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The present invention relates to electrostatic loud 
speakers. 

In my prior Patent No. 2,631,196 issued March 10, 
' 1953, there is described an electrostatic loudspeaker 
construction wherein the movable diaphragm is mounted 
in closely spaced relation to an acoustically transparent 
stationary or back electrode formed by a mesh or zig 
zag arrangement of wire in which the successive lengths 
are sufficiently close together to provide a substantially 
uniform electrical ?eld at the diaphragm. As a further 
feature of my prior patent, the electrode wires are insu-~ 
lated in such fashion as to permit the air gap between 
diaphragm and electrode to be operated at or near the 
ionizationpotential. As a result of the large electro 
static forces which are developed from the application 
of a high electric ?eld, it is possible to obtain from the 
loudspeaker a high acoustic power output per unit area 
over a Wide range of audio frequencies. 
To take full advantage of the teachings of my prior 

patent and to make possible the production of electro 
static loudspeaker units that are substantially unaffected 
in- their performance by temperature changes and conse 
quent thermal expansion and contraction of the struc 
ture, the present invention has as an object the provision 
of an electrostatic loudspeaker unit embodying a novel 
and effective form of wire grid electrodes. 
The invention likewise has as an object the provision 

of novel mounting and supporting means for the electro 
acoustic diaphragm and adjacent open grid electrodes, 
dividing both the diaphragm and the electrodes into small 
areas or regions in each of which a highly precise spacial 
relationship may be provided and maintained, so as to 
make possible an e?icient electrostatic loudspeaker hav 
ing resonances outside the range being reproduced and 
capable of smooth and faithful response over a wide 
frequency range. 
More speci?cally, it is an object of the present inven 

tion to provide a novel ?xed electrode construction 
wherein a plurality of spaced wires are utilized, the 
wires being supported in a manner that enables the 
spacing between diaphragm and electrode to be main 
tained at optimum, substantially unatfected'by relative 
thermal expansion and contraction of the wire elements 
and the supporting frame. 

Still another feature of the invention involves a grid 
electrode construction wherein the conductive elements 
may be effectively insulated so as to permit Ibreak-down 
free operation for long periods of time and under a wide 
range of conditions, with a high potential applied across 
the air gap between diaphragm and electrodes. 
As another feature, the invention involves the provision 

of a push-pull electrostatic transducer wherein the dia 
phragm is disposed between closely-spaced ?xed elec 
trodes, with electrode-supporting frames between which 
the diaphragm is clamped not only at its margins but 
also at intermediate points. 
A further feature of the invention relates to an electro 

static loudspeaker and method of making the same, 
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wherein the fabrication, though requiring careful manipu 
lation at certain stages of the assembly, nevertheless 
permits electrostatic loudspeaker units of high et?ciency 
and performance capabilities to be manufactured with 
precision and with assurance of stability. 

In accordance with these and other objects as will 
hereinafter appear, a featurev of the present invention 
involves an electrostatic loudspeaker unit wherein the di-, 
aphragm is supported by a rigid frame structure that also 
provides support for the diaphragm in intermediate regions 
to afford extremely precise positioning of the diaphragm 
while dividing the latter into ‘separate radiating elements 
of small area. Another feature of the invention involves 
utilizing the same rigid structure and integral intermedi 
ate diaphragm-engaging means for positioning the wire 
elements of the grid electrode so that the wire elements 
may be positioned in accurate, close spatial relationship 
to the diaphragm. . 

Another important feature of the invention involves 
mounting the wire elements of the ?xed electrode with 
in minute tubular insulating supports, the supports being 
so mounted as to permit relative motion of the Wire ele 
ments within the insulating supports without lateral dis 
tortion and consequent impairment of the close and 
precise spacing between electrode and diaphragms. 

Still another feature of the invention involves a con 
struction of diaphragm and electrode mounting means 
which permits the fabrication of the wire electrodes in 
place on their supports as a readily‘realizable manufac 
turing step that results in the forming of both electrodes 
simultaneously and with the wires positioned with extreme 
accuracy. 1 

Other features of the invention will appear in the de 
tailed decription, to be read in conjunction with the ac 
companying drawings in which _ 

Fig. 1 is a front view of an elecrostatic loudspeaker 
unit constructed in accordance with the present invention. 

Fig. 2 is a side edge view of the unit shown in Fig. 1.’ 
Fig. 3 is a bottom edge view of the unit. ~ 
Fig. 4 is an enlarged sectional detail of a portion of 

the unit taken along the line 4-4 of Fig. 1. V 
Fig. 5 is an enlarged sectional viewv of another portion 

of the unit taken along the line 5-5 of Fig. 1. 
Fig. 6 is an oblique view showing an intermediate 

stage of assembly. 
Fig. 7 is a view of a mounting and enclosure for the 

electrostatic loudspeaker units of the invention, to form 
an effective radiator for the middle and upper portion of 
the audio frequency spectrum. > 

Fig. 8 is a schematic diagram of a suitable matching 
network and power supply for the loudspeaker. 
The electrostatic loudspeaker units of the present in 

vention resemble those disclosed in my prior Patent No; 
2,631,196, through the use ofa‘very thin ?exible di 
aphragm which serves as one electrode, while another 
electrode is provided by a plurality of parallel wires spaced 
in close relation to the diaphragm. ‘ A high bias potential 
is maintained across the air gap between electrodes, the 
bulk resistivity and dimensions of the diaphragm and of 
the insulating coating on the wire. electrodes being such 
that most of the applied bias potential appears across the 
air gap. As a result, the loudspeaker is enabled faith 
fully and ef?ciently to translate into acoustic output the 
electrical signals applied to the electrodes. . 
_As described in the patent, it is desirable to maintain 

across the air gap between the electrodes and the moving 
diaphragm a bias potential which is at or near’ the 
ionizing potential of the air in the gap. 
this involves a potential gradient of the order. of 100, 
000 to 150,000 volts per inch. It is also necessary to 
have as a coating for the wire electrodes a dielectric 
material having a high dielectric constant and appro 

In general,’ 



2,896,026 
3 

priate thickness, so. as-to. cause the greater. part ofthe 
signal voltage as well as the bias voltage to appear across 
the air gap. . 

In order to obtain the desired high potential gradient 
across the electrode gap without requiring a special high 
voltage power supply, it is necessary to utilize very small 
spacing between the ?xed electrodes and the moving 
diaphragm. This spacing, though greater than the .ex 
cursions of the diaphragm during operation within design 
power levels, is nevertheless so small as to present special 
problems in constructing and maintaining the electrode 
relationship. Furthermore, the electrodes must be such as 
to permit free radiation of the sound output from the dia 
phragm. This is achieved by employing as the ?xed 
electrodes a grid of spaced wires, each wire being en 
closed in an insulating sheath of dielectric material, the 
spacing of the wires'from one-another being suf?cient to 
render the electrode acoustically transparent while still 
affording a substantially uniform electric ?eld across the 
gap between the electrode. plane and the diaphragm. 
An individual loudspeaker unit, according to the pre 

ferred embodiment, consists of a diaphragm supported 
equidistant between a pair of wire grid electrodes, so as 
to permit a balanced or push-pull excitation from the 
driving source. As illustrated in the drawings, a speaker 
unit embodies a pair of rectangular frames 12 and 14 of 
molded dielectric material. These frames, except for 
minor differences in respect to terminal connections, are 
identical in order that when secured together they may 
remain ?at under varying conditions of temperature and 
the like. 
The frames consist of a margin or boundary region of 

appreciable width, and integral web or lattice elements 
disposed preferably but not necessarily in rectilinear 
fashion to divide the region Within the boundary into 
squares of the order of one inch or less. For purposes 
of subsequent identi?cation, the web elements running 
laterally in Fig. 1 will be identi?ed by reference char 
acter 16, and the vertically extending webs by 18. 
The ?exible diaphragm 20 which constitutes the mov 

able radiating element of the speaker is secured between 
the frames and is preferably of vinylidine-chloride of 
the order of .0004” in thickness, provided with a con 
ductive coating in the nature of a dag coating. It will 
be observed in the enlarged sectional detail views‘ of 
Figs. 4 and 5 that the lateral web elements 16 engage 
the diaphragm at regions intermediate the margins, while 
the inner edges of the web elements 18 are spaced from 
and provide clearance for the diaphragm. As as result, 
the diaphragm is free to vibrate in mechanically inde 
pendent regions while being supported along lines parallel 
to and intermediate the top and bottom margins of the 
frame, as viewed in Fig. 1. 
The webs 18 are utilized to support the wire elements 

that form the ?xed electrodes, and for this purpose the 
webs are notched, preferably by ganged slotting saws 
for precision, to a uniform depth relative to the plane 
of the inner, diaphragm-supporting face of the frame. 
The notches 22 are of a width to accommodate the wire 
24 andinsulating sheath 26 during the winding opera 
tion to be described, and are of'a depth to allow the 
surface of the sheath to vlie‘?ush with the edge surface 
ofthe web, as shown in Fig. '5. By way of example a 
spacing of the order of 0.01" between the ?xed electrodes 
and the diaphragm, to allow for diaphragm excursion, 
has been found appropriate in the illustrated embodiment. 
The wire elements of the electrode grid are soldered 

to conductive bars 28 and 30 received in slots formed 
in the inner faces of the side margins of the frames. It 
will be observed that the bars are not positioned adjacent 
one another in the assembled unit but are at opposite ends 
thereof to minimize capacitance. Connections 33 from 
the barsrextend to terminals 34 and 36, while connection 
to the conductive coating of the diaphragm is provided 
by terminal 38. . 
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4 
As an important feature of the invention, only one 

end of each of the wires 24 forming an electrode grid 
is secured to a conductive bar. At the other end the 
wires are free of any longitudinal anchoring. In view 
of the extreme accuracy with which it is desired to posi 
tion the electrode elements relative to the diaphragm, 
it might be expected that anchoring of the wire elements 
under considerable tension would constitute the desired 
arrangement. On the contrary, it has been found that 
superior results, with freedom from the effects of the rela 
tively greater thermal expansion and contraction of the 
supporting frame, are attained by mounting the wires in 
such fashion that there is freedom for relative longitu 
dinal sliding movement between sheath and wire. As 
a result of the precise support provided by the frame 
with notched intermediate webs to which the sheaths of 
the wires may be secured by cementing, the wires are 
maintained in straight, precisely spaced relation at all 
times, even though the unit be subjected to wide ex 
tremes of temperature. In effect, there is provided a 
?oating electrode structure which will not warp, sag, or 
distort because of differences in the thermal coefficients 
of expansion of the various materials that make up the 
loudspeaker unit, particularly the wires and the frame. 
To form the electrodes, it is convenient to secure a pair 
of frames in back-to-back relation with the slotted 
grooves facing outward and in parallel alignment on the 
two outer surfaces. A single strand of insulated elec 
trode wire (A.W.G. No. 28, tinned copper, with vinyl 
chloride insulation has been successfully employed) is 
then wound around the pair of framing members, care 
being taken to see that the wire is wound successively in 
the parallel grooves on each side. This method of assem 
bly may be most easily practiced by placing the pair of 
frames in a rotatable power driven jig (illustrated gener 
ally at 46 in Fig. 6). As the winding proceeds, the wires 
are laid in adjacent grooves, and crimped in a sharp bend 
around the end of the frame. 

Prior to winding, the wire is stretched to approximately 
1.06 times its original length to cause straightening and 
sti?’ening. This also has the effect of reducing its diame 
ter slightly. During the winding, the wire is maintained 
under su?’icient tension to produce the sharp bend around 
the frame edges. 
Upon completion of the winding step, the insulation on 

the wires is severed in the region of the slots for con 
ductive bars 28 and 30 and pushed back su?iciently to 
permit subsequent soldering of one end of each wire to 
the bar. This is carried out while the continuous winding 
surrounds the frames. Because of the stretching that has 
been imparted to the wire prior to winding, the insulating 
sheath when cut at each end tends to shrink longitudi 
nally, with consequent enlargement substantially to its 
original diameter, thereby freeing the wire within so that 
relative longitudinal sliding movement can freely occur 
as required by relative thermal expansion and contraction 
of frame and wire. 
The insulating sheaths are then cemented to the frame 

at all crossing points of the webs 18, using a suitable 
resin-base cement. Seating of the wires to the full depth 
of the slots in the web insures that the proper spacing 
will result vbetween the ?nished electrode and the dia 
phragm. 

After the insulating sheaths of the wires have been 
cemented in place, the wires may be cut by a high speed 
slotting saw along lines inwardly of the frame edge. 
The single bus bars 28 and 30 for each electrode may be 
inserted in their slots and the wires soldered to the bars. 
Following this, insulating strips 48 are laid over the ends 
of the wires and bus bars in preparation for assembly of 
the frames and diaphragm. 
The diaphragm is coated with a graphite suspension or 

dag coating of a character that affords a high surface 
resistivity. The coated area is slightly smaller in area 
than the webbed region within the side margins of the 
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frame, with a narrow extension of the coating to make 
contact with terminal 38. The diaphragm is secured 
around inner edges of one frame under tension. The 
tension on the diaphragm and the size of the free areas 
of the diaphragm between supporting webs is such as 
to cause any natural or resonant frequency to lie below 
the range of frequencies to be reproduced by the loud 
speaker. Tensioning of the diaphragm to the desired 
amount is conveniently carried out by supporting the 
diaphragm in a temporary tensioning frame or hoop and 
loosely coupling it acoustically to a source of sound 
vibrating at the desired resonant frequency. When the 
diaphragm has been properly tensioned it will itself 
vibrate in resonance. The tensioned diaphragm is then 
positioned between frames, electrodes on the inside, one 
or both frames having their inner faces coated with ad 
hesive prior to assembly. To insure rigid bonding be 
tween frames in addition to marginal clamping, small 
staking elements or pins 50 may be inserted through the 
enlarged bosses 52 provided at intervals at the intersec 
tion of vertical and horizontal webs of the frame.v These 
regions permit the diaphragm to be pierced by the se 
curing pins without disturbing the diaphragm. ’ a 
By reason of the symmetrical construction, involving 

identical frame elements and wire electrodes on each side 
of the diaphragm, the unit is substantially free of any 
warping or twisting tendencies. Furthermore, since the 
wire elements are not under tension, but are unanchored 
at one end and free to slide within their dielectric tubular 
sheaths, relative expansion and contraction of the sup 
porting frame and wires does not disturb the electrode 
diaphragm spacing, nor permanently deform any part of 
the structure. 

While electrostatic loudspeakers of the type described 
may be employed as radiators for the entire audio fre 
quency spectrum, it is generally advantageous to utilize 
some other form of transducer for the lower frequencies, 
and to employ the electrostatic transducer for the upper 
frequencies, for example from 800 or 1,000 cycles up to 
the upper limit of audibility. In such- case, a'conven 
tional cone-type electrodynamic unit, mounted in suit~ 
able baffle means, may provide the response for the lower 
frequencies. 

While a single electrostatic unit may be employed as 
the high frequency radiator, more than one is generally 
preferable for power handling and to permit greater 
spread of radiation. Where several elements are em 
ployed, these may be disposed at an angle to one another, 
as illustrated by the loudspeaker shown in Fig. 7, wherein 
the case 60 is in the shape of a polygon formed by 
truncating a 90° segment of a circle. In the front of 
the case are arranged four electrostatic loudspeaker units 
62 disposed at approximately 30° to one another for 
e?Fective distribution of sound energy. 
The case may contain the coupling network for the 

speaker units, as well as the power supply to furnish the 
polarizing potential. The units which have been de 
scribed will function effectively with a polarizing voltage 
of approximately 1,000 volts, DC, and this polarizing 
potential may be obtained from a 110 v. A.C. supply 
by a small step-up transformer 70 and voltage doubler 
circuit employing recti?ers 72, 74 and capacitors 76, 
78. This DC. potential is applied between the center 
of the output winding of the audio coupling transformer 
80 and the diaphragm through a resistor 82, which may 
be of the order of 100 megohms. The polarizing po 
tential, being direct current, is applied to both air gaps 
effectively in parallel. In the case of multiple electro 
static units, isolating resistors 84 are employed in the 
supply to each diaphragm. These may be approximately 
5 megohms each. The current required is extremely 
small, and the polarizing potential may be left on con 
tinuously, if desired. 
The matching network for coupling the electrostatic 

units to the output of the ampli?er includes provision 
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6 
for excluding the lower frequencies, for‘example below 
800 or 1,000 cycles depending on the selected cross-over 
point between the low and high frequency units. The 
network comprises, in 'addition to the coupling trans 
former 80, a series capacitor 86 and shunt inductance 88 
with resistor 90. _ 

For coupling to the 16 ohm output of the ampli?er, 
the coupling transformer may have a turns ratio of ap~ 
proximately 50/1, secondary to primary. This will be 
suitable to provide, from an ampli?er operating at'rea 
sonable power levels, voltage peaks at the speaker of 
the order of 2000 volts, representing 100% modulation 
for a bias potention of 1000 volts. To provide low fre 
quency cutoff at the desired frequency of 800-1000 
cycles, the capacitor 82 may have a capacity approxi 
mately 20,000 times that of the electrostatic unit (or 
units in parallel). The inductance 88 will generally have 
a value less than one-half the inductance of the trans 
former primary, measured with the secondary open. By 
way of example, a value of 3 mh. has been employed in 
a representative network. Resistor 90 may be of he order 
of 10 ohms. For a representative electrostatic loud 
speaker assembly, this will place the resonant frequency 
of the L-C combination at vapproximately 1000 cycles, 
and within the desired region for low-frequency cut-off. 
The electrostatic loudspeaker of the present invention 

is effective to reproduce complex waveforms with re 
markable ?delity. As compared with other types of elec 
tracoustic transducers, the response is characterized by 
substantial freedom from peaks and dips over the entire 
frequency range. -This freedom from resonances and 
other spurious responses, together with the extremely 
high damping resulting from the low mass and heavy 
loading or coupling to the ‘aim-provides extremely good 
transient response, free of “ringing” or hangover e?ects. 
As a consequence of the‘ special electrodeconstruction, 

wherein the individual electrode elements, straightened 
by stretching, are disposed in slidable relation to their in 
sulating sheaths so as to be independent of relative di 
mensional changes in wire and frame, the loudspeaker 
unit is capable of withstanding wide variations in tem: 
perature without temporarily or permanently altering its 
performance capabilities. Furthermore, the construction 
is such as to permit manufacture with the requisite pre 
cision and with a high degree of uniformity. 
While the invention has been described in terms of a 

particular illustrative embodiment, the invention is not 
so limited, and comprehends other forms, constructions 
and methods of manufacture within the scope of the ap' 
pended claims. 

I claim: 
1. An electrostatic transducer comprising a ?exible 

diaphragm of high resistivity, a frame on which the dia 
phragm is supported, a plurality of conductive elec 
trodes, electrical connections to the diaphragm and to the 
electrodes, and dielectric insulating sheaths for the elec 
trodes, the sheaths being supported by the frame in 
closely spaced relation to the diaphragm with the elec 
trodes slidable within the sheaths to accommodate rela 
tive dimensional changes between electrodes and frame. 

2. An elestrostatic transducer comprising a flexible 
diaphragm of high resistivity, a frame on which the dia 
phragm is supported, a grid of wires, electrical connec 
tions to the diaphragm and to the wires, and dielectric in 
sulating sheaths on said wires and carried by the frame 
to support the Wires in closely spaced relation to the 
diaphragm, each wire being longitudinally anchored at 
one point only. , 

3. An electrostatic transducer according to claim 2 
having the wires slidably received within their dielectric 
insulation. 

4. An electrostatic transducer according to claim 2 
having the wires longitudinally anchored relative to the 
frame at one end only. 1 

5. An electrostatic loudspeaker comprising a ?exible 



7 
diaphragm of high ‘resistivity, supporting frames on each 
side of'said diaphragm, applurality of electrode-supporting 
webs in each frame, a plurality of parallel electrode 
wires extending across the webs, electrical connections 
to the wires and to the diaphragm, a ‘dielectric sheath on 
each wire, means for supporting the diaphragm in closely 
spaced relation to the electrode wires to provide an air 
gap, and means ‘anchoring one end of the electrode wires 
to the frame, the other portions of the wires being slidable 
within the dielectric sheath to permit longitudinal move 
ment relative to the frame. 

6. An electrostatic transducer comprising a thin dia 
phragm of high resistivity, supporting frames between 
which‘ the diaphragm is supported in tension, each frame 
having integral webs engaging the diaphragm interme 
diate the margins of the frame to support the diaphragm 
for independent vibration in a plurality of separate areas, 
other webs spaced from the plane of the diaphragm, a 
pair of electrodes each comprising a grid of spaced wires 
carried by said other webs in closely spaced relation to 
the diaphragm on each side thereof, the wires having 
an insulating sheath of dielectric material within which 
the wires are relatively slidable, electrical connections to 
the diaphragm and to the wires, said connections includ 
ing a conductor at one end of each grid, to which one end 
of each wire is anchored. 

7. An electrostatic transducer according to claim 6 
having the sheaths surrounding the wires shorter than the 
wires. 

8. An electrostatic transducer according to claim 6 
having the sheaths surrounding the wires secured to the 
frame. 

9. An electrostatic transducer according to claim 6 in 
which the ends of the wires remote from the anchored 
ends extend beyond the sheaths into an open area in the 
margin of the frame. 

10. An electrostatic transducer according to claim 6 
having the conductor bar of one frame remote from the 
conductor bar of the other frame. 

11. An electrostatic transducer according to claim 6 
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8, 
having the frames secured together at points intermediate 
the margin by ‘means penetrating the diaphragm. 

12. An electrostatic transducer according to claim 6 
having enlarged areas in the frames in the region of web 
intersections, and staking means extending through the 
diaphragm and into the web intersections to secure the 
frames in regions intermediate the margins. 

13. An electrostatic transducer according to claim 6 
having a diaphragm of vinylidine chloride. 

14. An electrostatic transducer comprising a thin dia 
phragm of high resistivity, supporting frames between 
which the diaphragm is supported in tension, each frame 
having integral webs engaging the diaphragm intermedi 
ate the margins of the frame to support the diaphragm 
for independent vibration in a plurality of separate areas, 
other webs spaced from the plane of the diaphragm, a 
pair of electrodes each comprising a grid of spaced wires 
carried by said other webs in closely spaced relation to 
the diaphragm on each side thereof, the wires having an 
insulating sheath of dielectric material within which the 
wires are relatively slidable, the webs having notches 
within which the sheathed wires are disposed, means 
securing the sheaths to the webs, electrical connections 
to thediaphragm and to the wires, the wires being an 
chored to the frame at one portion only of each wire 
to permit relative sliding movement between sheath and 
wires at other portions of the wires. 
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