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112 TRANSACTIONS OF THE I.R.E. 

EQUIVALENT CIRCUIT ANALYSIS OF MECHANO· ACOUSTIC STRUCTURES* 

B. B. Bauer 
Shure Brothers, Inc. 

Chicago, Illinois 

1. INTROD("CTION 

To comprehend the new, the unknown, we often fall 
upon the old, the known. Thus, in the time of Volta and 
Ohm (circa 1800) many of the conceptions of electricity 
were based upon similarity with the older arts, i.e., 
hydraulics, mechanics and heat. Volta was among the 
first to recognize that the phenomena �ouped under the 
name of galvanism were a manifestation of "electricity in 
motion" - as contrasted with the older electrical phe
nomena which re�sented "electricity in tension." 
Since there was no e'vldence of accumulation of electricity 
at any point in a circuit it followed that the current could 
be represented figuratively by the flow of an incompres
sible fluid along rigid and inelLtensible pipes. Ohm used 
Fourier's analyses of the conduction of heat to derive 
electrical laws and he was instrumental in developing the 
concepts of "current" and "electromotive force. '71 Thus 
since the earliest days of electrical theory, electro-motive 
force became endowed with the attributes akin to a 
mechanical force of hydraulic pressure, and electric 
current has been thought of as being of similar nature as 
mechanical velocity or the velocity of fluid flow. Un
doubtedly, these classical concepts form the historical 
basis for equivalent circuit analysis as it is known today. 

The early analogies became especially important 
during the end of the 19th century when ac electricity was 
still in its infancy while the theory of vibrations and 
sound had been already highly developed by Rayleigh and 
others. It was c\iscovered that certain differential equa
tions developed for use with vibrating mechanical bodies 
were equally applicable to electrical quantities. llayleigh 
was among the first to bring the subject of alternating 
current electricity within the scope of acoustics and to 
prove that similar mathematical principles were applicable 
t o  both phenomena.2 

Much has happened during the half century which 
followed Hay leigh' s writings to change the relative 
technological positions of electricity, acoustics and 
mechan ics. The improvement in electrical circuit ele
ments, oscillators, amplifiers, oscillographs and meters 
- and indeed the perfection of the "analogy" computer -
have made of the electrical network a most useful and 
flexible analytical tool. 'Therefore, we find an ever-in-

... i\'lanuscript received June I, 1954. 
I W. D ampier, "A Hi story of Science," The Mac\1illan Corr.pany, N. Y., p. 232, etc.; 1944. 
1 Lord Hayleigh, "The Theory of Sound," Dover Publications, r-:. r., vol. I, p. 433, etc. ; 1945. 

creasing tendency to turn to the analogous electrical 
circuits for solution of mechanical, acoustical and other 
problems. 

After having been introduced to a subject as old and 
venerable as this, the reader might wonder what there is 
new to be said about it. Surprisingly enough, the study 
of analogies has had a recent spurt in activity. New 
uses as well as limitations of analogies are being dis
covered almost daily. Complex physical organizations 
are being put into form manageable by analogies. Defini
tions and terminology are being brought in line with the 
new developments. The object of this paper is to attempt 
to give the reader a broad view of the subject to �cquaint 
him with some of the new thinking regarding analogies. 

n. TIlE EFP AND THE IFP ANALOGIES 

The reader should be cautioned at this time that the 
traditional concept of similarity between voltage-force
pressure and current-velocity-fluid velocity is not the 
only one upon which a system of analogies can be based. 
During the past quarter century, through the efforts of 
Firestone! and others, it has become known that it is 
possible to establish another consistent system of 
analogies based upon certain mathematical similarities 
between electrical current, force, and pressure on the one 
hand, and voltage, velocity, and fluid flow on the other. 
The older "classical" analogy is currently being spoken 
of as the "voltage-force-pressur.e" analogy while the 
newer analogy (orfginally called "mobility" analogy by 
·Firestone) is often referred to nowadays as the "current
force-pressure" analogy. For brevity we call them the 
EFP and the IFP analogies, respectively. 

It seems feasible to apply either analogy about 
equally well to the solution of various problems, although 
it is generally recognized that the BFP analogy is the 
more advantageous with respect to acoustic devices and 
electrostatic (condenser, piezoelectric) transducers, 
while the IFP analogy is the more adaptable to mechanic
al devices and electromagnetic (magnetic, magnetostric
tive) transducers. (Incidentally, equivalent circuits for 
transducers are a field in themselves and they are not 
treated here,) Almost everyone doing much equivalent 
circuit work eventually becomes conversant with both 
analogies. The casual user will avoid confusion by 
choosing a single analogy. 

I Firestone � "A new analogy between mechanical and electrical 
system:;;," Jour. Acoust. Soc. Amer., vol. 4, pp. 239-2607; 1933. 
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In the writer's OpInIOn, the classical EFP analogy 
is to be preferred because electrically-trained

' 
people 

find it the easiest to comprehend and because it has 
decided advantages in connection with acoustic devices 
which, after all, are the principal domain of the audio 
technologist. However, there are differencl1s of opinion 
on this ma tter, and some authors prefer to use the IFP 
analogy. 

The relationships which are the basis of the EFP 
and the IFP analogies are shown in Table r. In this table 
it is assumed that all circuit elements are constant and 
all variables are steady-state RMS values. In each box 
under the Electrical, �1echanical and Acoustic elements 

slits, etc. Flow of air through a pipe is accompanied by 
an increase in kinetic energy because of the acceleration 
of the mass of air as it flows from the . volume into the 
pipe and vice-versa. Therefore, a pipe or aperture de
fines a mass-type or inductive element. Acoustic resist
ance or damping is obtained through the use of capillaries, 
slits, or crevices, such as the interstices between the 
threads of cloth through which the air is caused to flow, 
with the accompaniment of viscous friction. Additionally, 
when the openings connect to the atmosphere, sound is 
received or radiated b y  the acoustic structure and the 
impedance of the medium becomes a part of the acoustic 
struc�ure. 

TABLE I 

ACOUSTICAL QUANTITY MECHAN ICAL QUANTITY 
ELECTRICAf.- QUANTITY EFP ANALOGY IFP ANALOG Y 

Sound Pressure (p) Force (F) Voltage (El Curren t (I) 
microbar dyne 
newton per sq. ·m newton volt ampere 

Volume velocit y (U) Velocity (v) Current (/) Voltage (E) 
cu. cm per sec cm. per sec. 
cu. m per sec. m per sec. ampere volt 

Volume displacement (V) Displacement (D) Charge (Q) Impulse 
cu. cm cm 
cu. m m coulomb volt-sec. 

Acoustic Resistanfe (RA) Mechanical Resistance (Rr) Resistance (R) Conductance (G) 
rayl (dyne-sec-cm- ) 5 mech. ohm (dyne-sec-cm-1 
mks-rayl (newton-sec-m - ) mks-mech. ohm (newton-sec-m-l) ohm ohm 

Inertance (M A) Mass (M) I n d  uctanc e (L) Capacitance (C) 
gram-cm-� gram kg-m-' kg henry farad 

Acoustic Compliance (CA) Mechanical Compliance (CM) Capacitance (C) Inductance (L) 
cmS_dyne_l cm per dyne 
m5-newton-1 m per newton farad henry 

Acoustic Impedance (Z A) Mechanical Impedance (Z M) Impedance (Z) Admittance (Y) 
Z A a piU ZM � Flv Z = Ell Y - liE 

are shown the term and its commonly used symbol, name 
of the unit (if available) and the unit in cgs and mks 
systems. Before World War II practically all work in 
acoustics was done in the egs system and many acous
ticians prefer to continue using this system. Lately, 
however, the mks system has gained recognition and is 
used by several writers. 

Ill. ACOUSTIC STRUCTURES 

Acoustic structures consist of volumes of air which, 
in accordance with the EFP analogy, comprise the 
"springy" or capacitive elements. These may be con
nected together by conduits such as pipes, apertures, 

Impedance values for acoustic network elements have 
been treated by various writers4 and derivations will not 
be given here. The values applicable to the most common 
elements are shown in Fig. 1, which also includes the 
equivalent electrical representation. Writing the acous tical 
quantities P and U directly in the equivalent electrical 
circuit instead of the corresponding electrical quantities 
E and I serves to eliminate confusion. The physical 
constants for use with this figure are gi yen in Table II in 
both the cgs and the mks systems. To illustrate the 
methodology of network synthesis by means of an ex-

• H. F. Olson, "Eleme nts of Acoustical Engineering," D. Van 
Nostrand Company, Inc., N.Y., p. 86, etc.; 1947. 
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TABLE I! 

PHYSrC}J. CONSTANTS FOE{ ACOUSTIC NETWOHK r:LEMENTS 
QUANTITY 

Atmospheric Pressure 
(Usual, at sea level) 

Density of air at 20 Cl C 
(at sea level) 

Coefficient of visc<?siiy 
for air 

Ratio of spec. heats 
e le for air p v 
Velocity of sound in air 
at 20° C 

VOLUME OF GAS 'U ' 
� 

I.ARGI!: CONDUIT 

SYMBOL 

Po 

p 

J.L 
?' 
C v 

NARROW SLIT ·i'� � I �_.... u p'R-. LAp 2 .l � d ·  "'=' -:: 

RESISTANCE OF CLOTH (8'1" D. C. FLOW�1 p.-� 

U- P, � p R.- LA 
n� �U-....L 2. 

�-p. = "", 
� RA- U 

J 

Fig. 1 - Acoustic impedance values of most common e lementtl by the EFP analogy. For values of physical constants, 
see Table 1. 

ample, an acoustic structure is shown in Fig. 2(a) and 
its equivalent circuit in Fig. 2b. The structure is assumed 
small compared to the wavelength and therefore represent
able by lumped impedance elements. This structure 
contains five volumes of air Cl to Cs represented in 
Fig, 2(b) by corresponding electric capacitors. Since the 
pressure throughout a volume is constant, a connection 
made to any part thereof is subjected to the same sound 
pressure. Constant pressure is tantamount to a constant 
potential, and hence the whole volume may be considered 
equivalent to an equipotential "terminal." This is anai-

.. 

.. 

.. 

CCS UNITS 
-l� dynes! cm2 

{microbur} 
l 1.2:.: 10- grllIl1/crn' 1,2 klo';,'m' 

....... ,-..... • l.ax 10" p;rarni c;m-:;\'<; 
1---, .. _ .. ,,-,_.' ' :i'"-'--1.8)< In kg/m

�ee tmkH poitl(') (poise) 

1.41 '-'-��" -

---.-, .. �..,..,""'� .. "-""..,.,"""' .... -... ," ... �' ''''''''.'M 34, 4{)() cm/H(�(� 

... -. . ....... �.-- . . . ...... y .• J:,"" 

1.4 t 
344 ml",·!.· 

Fip:. 2 "" Hepreacntative tl(;()ufIlic titrllC'tl\f" (,,); 
H�uivQlent circuit hy thl" r�F·P 4nalvp.y (hl. 

ogolls to the case of u cupncitor eIHl!tistin� of un iriOlated 
sphere in spn<:c where the "ot.h"�r" t�rrninnl rtlity � 
thought of as being II "wmmd, '" ThCtt!ff1tl', one side of 
each capacih>r Cl to C" is shown I:nnne<:t�'li t{) ··�(,)\lnd." 
One obvious consequent:c of tilt> F<t,)\ltldinf� of the one 
side of the acoustic cupilcit(�r l!'l the proptlsitinn that the 
equivalent ucollstic capllcittlllCC!'! of vniullw!'>I cunnot he 
connected in "sericH." 

'R.B. Rauer, "Transformer IU'litlOfl;R of dittphtttp:mfl." Jour. 
Acoust. Soc. Amer., vol. 23, M. f). pp. 6Bn·(i-H3; ICJ:;L 
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At this point it is timely to make a distinction be

tween the "terminals" and the "points of connection." 
Professor Firestone defines a terminal, in part, as 
follows: "A terminal of a specified type is the entire 
portion of an element or structure which is compelled to 
have the same value of one specified measurable quantity 
at any instant."6 Thus the conduits leading into the 
volumes in Fig. 2(a) have different points of connection, 
but still are connected to a single pressure terminal. 

The volumes are connected by conduits which may 
have the form of pipes, capillaries, slits, or cloth barriers. 
As may be seen in Figs. 1 and 2, conduits define acoust
ic inertance and resistance. Conduits of relatively large 
cross-section, (i.e. having minimum cross-sectional 
dimension s of several mm or more) are predominantly 
"ind ucti ve." Conduits of small cross-section, such as 
capillaries or thin slits, (with minimum cross-sectional 
dime ns ions of a few thousandths of an inch or less) are 
predominantly "resistive." Cloth, suitably mounted to 
prevent vibration forms an excellent acoustic resistance 
and it is widely used as damping element in acoustic 
structures. Rn is a cloth resistance. At each point of 
connection between a conduit and a volume where there 
is a change in cross-section, there is acceleration of the 
air from zero velocity to a velocity U within the conduit. 
The flow of air is shown by means of st�eamlines at the 
end of conduits. This acceleration causes an end-effect 
inertanc e added to inertance of the conduit. This end 
effect may be approximated by assuming the existence of 
a mass-less piston at the ends of the conduit. 

From the point of view of methodology the follow ing 
procedure may be followed: First, the acoustic compli
ances of all volumes are represented by capacitors con
nected to ground (or to a common buss). Next, the free 
terminals of all capacitors are interconnected by the 
inductive and resistive elements which comprise the 
conduits. In the equivalent circuit diagram, it is con
venient to show the connections as being predominantly 
ind ucti ve or predominantly resistive by the relative 
length of the inductive and resistive components. Let the 
sound pressure impinging upon the entries A and B be 
P a' and P b respectively. These pressures are shown as 
potentials to ground.s At C, the structure is confronted by 
the radiation impedance of the medium, Z a' This imped
anc:e is represented approximately by a parallel combina
tion of inductance L a and resistance Ra' The pressure at 
the mouth of C can be obtained by multiplying the volume 
current U c by Z o' 

IV. MECHANICAL ELEMENTS 

The construction of equivalent circuits of mechanical 
structures by the EFP analogy is somewhat more compli
cated than that of acoustic structures. Mechanical forces 

6 Firestone, correspondence with the author, 1953. 

and motions have magnitudes and directions, and hence, 
are vector quantities, while electrical potentials and 
currents in a circuit are scalar. To avoid complications 
resulting from this distinction, we restrict our analysis 
to mechanisms constrained to move along one axis: The 
mechan ical network elements, or building blocks, are 
shown in Fig. 3. "Free" mass M can be represented by 
inductance L-short-circuited upon itself, and the loop 
current i represents the velocity v. The spring Cm has 
two ends which are acted upon by equal and opposite 
forces F. Therefore, the equivalent condenser C has two 
pairs of terminals acted upon by equal and opposite 
voltages e. The velocities of spring ends VI and Vz are, 
in general, unequal. They are represented by currents il 
and iz• The compression of the spring occurs at a rate 
Vl-Vz which corresponds to the current flow il- izthrough 
the condenser. Similar considerations apply to the me
chanical resistor R m which is represented by the electrical 
resistor RI' 

-v 

Fig. 3 - Basic mechanical network elements and equivalent 
electrical circuits by the EFP analogy. 

The short circuited inductance is equivalent to a 
free mass. To represent a mass which is acted upon by 
a force, an emf generator must be coupled into the loop. 
If the motion of the mass is impeded by springs or damping 
elements, then means must be found to couple these 
impedances into the circuit. One way of achieving this 
is by breaking the circuit of the loop and connecting the. 
generator or impedance to the two resulting terminals. 
This practice is not always possible in �he equivalent 
analysis of mechanical structures as may be seen from 
the following set of examples. 
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In Fig. 4(a) we have a relatively simple system con
sisting of three masses connected by two springs. On the 
right hand side is the equivalent circuit. To obtain 'this 
equivalent circuit, we have broken the loop connecting 
the two ends of the inductance ,VI at the left hand side, 
for the purpose of inserting a generator with. a voltage E 
which represents the force F, and again, at the right hand 
side, for the purpose of connecting one set of terminals 
of the capacitor ell' Similar connections have been 
performed elsewhere in the circuit. This procedure is 
almost self-evident and poses no special difficulty. A 
more complicated situation is shown in Fig. 4(b) which 
depicts four masses connected by four coupling springs. 

_v 

F (f? ) 

8 
__ v 

c 
Fig. 4 - Mechanical structur es of increasing complexity and 

equivalent circuits by the EFP analogy. 

This s tr�cture is not as simply portrayed as the previous 
one. However, by a bit of visualization and cut-and-try 
methods it can be determined that the correct equivalent 
circuit is shown on the right hand side of the figure. 
While this e l.ectrical circuit has little geometric resem
blance to the mechanical structure, its correctness may 
be checked by noticing that the sum of the voltage drops 
across the elements in the circuit of the inductances is 
the same as the sum of the forces acting upon the cor
responding masses. This is an acknowledgement of the 
equivalence between the laws ofKirchhoff and d' Alembert. 

A still m ore complicated structure is shown in 
Fig. 4(c) which shows five masses interconnected by six 
springs. An equivalent circuit is not given at the right 
hand side, because none can be found by the means 
discussed so far. 

V. TRANSFOR\-lER COUPLINGS 

Thus, it is seen that mechanical systems of progres
sively increasing complexity present progressively in
creasing difficulty in the synthesis of the equivalent 
circuits by the EFP analogy. 

One of the reasons is to be found in the fundamental 
difference between our basic concepts of mechanical 
elements and the corresponding electrical circuit compo
nents. As shown in Fig. 5(a), a mass is usually though t 
of as a rigid body obeying Newton's laws; its counterpart, 
i.e., an inductance, comes to mind as a coil with two free 
terminals. It is obvious that no current can flow through 
such coil. It helps to clarify our thinking to visualize a 
free mass as being equivalent to an inductance short
circuited by means of a loop as shown in dotted line. 
Every point of the circuit carries the same current, the 
same as every point of the mass travels with equal 
velpcity. The mass 

·
constitutes a single velocity terminal, 

and the loop constitutes a single current terminal. A 
spring, in 5(b), has two velocity terminals, but the equi
valent condenser, at right, has four points of connection. 
To represent a free-free spring, these points of con
nection must be closed with loops as shown by dash
lines. E ach of these loops becomes a current tenninal 
corresponding to the respective ends of the' spring. 
Similar considerations apply to the mechanical resistor 
in Fig. 5(c). By this process the terminals and points of 
connection of mechanical elements become i dentified 
with the corresponding entities of electrical circuit 
elements. 

U:,J 

L-'" I��\ AI If ' ... ____ .. 1 

(�+C�)'I ' .  . ' 

LeJ (I) (2) (3) (4) 
Fig. 5 - "Free" mechanical elements and transformer couplers 

to denote connection s between mechanical elemen ts. 

Next, means must be found to couple the loops with
out breaking the circuit. This can be readily done by 
bringing the corresponding wires together and surroundin g 
them with an ideal magnetic core of infinite permeability 
and zero losses, thus for�ling an ideal transformer 0 f 1: 1 
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turns ratio.? As an example of this type of connection, 
Fig. Sed) represents a system consisting of a force (1) 
driving a mass (2) which is coupled by means of a spring 
and mechanical resistor (3) to the reference frame (4). The 
equivalent circuit is shown in Fig. See) where constant 
voltage generator (l) is coupled to the inductance loop 
(2) which in turn is coupled to the corresponding terminals 
of a spring and resistance (3). The latter are terminated 
in the reference frame (4) which appears as an "open 
circuit" since V, and V2 a O. The ideal cores are repre
sented by the heavy circles. Writing mechanical quanti
ties F, V, etc. directly in the equivalent electrical cir
cuits instead of the corresponding electrical quantites 

E, I, etc. serves to eliminate confusion. 
Figure See) suggests immediately that if a mass . is 

made vanishingly small, the mechanical circuit will 
reduce to a velocity junction, and the equivalent induct
ance-less loop becomes an electrical current junction. By 
the way of example, a velocity junction is shown in Fig. 
6(a) an d its equivalent circuit in Fig. 6(b). The velocity 

--. 

E fv) [§JOO 

tKJ rnC5J 
M4 :KI CBC!D 

(a) ( b) 

Fig. 6 - VelOCity "junction" by the EFP analogy using 
transformer couplers. 

of all terminals at the junction is v. To facilitate the 
drawing of the ideal transformers in equivalent circuits 
the magnetic core can be omitted. Instead we have 
adopted the convention that two adjoining parallel wires 
constitute the two windings of the ideal transformer. 

The following se.ction illustrates specific application 
of transformer couplers to the problems of equivalent 
circuit analysis. 

VI. UTILIZATIO:'-J A:'-JD RE\10VAL 
OF TRANSFOR,\1EH COUPLI�GS 

As we demonstrate the use of transformer couplings, 
we shall also indicate methods for removing them without 
altering the voltage and current relationships, therefore 
arriving at the conventional-type analogy circuits. The 
use of ideal transformers adds no difficulty in the ana-

7 B. n. Rauer, "Transformer couplings for equivalent network 
synthesis," Jour. Acoust. Soc� Amer., vol. 25, pp. 837-840; 1953. 

lytical treatment of circuits. However, for the purposes 
of experimental circuit work, it is desirable to remove 
the transformers, wherever possible. 

Our first example is shown in Fig. 7{a). The me
chanical system consists of three masses interconnected 
by springs a�d resistors in tandem. In Fig. 7(b) is the 

-v 

---
----- . --

(a.) 

v 

� __ �1_R_'2 __ .M __ 2 __ C_2_3� __ �R_23 ___ M_3 ___ , 

Fig. 7 - (al 'lechanical structure; (bl Equivalent circuit by 
EFP analogy with transformer couplers; (cl Trans
former couplers removed. 

equivalent circuit by EFP analogy with transformer coup
lings. The methodology for drawing these circuits con
sists first in drawing the loops constituting velocity 
junctions and those containing masses, and next adding 
the condenser and resistor elements and driving gener
ators, with the aid of transformer couplers. 

The circuit equations of Fig. 7(b) can be written as 
if the transformers were not present simply by remember
ing the voltage and current relations in an ideal trans
former. In this manner, the usual mesh and junction 
equations can be written and solved in an ordinary manner. 

For experimental circuit work, as in analogy com
puters, it is desirable to remove the transformers. This 
must be done without disturbing any voltage and current 
relations in the circuit. The simplest way of doing this 
is to select any two transformer-coupled meshes which 
have no conductive connection and connect together two 
adjacent points, say p and g, of the coupling transformer 
with a jumper" a." At that instant, points r an d s become 
equipotential, since the primary and secondary voltages 
in a 1: 1 transformer are identical. Therefore, rand scan 
be connected by jumper "b". l'ow the transformer pqrs 
has no further purpose and it may be removed from the 
circuit. Each additional loop in Fig. 7(b) which has no 
conductive connection to the circuit can be connected in 
this manner resulting in the circuit of Fig. 7(c), which is 
the conventional EFP analog�' circuit for the array in 
Fig. 7(a). 
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A somewhat more complicated mechanical array is 

shown in Fig. Sea). It cons is ts of four masses inter
connected by four sets of springs and mechanical resist
ors .. Fig. 8(b) is the equivalent circuit by impedance 
analogy with transformer couplings. It is gratifying to 
note that the geometry of the electrical circuit is very 
much like the g eometry of the me chanical circuit. There 
are 13 transformers, 12 of which can be removed if 
desired, as in the previous example. In Fig. S(b) this is 
indicated by the jumpers placed at either side of the 
transformers, and it results in the circuit of Fig. 8{c). 
The transformer pgrs cannot be removed in this manner 
since a jumper between points p and g will short out the 
inductance M, and upset voltage and current relations. 
However, if we can trace an impedance-less conductive 
connect.ion between the corresponding points of the 
windings, such as the points p and g, then these points 
become equipotential and may be connected together. This 
condition will oc cur if the inductance M, is moved from 
the branch p - t to the branch r- u, as shown in dotted 
outline. This can he done with impunity since the sum of 
voltage drops in the mesh t- e - r - u is not affected by the 
position of M,• After M, has been moved to its new posi
tion, p - g and r- s can be connected as shown by the 
dotted jumpers a and b, resulting in the removal of the 
last transformer. The final circuit is given in Fig. Sed). 
This is similar to the circuit in Fig. 3{b), except for the 
advantage of having been synthesized without the need 
for the use of the cut-and-try approach. 

Fig. 8 - (al Mechanical network; (b) Equivalent circuit with 
transformer couplers; (ci Removal of transformer 
couplers; (d) Final equivalent circuit. 

In Fig. 9(a) is the mechanical array consisting of 
'ive masses M 1 to Ms interconnected by three independent 
;pring-mass-sp�ing systems, which is the same as that 
hown previously in Fig. 3. 

The equivalent eircuit can be readily obtained by the 
'ansformer analogy as shown in Fig. 9(b). Again, we 
otice a geome�ric resemblance between the circuit and 

the structure, and this is a great help in drawing the�e 
circuits. Let us proceed to remove as many transformer 
couplers as possible. By removing, first, all the trans
formers between the loops with no conductive connection 
we successively remove all the transformers except f and 
g as shown by the .iumpers numbered 1 to 22 inclusive. 
The resulting circuit appears in Fig. 9(c). The trans
formers f and g remain. To remove f, the inductance L 
moved around to the other side of the loop as shown in 
the previous example. As soon as this is done, the con
nections 23 and 24 can be made, therefore removing the 
transformer f. Transformer' g remains and cannot be re
moved. The final equivalent circuit is shown in Fig. 9(d). 
It is evident that the user would be needlessly taxing 
his ingenuity if he attempted to draw the equivalent 
circuit of Fig. 9(a) by the conventional method of imped
ance analogy.',Q 

E 

lE 
(d) 

Fig. 9 - .(a) Mechanical network; (hl Equivalent circuit wi th 
transformer couplers; (cl Removal of transformer 
qpgplers; (d) Final equivalent circuit . Transformer 

g cannot he removed. 

VII. ANALOG FOR DIAPHRAGMS 

The transfer of energy between the acoustic and the 
mechanical side of a structure requires the use of some 
sort of diaphragm. Ideal transformer couplers have been 
found to be of much value in representing the action of 
diaphragms. Each side of a piston-like diaphragm or a 
portion thereof of projected area An may be thought of as 
a means for transforming an actuating force F IJ into a 
sound pressure. Pn D F j An' A,t the same time, linear 
velocity vn of the surface causes a volume velocity 
un - ArJ vrJ' This mechanical-acoustic transformation is 
seen to be analogous to the transformation of voltages 
and currents between the primary and the secondary 

lA. Bloch, in: Jour. Inst. Elec. Engrs. (British). vol. 92, p. 157; 1945. 
• A. Bloch, in: Proc. Phys . Soc. London, vo!.' 58, p. 677; 1946. 
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windi ngs of a n ideal transformer of turns ratio 1:11 A /I' 
Furthermore, the impedance connected to the secondary 
apfiears reflected at the primary multiplied by the ratio 
1: 1/ An �. This is analogous to the impedance transforma
tion between me chanical and acoustical systems coupled 
by a diaphragm. The use of transformer analog has the 
advantages of 0) separating the mechanical and the 
acoustic portions of the circuit and (2) allowing the 
mechanical elements to be represented in terms of me
chanical impedance units and acoustical elements in 
terms of acoustical impedance units, and {S} making 
possible the syn thesis of circuits which are not feasible 
without the use of transformer analog. 5 

An 
(0) 

f P2 
L..-__ '--____ .....-..... :1 (d) 

Fig. 10 - (a) Piston diaphragm in an encl osur e ; (bl Equivalent I 
circuit with transformer coup lers; (cl Part ial removal 
of transformer co uplers; (d) Total removal of trans
former couplers. 

VIII. PISTON DIAPHRAGY1 

A piston d iaphragm, together with its equivalent 
electrical circuit based upon the transformer analogy is 
shown in Fig. 10. By the way of example, in (a) the 
piston is mounted in a box so that one of its sides en
closes a cavity and the other is allowed to radiate into 
the medium. This will be recognized as the familiar direct 
radiator loudspeaker in an enclosure. Let the piston 
impedance be a mass M, connected to the reference frame 
by a mechanical resistor RM and a spring CM which 
comprise the annulus of the cone. In (b) the mass is 
shown as an inductance M in the circuit of a loop, with 
the moving coil force generator and the mechanical imped
al1ces coup le d  into the circuit by means of transformer 
couplers. Both s ides of the piston have equal projected 
areas A n' which are acted upon by sound pressures PI 
and P2' respectively. Transformers TI and T2 represent 
the two active areas of the diaphragm. 

The left hand side of the piston is confronted by the 
impedance of the box. This is known to be an inductance 
LIA owing to the mass of the air and a compliance CIA, 
formed by the spring of the air. The right hand side 

confron ts the radiation impedance of the medium Z2A' 
which is represented by a parallel combination of resist
ance RZA and inductance L2A'IO A convenient simplifica
tion is achieved by removal of the 1: 1 transformers as 
shown in (c). This is always possible in the case 0: a 
diaphragm with two equal sides, and which has no me
chanical and acoustical connections to other diaphragms. 
A further simplification· takes place through a removal r:i 
the 1: 1/ A n transformers as shown in (d). When this is 
done the impedance of the mechanical eleme nts must be 
multiplied by the factor 11 An2 to be in conformity with 
the impedance of the acoustic elements. The transformer 
concept has permitted easy visualization and solution of 
problems which have not had sufficient attention hereto
f�re. 

IX. DIAPHRAG\iS WITH SUBDIVIDED SIDES 

As an example of the use of transformer analog of 
diaphragms, we formulate an improved equivalent circuit 
for a moving coil microphone or receiver, shown in Fig. 
l1(a). The equivalent circuit is shown in l1(b). For 

Cb} 
Fig. 11 - (a) Moving coil dynamic microphone; (b) Complete 

equivalent circuit wi th transformer couplers; (cl Con
v�ntional app roximate equivalent circuit. 

simplicity, the mass of tlie diaphragm and the voice-coil, 
together wi th the compliance and resistance of the sus
pension are placed directly in the circuit of the loop, as 
shown in the previous example. Let the effective pro
jected area of the external diaphragm surface be Al' The 
inside surface of the diaphragm is divided by the moving 
coil into two surfaces having effective projected areas 
A2 and As where AI - A2 + As. Each of the latter two sur
faces is confronted by cavities forming acoustic compli
ances Cz ·and Cl; these cavities being interconnected by 
the circumferential slits formed between the moving coil 

" 
10 B.D.H. Tellegen, "The Gyrator, a new electric network 

element," Philips Res. Rept. 3, pp. 81-101;·1948. 
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and the pole pieces, and which define acoustic imped
ances Z24 and Z34' At their point of juncture, they are 
connected together to another circumferential slit or 
similar contrivance furnishing an acoustic impedance Z •. 
The fluid volume through Z. enters the cavity within the 
body of the microphone which forms an acoustic compli
ance Cs. This provides an exact equivalent circuit of 
the microphone. For comparison, the approximate equiv
lent circuit often published is given in Fig. 1Hd. The 
approximate circuit is correct only in the specific instance 
when All A3 - Cl/C3 � Z34/Zl4, which condition permits 
the removal of transformers, and, not so incidentally, 
avoids cross-resonances between the internal cavities 
and slits.5 

X. RECAPITULATIO� A�D PROJECTIO:\ 

By this time the reader has probably gleaned an 
understanding of some of the changes taking place in the 
early concept of electro-mechano-acoustic equivalences 
of Volta, Ohm, and Rayleigh. Today, the physicist no 
longer seeks mere conformity between the differential 
equations governing the variables, but attempts to find 
other aspects of geometric and physical similarity be
tween the structure and its equivalent circuit. In this 
manner the equivalent circuit is developed with greater 
ease and assurance than heretofore and also certain 
equivalent circuits can be synthesized which are not 
feasible by the older methods. 

Geometric conformance between an acoustic circuit 
and its equivalent network comes about naturally with 
the EFP analogy, especially with the realization of the 
fact that a volume can be represented by a grounded 
capaci tor. The physical terminals of pipes, capillaries, 
etc. connecting these vol umes are in a 1: 1 correspondence 
with the electrical terminals of corresponding electrical 
components, i.e. inductors and resistors. Therefore, there 
is no difficulty in synthesizing acoustic structures. 
Equivalent circuits of mechanical structures have pre
sented difficulty with the EFP analogy in the past 
because of the failure on the part of the early investiga
tors to provide configurations of the electrical circuit 
elements with terminals chosen to have correspondence 
to the terminals' in the respective mechanical circuit 
elements. When this condition was remedied, as by use 
of transformer couplers, these difficulties largely dis
appeared. 

An alternative solution to the use of transformer 
couplers in the synthesis of equivalent circuits of me
chanical structures is the use of the IFP analogy. IFP 
analogy is to mechanical structures what EFP analogy 
is to acoustic structures. However, in adopting the IFP 
analogy, the user will find that he has traded one set of 
difficulties for another, since transformer couplers are 
required in the synthesis of certain acoustic circuits.7 In 
many electra-acoustic applications, the mechanical 

circuit is relatively simple, but the acoustical structure 
is complicated; hence the advantage of the EFP analogy. 
In the converse situation, of course, the IFP analogy may 
be of real benefit. 

A still further solution is the use of what B.D.H. 
Tellegen10 has called a "Gyrator" which is a "black box" 
with two sets of terminals, the current and voltage of 
one set being related to the voltage and current of the 
other set, respectively, by a real constant. An equivalent 
circuit for the mechanical structure in accordance with 
the IFP analogy could then be connected to one set of 
terminals and an equivalent circuit for the acoustic 
structure, in accordance with the EFP analogy, would be 
connected to the other set of terminals. Unfortunately, 
the "Gyrator" has not been physically realized, and 
there are sound reasons for asserting that it cannot be 
realized by passive electrical circuit means. The nearest 
approach is a pseudo-gyrator called a "Transverter" 
proposed by this author over a decade ago. This device 
is shown in Fig. 12. It IS trivial to prove that in this 

, I L _________ J 

-j 

Fig. 12 - "Transverter" - Impedance connected across one 
set of terminals appears inverted at the other set of 
terminals. 

type of device Ep - j/s and Ip = jEs' A similar device 
can be obtained by substituting terms of opposite react
anc e. Networks of this type or their inverse will provide 
a primary voltage and current related to the secondary 
current and voltage by the constant of proportionality 
j'or -j. In a practical Transverter, to maintain the proper 
relationship between the elements, the reactances must 
be variable, and suitably coupled to the oscillator to 
maintain the proper impedance relationships at all fre
quencies. A device of this type is difficult to build, and 
because of its 90° phase-shift it does not answer all the 
problems of coupling between the EFP and the IFP anal
ogy. Therefore, at present the choice of a single analogy 
and the use of transformer couplers is a more practical 
answer. Evidently, however, much remains to be done 
in this fie Id. 
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