alignment Protractor is basi
cally a coated-cardboard template with null radii optimized
for a record surface within the radii of 2.375 and 5.75 inches.
The template and instructions are available for $3.00. It is
much better than attempting to construct one as is shown in
Fig. 2. The instructions, though adeq uate, could have been
more detailed. The JMl Company assumes that the consumer
will drill the mounting hole and requires the tonearm effec
tive length to be measured with a cartridge already mounted.
This is a difficult procedure, but the instructions say that only
approxlmatlon is.necessary. It ls much safer to use th@ manu
facturer's specification for effective length and calculate the
optimum overhang and tonearm mounting center from
equation 3 once the offset angle is calculated from equation
2. Table V presents the optimum overhang and offset angle
for varying effective arm lengths. Note that the mounting
center is the effective length minus the overhang. Small lnac
curacies are taken care of using the null radius system,
Geornemcallv speaking, if the cartridge nulls at both radii of
the JML template, the overhang and offset angle will auto
matically be correct. If the tonearm has already been mount
ed and its measured dimensions are not too far off, the null
ing system can be used. The procedure can be frustrating,
but patience will get accurate results. One point which may
not be immediately obvious: The protractor (template) must
be rotated to a different position for zero alignment error at
each null radius.

A more elaborate version of the JML protractor is the DB
Systems DBT-10 Phono Alignment Protractor. This unit is
made of mylar and uses the same nulling system as the IML.
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Key Output
Step 1. 2.375 2.375
Step 2 + 2.38
Step] s." 5.75
Step 4 Divide 8.13
Step 5 2 2.00
5tep6 ....
Step7 Squ~re 16.50
Step 8 Divide ,'-so
StepC) 2.375 2.375
Step 10 Dh,jde 6.95
Step 11 S.,~ s.n
Step 12 + 1.21
Step 13 1 '.00
Step 14 , 2.21
Step 15 9 9.00
Slep 16 19.88
Step 17 Stare Memory 19.88
Step 18 2.375 2.375
Step 19 + 2.38
Step 20 5,75 5.75
Step 21 Divide 8.13
Stc-p22 Rcc.U Memory 19.88
Step 23 0.04'
Step 24 Arc Sine 24.13degrees offset ansle

Table VI _ Calculator step' for calculation of
optimum offset angle.

A good set of instructions comes with the $19.95 unit, which
also allows the user to measure tracking angle error.

There is only one rotated position of the protractor that
will be correct for anyone arm of given effective length. If
this position could be fixed, nulling would only have to take
place at one radius and could be performed in one step. The
Dennesen Geometric Soundtracktor has recently been intro
duced to perform this function. Available in two models - a
plastic version for $35.00 and a metal version for $100.00
the user can. in a single step. align overhang. offset angle,
and both null radii, provided the tonearm has an obviously
marked pivot center. We have used this tool for the past few
months and recommend it without reservation. The instruc
tions are simple, with the actual procedure not taking more
than a few minutes. The Soundtracktor will quickly indicate
if the tonearm is optimally set up and will make realignment
of the cartridge an easy job. The Dennesen Soundtracktor is
accompanied by a vertical tracking angle (VTA) reference
gauge, which looks like a tonearm rest post and a bubble
level for the tonearm. Although the unit does not determine
VTA, it does establish the reference number for each record
in a collection, where the sound is most focused. Once the
VTAis established for a record, it is a simple matter to set the
tonearm to the correct VTA number, established earlier. The

Table VII--Calculator steps for calculation of mount
ing center and stylus overhang.

Key Output
Step 1 90 90.00
Step2 90.00
Step) 24.13 24.13
Step4 65.87
Step 5 Cosine 0.41
Step 6 x 0.41
~tep 7 z.e 2.60
Step 8 , 1."
Step 9 9 9.00
Step 10 , 9.57
Step 11 2 2.00
Step 12 W.ll
Step 1) Store Memory 19.13
Step 14 9 9.00
Step 1S Square 81.00
Step 16 + 81.00
Slep 17 2.' 2.60
Step 18 Squal1!' b.7b
Step 19 87.76
Step 20 Recall Memory 19.13
Step 21 68.63
Step 12 Square Root 8.18 In. spindle center 10 tonearm pivot
"k'p11 , ,
Step 24 9.00
Step 2S 8.28 8.28
Step 26 0,72 Stylustip overhanl

above-mentioned alignment tools are available from ]ML
Co., 39,000 Highway 128, Cloverdale, Calif. 95425; DB Svs
tems, P.O. Box 187, Jaffrey Center, N. H. 03454, and Den
nesen, P.O. Box51, Beverly, Mass. 01915.

Calculator Hints
With the advent of inexpensive yet sophisticated scientific

calculators, solution of the equations presented in this paper
becomes d. practical constderettcn (or interested audiophiles
as well as engineers. Those who have programmable scientif
ic calculators such as the Hewlett-Packard 67/97 can find
quick repetitive answers easily, thus this section is not really
dimed at them because the capability at programming al
ready qualifies them to work with algebraic equations.

It is assumed that for practical purposes, the calculator has
trigonometric and standard algebraic functions, one memory,
and no algebraic hierarchy except single argument functions
such as square root. For example, the very inexpensive Texas
Instruments TI-30 would be a good choice. Users with more
sophisticated equipment can modify the procedure. The cal
culator mode, for simplicity, will be fixed at two decimal
places.

Equations 2 and 4 are of the most interest since they calcu
late offset angle and overhang.

Example 1: Solve the following equation for offset angle:

[

2. 7 +5.75 ]
Arc sin 9K[2375i5.75)' + ,]

2.375675

Refer to Table &for the step-by-step procedure.
Example 2: Solve the following equation for mounting cen

ter:

1/9'+2.6'-2x9x2.6xc05 (90-24.13)

Refer to Table 7 for the step-by-step procedure.

The procedures are general and may not be directly appli
cable to all calculators. Since the output column gives the
intermediate results, one can modify the routines for his own
calculator. ~
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MOUNT ING TEMPLATE

la p ~!' ion on ecc d spindle . Swing templa te to most convenient
os t ion allo win 3*'" rad s clearance for balance weig hts . Keep template
at and ass fd. Ie g r ed vert ically thro ugh cent re point A into motor
o d, gur I. Ise g.~~ spindle and low er temp late onto motor board
si g th ~~ die as. 2 gUI e. Figure 2. Spike t hrough centre point B and
u 3;6-" h es. em ve emplat e and drill two Ii '" holes. Cut away are a
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