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ously difficult to obtain a seamless match
between ESLs and magnetic drivers, so that
magnetic bass sounds electrostatic. I spent
nearly as much effort solving this problem as I
spent developing ESLs.

A chapter on magnetic woofer systems cov-
ers both theory and practice. This mainly
involves woofer enclosures; I've made no
attempt to delve into the theory and construc-
tion of conventional drivers.

As with ESLs, I present the principles asso-
clated with enclosures, so you can design and
build woofer systems specialized to your
needs. You will find thoroughly tested and
proven designs with full construction details.

Mechanical and electrical devices sometimes
fail. It is rare to find a “fix-it” section in a design
text, but I have included a troubleshooting sec-
tion to help you find and fix problems.

I used the experiences of manufacturers,
engineers, and hundreds of home builders to
guide you. While I've built and published many
ESL projects, much practical knowledge came
from the ESL Clearinghouse during its 18 years
of life. Untold numbers of builders contacted
me with their experiences, ideas, and questions.

This Clearinghouse yielded not only innov-
ative new designs, but provided the labor for
extensive building and testing that I haven't
the time to do alone. The result has been the
development of startlingly simple and effec-
tive ways to build ESLs.

A good example of this is Chapter 11.
Although I invented the free-standing curved
ESL, I do not have as much experience build-
ing them as some of my readers. To give you
the best and most up-to-date information pos-
sible, I asked Barry McClune to share his expe-
rience and building techniques with k:)u.

After spending years helping \amateur
builders, I believe I understand your needs.
I've tried to anticipate and answer most of
your questions. Still, an unusual problem or
new idea periodically arises.

I am always looking for improvements to
ESLs. Please feel free to contact me for addi-
tional support, or for sharing information.

Roger R. Sanders

P.O. Box 647

Halfway, Oregon 97834 U.S.A.
Phone: (503) 742-7640
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winding is on top, count the turns while
unwinding it. The number of tumns is impor-
tant. Immediately write them down so you
don't forget them—you'll get no second
chance. Discard the old windings.

If the primary (the 120V winding) is on top,
carefully unwind it and save it for reuse.
Although it should not be necessary, it is wise
to count the turns as well in case there are
problems reusing the wire.

Now you need to figure out the number of
turns required for the secondary winding to
develop the desired voltage. Divide the num-
ber of turns removed by the secondary voltage.

T
oLD
Tyew = X Vyew
oLD
Where:
Tyew = Number of tums needed to

obtain the new voltage

Torp = Number of original tums
View = New voltage desired
Vorp = Original secondary voltage

For example, assume that the transformer’s
original secondary voltage rating is 24V, and
you removed 78 tums of wire. The transformer
needs 3.25 turns of wire to generate one volt.

(‘

FIGURE 8-35: Transformer core laminations.

Multiply that by the new voltage to find
number of turns needed to get the new v

age. If you want a 2kV transformer, you
need 2,000 x 3.25 or 6,500 turns.

78
Tuew =5, = 2,000 =3.25x 2,000 = 6,50

Of course, you must use much smaller
to fit all those tumns in the space left by
large secondary wire. Magnet wire is used
winding transformers. You can get it fro
electronics supply houses or electric motor
repair shops.

How small a wire should you geté The wi
cannot be too small in this application, sinc
the current requirements are insignifican
Expect it to be hair sized if you have a s
transformer.

Although it is possible to wind the tr
former by hand while counting the turns, thisi
very time-consuming and hard to do with
breaking the wire. It's well worth the trouble
mount the bobbin in a drill press, lathe,
milling machine and let it do the winding, whil
you smoothly feed the wire onto the bobbin.

Instead of counting tums, determine how
much time it will take to wind on the required
turns at a given RPM. When the time is up, the
project is finished—you deri't-have to count.

The high voltage in such a transformer may
be enough to exceed the dielectric strength of
the insulation. This won't be a problem in the
coil you just wound, because wires near each
other have relatively low voltage potentials.
This does not apply to the connecting wires
that come from the primary or the start of the
secondary windings. These wires pass along
the side of the new coil and may see the full
voltage potential.

To prevent arcing, add insulation between
these wires and the coil with a strip of electr:
cal tape or heat shrink tubing. You may al
use high-voltage putty or corona dope.
Separate the primary winding from the sec:
ondary with electrical tape.

Wrap the finished bobbin with electrical
tape. Wind on the primary, if it was on top ini
tally. Wrap again with electrical tape. Solder
the ends of the wires to their respective termi
nals and reassemble the transformer.

Usually you can't put all the laminatio
back unless you clean them in solvent to ge
off the old varmish, but for this project you
needn't bother. Instead, just leave out a fe
laminations—the transformer will work fine
without them. The varnish prevents ed



urrents in the core. Eddy currents are elec-
ical currents generated by the magnetic
lds that cut through it. They reduce trans-
rmer efficiency. Varnish insulates the lami-
ations from each other so they don't form
electrical circuit.

While efficiency is desirable, it's not impor-

tant here and may be ignored. The old vamish
will suffice unless you are a perfectionist.

If the laminations are not tight, the trans-
former may buzz when energized. You can
prevent this by coating the outside of the lam-
inations with epoxy just before putting the
band back around the core.

ELECTRONICS
CONSTRUCTION
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CHAPTER 9:
THE DESIGN PROCESS

Everything I've presented so far has been
aimed at understanding the factors involved in
ESL design and construction. Now it is time to
discuss the design process.

Like most scientific endeavors, the design
process works best if approached in a system-
atic and organized manner. There is no one
best way to do this, but one exceptionally
good method is to rank your design goals.
Because ESL design parameters conflict, by
deciding what is most important you auto-
matically make most tough design decisions.
For example, if your most compelling goal is
afull-range electrostatic, then you must aban-
don the lower priority goal of very high out-
put. If small size and high output supercede
deep bass on your list, then you will forfeit
deep bass.

Goals further down the list will resolve
many other design decisions. You can make
any remaining choices based on the advan-
tages and disadvantages of each, as presented
in previous chapters. Your goals will fall into
major and minor categories. The major issues
are very important, of course, but the minor
ones may prove to be more significant than
you think. For example, from a design stand-
point, you may believe that building your ESLs
into a huge en re is best, but your envi-
ronment may 'ﬁéz)‘(‘) small.

The next step is to write your objectives.
Only when you have them clearly identified
tan you set priorities.

MAJOR DESIGN FACTORS

- Output

« Appearance

- Size

- Full-range electrostatic or
hybrid operation

» Frequency response
(what to do about the bass)

- Ease of construction
- Dispersion pattern

- Cost

- D/S spacing

I'll go through the design process for three
ESL systems for examples and practice, and
explain the reasoning used for design decisions.

I'll not discuss every design detail. The idea
here is to show you in general terms one way
to go about designing an ESL. The little details
are up to you.

It happens that these are existing systems.
One of these may fit your needs. If not, you
can use them as the basis to design your own.
Complete construction details for all three sys-
tems occupy the following chapters.

System 1 is a full-range crossoverless design.
System 2 is a high-output, state-of-the-art hybrid
system. System 3 is a compact/integrated hybrid
system designed to be aesthetically acceptable in
most fine living room environments.

The point of the following discussion is to
give you an understanding of the thought
processes that occur when you design an ESL
system. Presenting all these thoughts in a
completely organized and coherent way is dif-
ficult. T apologize if it's hard to follow.

SYSTEM 1:
FULL-RANGE CROSSOVERLESS ESL.
We will top the priority list with objectives
defined by the title:
o Full-range electrostatic
» Crossoverless
If those were the only goals, we would have
no problems. Unfortunately, there are other
considerations. What should we do about high
output, linear frequency response, size, cost,
and dispersion, just to name a few?
With the first two goals defined, the real
decision-making process begins. Several desir-

MINOR DESIGN GOALS
- Crossovers
- Enclosures
- Associated electronics
- Parts availability
« Environmental concerns
- Safety
- Available tools
- Cosmetics
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able goals conflict with each other. Specifically,
a full-range crossoverless ESL dipole simply
can't produce high output and linear frequency
response simultaneously because of phase can-
cellation. It can produce bass, but not at high
output. Conversely, it can produce high output
if we sacrifice bass.

Here is where prioritizing becomes a major
issue. We must choose the most important of
these goals and accept the compromise this
imposes. Because of phase cancellation, we
can forget deep bass, but we would like good
midbass performance. The drive voltage and
D/S spacing seriously limit the excursion
needed by the mid-bass. We need to optimize
mid-bass performance, which means sacrific-
ing output.

Output cannot be ignored. What good is
bass that you can't hear¢ The situation isn't
black and white; both must be enhanced as
much as possible. You may choose differently,
but in this exercise let's pick frequency
response over output.

What about size and costé Fortunately, cost
is not a major concem if it is not outrageous.
For example, it would be unacceptable to
build a new house just to harbor a built-in ESL.
In terms of the typical home speaker, howev-
er, large-dipole ESLs are not very costly and
most rooms can accommodate them.

Since we want the ESLs to fit into a typical
room, we can't use huge enclosures. So for sonic
excellence, we'll use a dipole configuration.

Many factors influence the speaker's size.
Floor-to-ceiling line sources have the highest
output, image quality, and frequency
response, so the maximum height could be 8.
However, it would be best if we could reduce
the capacitance to improve high-frequency
response.

Let's separate the speaker from the floor and
ceiling by 1’, and make the ESL 6-feet tall. This
is very nearly a full line source, but having a 1’
space between the floor and ceiling reduces
the capacitance by 25%.

The remaining question is, “How wide¢”
Wider is better for phase cancellation, but a
width of over 2’ produces a speaker with so
much capacitance that it is difficult to drive at
high frequencies with conventional amplifiers
and transformers. Also, at some point, very
wide speakers become aesthetically unaccept-
able. To get maximum output and bass, let's
select a very wide but tolerable 2".

Again, we need to reduce the capacitance as
much as possible without compromising bass.

Let's make the speaker 22- rather than 2
inches wide, and use a small baffle to limit the
radiating width to 18”. Let's make the speak-
er's frame 2-inches wide on each side of the
cell. This will have the effect of adding a 4
baffle to the width of the cell and brings
total width to 22”.

From the standpoint of phase cancellati
the speaker will behave as though it we
essentially 2-feet wide, but by reducing th
driven area to 18” we have reduced the cap
itance by another 25%. The speaker will sti
have a relatively large capacitance, but it i
practical to drive.

r-—— 18’—-1

- — 16° —

FIGURE 9-1: Radiating area is smaller than
overall dimensions.

Dispersion, although important, is relatively
easy to handle, because it doesn't involve
much of a trade-off against other desirable
characteristics. For example, narrow disper-
sion makes construction a snap. Resolution of
detail and imaging is superb, and output is
maximized. Wide dispersion damages imag-
ing, output, and detail. You can make both
types aesthetically attractive.

You can see that the goal priority list has
resolved many of the design questions. For
example, the issue of segmentation or equal
ization has been settled because we ruled out
crossovers right at the beginning. This leaves
only equalization or enclosures as a way of
dealing with phase cancellation.

We've ruled out enclosures because we want



o fit the speaker into a typical room. Therefore,
equalization is our only remaining option.
Important design parameters like D/S spac-
ing are also pretty well-defined because we
want full-range operation. Because there is no
practical way to generate both high drive volt-
ages and wide frequency bandwidth, we can't
use large spacing. At the same time, the spacing
must be as wide as possible for maximum bass
excursion. Since this rules out both wide and
narrow spacing, the only option left is spacing
in the middle range of around 70~130 mil.

A high-power amplifier has more drive volt-
age than a_small one. Therefore, it can drive
wider spacing than a small-power amplifier.
We can get high output by using a very pow-
erful amplifier and maximizing the spacing.
Because adequate output is a big problem, let's
not compromise. We'll use a 250W amplifier
and 130-mil spacing.

For 130-mil D/S spacing, a spacer ratio
between 50:1-100:1 means the diaphragm
support spacers should be between 6.5 and
13" apart. The ESL's panel is 18", but this
includes the perimeter spacers. The actual dri-
ven area will be a couple of inches smaller—
probably 16” (Fig. 9-1).

Since 16” is beyond the maximum spacer
ratio, we must make either several cells of
smaller size or a single cell with internal spac-
ers to support the diaphragm. One large cell is
easier to build than several small ones, so let's
add spacers to a single cell.

What spacer pattern should we use¢ Only
wo pattefﬁs fall within the spacer ratio spec-
ifications. The first puts a single spacer verti-
ally down the center of the cell that divides
itinto two 8” sections. The resulting spacer
tio will be about 60:1. The other option is
run four spacers horizontally, breaking the
cell into five 11-inch-wide sections. This puts

spacer ratio at 85:1 (Fig. 9-2). Which
uld we useé
The vertical configuration has a total spacer
gth of about 6’ while the horizontal spacer
m has approximately 7.5’ of spacers.
rs cause stray capacitance unless we use
ecial construction techniques. To make con-
ction easy, we won't use low-stray-capac-
ce construction. The vertical strip will
ve less stray capacitance.
The single vertical strip's lower ratio will
ve a greater stabilizing effect on the
japhragm than the wider horizontal strips.
This will permit us to use higher polarizing
ltages and get more output. Building it is

FIGURE 9-2: Different spacer patterns.

easier because we only have to make and posi-
tion one strip instead of four. Clearly, the sin-
gle vertical strip is better.

What type of construction should we use¢
Let's keep it simple and use perforated metal.
There might be a small loss of output com-
pared to the best wire cells, but it would be no
more than 1 or 2dB, and the ease of construc-
tion is worth it.

Using the guideline that the perforations
should be no larger than the D/S spacing, we
can use 1/8” perforations. To get an adequate
percentage of open area, the perforations need
to be on 3/16-inch-staggered centers. This is a

»
-— Celling

-

Floor
s

FIGURE 9-3: ESL as room divider.

THE DESIGN
PROCESS
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common perforation size and pattern, and
shouldn't be difficult to find.

We can mount the speaker as a room
divider, using spring-loaded feet to hold it
between the floor and ceiling. Figure 9-3
shows a general layout of the speaker.

ELECTRONICS. The polarizing voltage will
need to be as high as diaphragm stability will
permit for maximum output. 7kV will be in
the ballpark.

The step-up transformer is critical—can we
find one that has the high step-up ratio we
need and wide bandwidth¢ Unfortunately, the
answer is no—but we can come close.

We can find transformers with step-up
ratios of 50:1 that will drive the speaker's
capacitance (around 1.2kpF) to 20kHz. Let's
look closely at a specific transformer: the Triad
S-142A.

Using the 4Q primary taps and the 8k sec-
ondary taps, the tumns ratio is 1:44.7. A 250W
power amplifier will deliver at least 160V P/F,
which, when stepped up 44.7 times, gives
7,150V of drive. Although more would be bet-
ter, this will work and is about the best com-
mercial transformer technology has to offer.

This transformer is rated at 15W at 7Hz.
Can it handle a 250W amplifier¢ Well, certain-
ly not at 7Hz. But our dipole ESL can't produce
any output down there anyway, so it's a moot
point. The real question is, “What is the low-
est frequency our ESL can reproduce linearly?”

Fundamental resonance determines the
lowest usable frequency, since output falls
swiftly below it. Although we have no accu-
rate way of predicting the fundamental reso-
nance, 70Hz is a reasonable guess based on
experience.

At first glance, the next question is, “Can
the transformer handle 250W at 70Hz¢” The
answer is no, but do we need 250W at 70Hz¢
Can the speaker use it¢

We need to see how much current the
speaker needs at the maximum drive voltage
at 70Hz. To do that, we need to know the
impedance of the speaker at 70Hz.

We can find the impedance with the formula:

1
R=
2nFC

This shows the impedance to be about
1.9MQ. Ohm's Law says to divide the voltage
by the resistance to get the current. Doing so
gives us 3.8mA.

We get watts by multiplying volts times

amps to get 27W. Is that within the trans-
former's capability¢

The formula for determining the trans-
former's power handling at a given frequency is:

Powerg Power,,

Frequency x 2 - Frequency,
Where:

Power, = Manufacturer's power
rating in watts (or VA)

Frequency, = Manufacturer's low-
frequency specification

Power;,, = Maximum permitted
power at Frequency;

Frequency; = ESL's lowest linear
frequency

Solving this formula for our transformer at
70Hz:

15 Power,

1“_ 70
1,050

— = 75W
14 Power,,

The transformer can deliver 75V/ at 70Hz,
while the speaker needs only 27W at 70Hz
Surprisingly, we don't have a problem.

Note that at ten times that frequency
(700Hz) the speaker can use all the power the
amplifier will deliver plus some—270W. Butat
ten times the frequency, the transformer can
deliver ten times the power—750W. So a 15W
transformer can do the job.

We would have a problem if the speaker's
capacitance were higher. For example, if
reduced the D/S spacing so the capacitance
doubled, we would need twice the power.
Instead of 27W at 70Hz, we would need 54W.
That's still comfortably within our trans-
former's capability.

But note what happens to the frequen
when the speaker asks the amplifier for max
mum power. Our 250W amp will no longer
maxed out at 700Hz, but rather at half that
350Hz. .

Recall that the nature of music is such tha
as we go down in frequency, the po
required rapidly increases—typically,
6dB/octave or more. If you double the po
you get only 3dB more output. By reducin
the frequency where full amplifier power
required by an octave (700-350Hz), we p!
ably will square our amplifier power requir
ments. This seriously reduces the speakers
tem's output capability.



Why would we want to reduce the D/S
spacing in the first place¢ Because smaller spac-
ing increases output for a given drive voltage.
%, to some extent, the loss of output caused
by power amplifier voltage limitations is com-
pnsated by reduced drive voltage require-
ments. Since the usual limitation on output is
voltage, it makes sense to optimize it.

But there's no free lunch. If you reduce the
D/S spacing to get more output from a low-
power amplifier, you'll increase the current
and power requirements. In essence, you
tade current for voltage. Since the small
amplifier will also be limited in current, you'll
find that the total output isn't increased. You
need high-power amplifiers to get high output.

The next step is to correct the problem of
phase cancellation and fundamental reso-
nance with equalization. Because of the large
wmections required, it is desirable to break
down the problem into three sections.

Working from the high frequencies down,
we can see that phase cancellation will begin
to occur at around 4kHz, where the wave-
length of the sound is about one-quarter of the
minimum speaker dimension. The loss starts

i’ gradually and then steepens. For that reason,
: forabout two octaves below the start of phase
ancelladon down to 500Hz, we'll lose only
o | sout 8dB.
b This error is small enough so we can correct
& it with a mirror-image, 6dB/octave equalizer.
W Let's call this range the first section.

The second section begins at around 500Hz
ks and extends down another two octaves, where
'we findamental resonance starts to push the fre-
ke quency response back up. This two-octave
- mnge between 500-125Hz is the real killer
W, because the slope starts to get steep and large
ksl losses in output occur. Depending upon where

fundamental resonance is, the slope in this area
& will approach the 12dB/octave range.
a;.)f ltwe lose 8dB in the first section, and perhaps
rbe | BdBin the second, the total is 28dB. It quickly
b becomes apparent why high output isn't possi-
ble from an ESL operated into the bass.
that The third section is fundamental resonance.
wer | I frequency of this resonance is variable
at ] &pending upon room size and shape, and the
e sze and tension of the speaker's diaphragm.
cin g s magnitude will be determined by the room
er is ] ®onances and whether they fall near the
lrob- I eaker's resonance, and whether we use any
bires speaker damping. For these reasons, it is not
fsyss practical to predict the resonant frequency or

is magnitude.

What is the best way to arrange equaliza-
ton for this speakers One way is to use an
equalizer that is a dedicated, low-level, active
unit consisting of three sections.

The first section would be a 6dB/octave
shelving equalizer starting at 100Hz and
extending up to 2kHz. The second section
would have another 6dB/octave shelving
equalizer adding more boost to the first. It
would cover the frequencies between 100-
S500Hz.

The equalizer's slopes do not start immedi-
ately at 6dB. You must start them at around
50Hz so the steepest part of the curve is pre-
sent at 125Hz, where it is badly needed.

Finally, a notch filter could be added to sup-
press the fundamental resonance once it is
identified in both frequency and amplitude.
The advantage is nearly perfect frequency
response correction at the expense of compli-
cated equalizer design.

Another way to cope with the problem is to
use a 6dB/octave shelving equalizer from
50Hz-2kHz, and supplement it with the bass
tone control on a typical preamp. Such tone
controls usually start to boost the bass at
around 1kHz and can add 8-10dB by 100Hz.
Often this is not enough, but it is a big help,
and when added to the shelving equalizer, we
can get reasonable results.

Most builders, when they use a preamp in
this manner, won't use a notch filter to control
fundamental resonance. The fundamental reso-
nance adds to the thin bass caused by inade-
quate equalization, and makes the overall bass
sound better. The penalty is excessive excursion
at resonance which limits output. Also, the fre-
quency response in the mid-bass is not linear.

The equalizer is simple. It can be passive,
because it is used with a preamplifier which
will have excess gain to compensate for its
insertion loss. It cheaply and easily solves the
problem to the satisfaction of many.

A third way to correct the frequency
response is with a shelving equalizer from
S50Hz-2kHz, but deal with the second and
third sections with a graphic equalizer rather
than with preamp tone controls. The advan-
tage is more severe correction, and you can
use one of the bands as a fundamental-reso-
nance notch filter.

With a graphic equalizer, you can experi-
ment to find the best frequency band to con-
trol fundamental resonance. The amount of

suppression can be adjusted to fit the system’s
needs.

THE DESIGN
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FIGURE 9-4: Non-linear response of graphic
equalizer.

This flexibility is particularly worthwhile if
you don't have objective measuring instru-
ments available. You can do a good job of
identifying the fundamental resonance and its
amplitude empirically.

The only penalty, other than the cost of a
graphic equalizer, is that frequency response in
the equalized range will be wavy (Fig. 9-4).
This becomes an insignificant problem when
you consider the ragged bass response of the
typical room.

Another way to deal with the fundamental
resonance problem is to use mechanical damp-
ing in the form of a finely woven cloth on one
or both sides of the speaker. This can effective-
ly reduce the resonance without electrical inter-
vention, but it has several disadvantages.

The main complaint is that the cloth, if used
on the front of the speaker, will adversely
affect the high-frequency clarity. You can easi-
ly test this by mounting the cloth on a frame
and having an assistant alternately place it in
front of the speaker, while you listen blind-
folded. You should have no difficulty “hear-
ing” the cloth.

This should come as no surprise because
you are literally “listening to the sound
through a blanket” (albeit a thin one). Repeat
the test on the back of the speaker, and you
may be surprised to hear how the cloth still
affects the sound.

Another disadvantage of mechanical damp-
ing is that, in comparison to a notch filter, the
amplifier load is higher. A notch filter reduces
the voltage at resonance, while mechanical
damping leaves it unchanged.

Before leaving the full-range electrostatic
design, let's look more closely at segmented
ESLs. Without a doubt, the sound quality will
be inferior to the full-range crossoverless sys-
tem. Using several electrostatic panels of dif-
ferent dimensions will not result in as smooth
a frequency response as an equalized system.

Crossovers must be in the critical midrang
region, which will cause audible problems.

You will need several transformers of differ
ent specifications for the different segment
However, they can be optimized to the lo
and frequency bandwidths required of the
This will make it possible to use a very high
step-up ratio transformer for the bass, whic
should result in higher output than a full-range
transformer.

Such systems usually use a single amplifie
and multiple high-level passive crossover
This serious compromise can be improved b
using multiple amplifiers, low-level acti
crossovers, multiple transformers, and pos:
bly multiple equalizers to clean up the ragge
frequency response.

Such a system would be very complex ant
relatively expensive. The sound quality would
still not be as good as the full-range crossove
less system, but the output might be slightl
better.

SYSTEM 2:
NO-COMPROMISE HYBRID ES
The two insurmountable problems of a
range dipole ESL, low output and lack of degj
bass, are both extremely important to high
quality sound reproduction. System 2 resolves
these issues while maintaining the outstand:
ing sound quality available from a full-rang
crossoverless ESL.
Most audiophiles believe hybrid systen
must compromise sound quality. In realit
you need not accept any audible compromis
The goal priority list can now have high ou
put, wide bandwidth, flat frequency respon
and electrostatic sound quality at the top.
These goals must be balanced against ead
other in an all-ESL system, but in this desig
we won't have to settle for less-than-excelle
performance in all categories. No significan
restrictions are placed on the design, othe
than general reasonableness. For example, th
system must fit into a typical home, and th
cost must not be outrageous.
The design must start with a way to obtz
high output and flat frequency respo
Speaker systems based on magnetic drive ¢
easily produce high output, deep bass, a
meet the goal of “general reasonableness.”
The problem with magnetic drivers, o
course, is they fail to meet the goal of “ele
trostatic sound quality”—or do they? The fad
is that in the bass, the negative effects of ma
sive drivers are not much of a problem. Aft



dl, it is not always necessary to use a dragster
totravel to the end of a quarter mile. A loaded
truck can do it given enough time—and in the
bass, there is time.

A woofer need not have good transient
esponse. Many audiophiles would argue this
point, but the fact is that bass musical instru-
ments do not have rapid attack or decay times.
Although a magnetic driver cannot stop quick-
Iy, itwill not be asked to do so in music, so ring-
ing and overshoot are unlikely. What audio-
philes perceive as “bass transient response” is
he harmonics of the bass reproduced in the
midrange. The problem of transient response is
really a midrange problem.

Cone flexure is a troublesome area with mag-
gtic drivers because it causes harmonic distor-
jon. Without question, magnetic drivers have a
reat deal more distortion than ESLs. But this is
ot a problem in the bass for two reasons.

First, the distortion is primarily harmonic.
While this changes the sound character to
e degree, it is not unpleasant. In other
ords, it doesn't sound distorted unless the
centage of distortion is extremely large.
all amounts of harmonic distortion merely
ke the sound a bit “warmer” and “more
ull” than it ought to be.

The other issue is ear sensitivity to bass fre-
yencies. The ear simply doesn't recognize
distortion in the bass very readily.

Magnetic woofers have the potential to
match electrostatics in the bass, but in practice
ey have not done so. The reasons for this are
many, primayily the limitation of enclosures
hat we must use with magnetic drivers. This
sue will be dealt with in detail in Chapter 12
1 transmission-line design. I believe trans-
ssion-line magnetic woofer systems can
oduce ESL sound quality in the bass, while
ultaneously producing high output and
frequency.

I realize I may not have convinced you of
yet. But for now, let's assume it's true so
e can continue this discussion.

By using a magnetic woofer system, we
lieve the ESL of its major problems involving
output, and linear frequency response.
ie remainder of the design task now
omes relatively easy.

A large ESL operated in the midrange and
frequencies, and driven by a powerful
plifier, can produce very high output levels.
still must pay close attention to the details,
the ESL can do the job if we do ours by
ing good design.

The biggest remaining problem is crossover-
point selection. Ideally, the crossover frequency
should be where the ESL's frequency response
is starting to fall due to phase cancellation. This
puts the adverse effects of crossovers in the crit-
ical midrange frequencies, and so is not practi-
cal. Also, even the best magnetic woofers are
inadequate in the midrange.

Remember, the woofer doesn't suddenly
stop at the crossover point. It needs reason-
ably flat frequency response for about two
octaves above it.

Several modem magnetic woofers in the 10-
to 12-inch range have flat frequency response
to 2kHz. You may have to search for them, but
they exist.

They will work beautifully with a crossover
point near 500Hz if we use steep crossover
slopes. As previously discussed, the human ear
is less sensitive to crossover flaws if the
crossover frequency is below 600Hz, which
then becomes our reasonable guideline.

The crossover frequency should not be
much below 500Hz, either. Recall that phase
cancellation causes large output losses
between 100-500Hz in the full-range
crossoverless system. These two octaves are
the real “killers” of output. ESLs just don't
have the output necessary to deal with such
large deficits.

If we force the ESL to reproduce this range
linearly, the system output will not be much
better than the full-range system. The only
thing a magnetic woofer will do in a system
with a 100Hz crossover is produce deep bass.
We won't meet our twin goals of high output
and linear frequency response.

Despite this, most ESL designers continue to
use unreasonably low crossover points. Such
systems can only produce high outputs by fail-
ing to equalize the range between 100-500Hz.
The sonic result is a “suck-out” in the upper
bass that causes the speakers to lack punch
and sound thin and anemic. ESLs have a poor
reputation in this regard, yet it is not an inher-
ent fault of the drive principle. Poor design
decisions are the cause. This sad state of affairs
has no logical reason.

What about the size of the ESL¢ It might seem
that with a crossover point of around 500Hz a
small ESL will suffice, but this is not so.

The frequency versus wavelength graph
reveals that phase cancellation starts well
above the crossover point in all dipoles of rea-
sonable size. It quickly becomes apparent that
we will need midrange equalization just as in
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FIGURE 9-5: Spacer design for large ESL.

the large full-range design—ideally, we will
need the same full-sized ESL.

Let's make the same size and design deci-
sions as for the full-range system, but with one
exception—smaller D/S spacing. By using a
smaller spacing, we can dramatically improve
the output from the same amplifier/trans-
former system used in the full-range ESL.

FIGURE 9-6: Large hybrid ESL/TL.

Because we're not operating the ESL below
500Hz, we can avoid the problems with
excessive voltage, current, and power require:
ments in the lower frequencies. '

What is the smallest D/S spacing we can
use¢ There is massive acoustic coupling
between a large ESL and a powerful magneti
woofer system. We can produce very high SPLs
with a hybrid system, so acoustic coupling can
be a serious problem. Practical experience
shows that 70 mil is the minimum acceptable
spacing in large hybrids. If the listening room
has bad bass resonances, you should increas
the spacing another 10 or 20 mil.

This change in D/S spacing forces a change
in the distance between spacers to maintain:
reasonable spacer ratio. Now the ideal free
diaphragm length is 3.5-7".

Again, we can use either vertical or hon
zontal spacers. We can use two vertical ones
to make partitions slightly over 5-7”, or eleven
horizontal spacers producing twelve partitions
of about the same size. The spacer ratio fo
both is about 75:1.

The total length of spacers i the vertical
orientation is about 12’, while it'is 16.5 in t
horizontal design. The vertical design best
reduces stray capacitance (Fig. 9-5).

We'll use active low-level equalization to
flatten the midrange. As before, we'll need
total of 8dB of correction. This will still pe
very high output if we are careful with the rest
of the design.

Low-level active crossovers with Butterwort
filters and 18dB/octave slopes give the best pe
formance for this design. Refer to Chapter 7 for:
detailed discussion of crossovers.

The issue of directionality is easily decide
here. We want no compromises. Since sou;
quality and output is better in highly direc
tional designs, that's what we'll use.

Our system is going to be very large. Not only
do we have full-range-sized ESLs, but a pair
very large magnetic systems. Aesthetics mustt
set aside in favor of performance (Fig. 9-6).

This system can produce outputs in exce
of Row A concert hall levels. Deep bass is
exceptional, and the system will sound totall
electrostatic.

SYSTEM 3:

A COMPACT/INTEGRATED ESL/TL.
The large hybrid system offers stunning pe
formance, but leaves much to be desired ae

thetically. The large woofer enclosures and
floor-to-ceiling ESLs—all of which must b



W e _R T

My T r

LS

.

CHAPTER 2:

TECHNICAL TERMINOLOGY

However simple ESLs may seem, they involve
complicated physics and electronics.
Analyzing them demands the use of technical
terminology. I regret having to trouble you
with this already, but we must speak a com-
mon language. I promise to make it short,
easy, and understandable.

For simplicity, I've left out subtle technical
details in some of the descriptions. Bear with

me. The explanations are good enough to get
through this project.

VOLTAGE. Voltage is the force or pressure
that pushes electric current through a conduc-
tor. It is measured in Volts. ESLs use thousands
of volts. One thousand volts is also known as
one kilovolt, which is abbreviated kV.

Polarity refers to the poles (north or south)
of magnetic force. It also defines the sign (pos-
itive or negative) of a voltage.

Voltages may change their polarity, as in
audio signals. This produces an altemating
current waveform. Figure 2-1 shows a sine
wave and a square wave,

We must decide at what point on the wave
to measure the voltage. Do we measure the
peak or the average voltage¢ The standard
measurement is RMS, which is the acronym
for Root Mean Square. RMS voltage can be
thought of as the average voltage of the wave-
form. Technically it is not quite the average,
but is close enough for this discussion.

Occasionally, it is more useful to measure
voltage at the top or peak of the wave, We call
this measurement peak-to-peak wvoltage,
and abbreviate it P-P.

CURRENT. The flow of electrons through a
conductor is current and is measured in
amperes. We usually abbreviate this to amp.
ESLs only use a few thousandths of an amp.
One thousandth of an amp is a milliamp, its
abbreviation is mA.

Direct Current is the energy that flows in
only one direction. It is abbreviated DC.

Alternating Current is energy that changes
direction. Its abbreviation is AC. We call the
rate at which it changes direction its frequen-
cy. The frequency may be a stable 60 cycles per
second, as in your home electric power, or high-
ly varied, as in music.

Power is the ability to do work, such as
move air to make sound. The watt is a mea-
surement of electrical power. Volts times amps
equals watts. For example, 5A @ 10V = 50W.

RESISTANCE. Resistance restricts the flow
of current. It only applies to DC circuits. Its
abbreviation is R.

Resistance is measured in ohms. One ohm
is the amount of resistance required to limit
the current to one amp when pushed by one
volt. We call 1,000 ohms a kilohm and
abbreviate it to k. One million ohms is called
a Megohm and is abbreviated to M. The
symbol for resistance is the Greek letter
omega = .

The energy used to overcome resistance is
dissipated as heat. Resistors used in electrical
circuits have heat dissipation ratings measured
in watts. If you dissipate 10W in a resistor
rated at %W, you will soon see smoke as it
overheats and fails.

REACTANCE. Reactance is the resistance
to the flow of alternating current. You can
think of it as a special type of resistance that

Square Wave

A

L
S’ﬂp this chapter is you are thoroughly familiar with basic
electrical and audio terminology and measurements. if you find
a term later you don't understand, you can find it here.

Read this chapter if your knowledge is “sketchy’—

save yourself time and confusion.
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FIGURE 2-1: Waveforms
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free-standing—make it unacceptable for most
living room environments. The challenge is to
make an ESL speaker system where compact-
ness and aesthetics are at the top of the goal
priority list, while maintaining performance
on a par with the large hybrid system.

Achieving these goals requires paying seri-
ous attention to finish work and general exte-
fior design. We must also play the various
design parameters against each other for best
perfformance.

We'll have to build a smaller speaker. It will
dso be necessary to integrate the ESL and the
transmission-line woofer system.

The biggest problem is maintaining high
output and linear frequency response from a
small ESL. Smaller speakers have greater phase
cancellation losses, so require greater equaliza-
tion which reduces output.

Let's start the design process by deciding on
the ESL's dimensions. Since vertical height
does not take up floor space, let's make the
ESL 6-feet tall. For aesthetic reasons, let's
reduce the minimum dimension to 1.

If we make the woofer enclosure tall and
thin, we can mount the ESL to it and have it
act as a baffle. This will make the air follow a
longer path around one side of the ESL, and
will minimize phase cancellation. We also can
use the transmission line cabinet as a beam
splitter to improve casual dispersion qualities,
50 the compromises of a curved ESL will not
be required. I'll discuss this TL design in detail
in Chapter 12 on transmission-line design.
figure 9-7/1s a general design layout.

To compensate for the increased phase can-
cellation losses, we must begin the equaliza-
tion at 3kHz with the same type of shelving
equalizer used on the other systems. All we
are doing is moving the entire range upward.

For the same reasons, we'll have to move

e crossover point as high as possible. I con-
sider S50Hz the maximum acceptable.

We can't reduce the 70-mil D/S spacing
because we need just as much (or more) excur-
sion as in the larger designs, and acoustic cou-
pling will be just as much of a problem. We
‘again have a choice of vertical or horizontal

FIGURE 9-7: Compact integrated ESL/TL.

spacers, and again the vertical orientation
offers the least stray capacitance and greatest
simplicity.

We can continue to use the same amplifi-
er/transformer drive system. It might seem as
though a smaller system would need smaller
amplifiers, but just the opposite is true.

The smaller ESL system needs all the help it
can get to produce high output. The smaller
woofer system also needs more power to pro-
duce the same output as a larger woofer. So the
smaller system needs larger amplifiers to meet
the goals of high output and bass response.

The laws of physics can't be circumvented.
We know at the outset that the smaller system
can't have as much output as the larger one.
However, the difference is only about 2dB—a
barely detectible difference subjectively.

Frequency response is good except in the
deep bass, where the smaller magnetic woofer
(9” in the small system, 12” in the large one) and
shorter transmission line result in slightly less
depth. Aesthetically, the integrated/compact
system is quite acceptable.
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CHAPTER 10:
ESL CONSTRUCTION

Let's build some electrostatic panels.
Although there are different ways to do so,
three of the most popular cell types are:

» Perforated metal

» Rigid wire

o Tensioned wire
Let's do flat (planar) cells first. The next
chapter expands on the curved-cell theme.
The various designs differ only in the way
you make the stator. These designs have the
same sound quality—their differences lie in
efficiency, output capabilities, ease of con-
struction, and cost.

Perforated-metal is the easiest, cheapest,
lightest, simplest, thinnest, and fastest con-
struction type. You can build one complete set
of large ESLs in one day using this technique.

What are the disadvantages of perforated
metal¢ The output may be lower than in a wire
stator, and it's slightly more difficult to build
perforated-metal cells with low stray capaci-
tance than wire ones.

The output may be lower because it's diffi-
cult to get perforated metal that will produce
as high a field density as a well-designed wire
stator—not impossible, just difficult. The ideal
hole pattern required for high field density is
not readily available. With wire, you can build
anything you-wish.

Stray capacitance is often higher in perforat-
ed-metal than in wire-stator types because
perforated-metal stators are usually built for
the ultimate in simplicity. They need not be
built that way, but they usually are.

Perforated metal requires excellent support
because the perforating process produces
internal stresses that warp the metal. To make
the metal flat, you must hold it straight with a
supporting structure.

You can do this easily by using the
diaphragm support spacers as laminations to
hold the metal sheet flat. This results in the
metal overlaying the spacers and producing
stray capacitance, particularly around the
perimeter (Fig. 10-1).
~ Wire stators are often built the same way
and also have some stray capacitance, but the
wire only overlays the spacers at the ends.
Therefore, they have less stray capacitance
(g 10-2).

You can build near-zero stray capacitance sta-

tors with perforated metal, but the external
framework required to hold the metal flat
negates the advantages of ease, simplicity, and
low cost. Wire stators with low stray capaci-
tance also require substantial external structures.

Wire stators have the advantage of design
flexibility. You can make them in almost any
configuration, and with any percentage of
open area and slot size.

They have no sharp edges which can produce
coronas. A corona is the tendency for a sharp,
high-voltage surface to ionize the air near it. The
resulting ion cloud is a conductor. Usually, the
cell will arc if a corona forms. The smooth,
rounded surface of wire is virtually immune to
coronas, while the sharp edge of a hole may pro-
duce one. This appears to be more of a theoret-
ical problem than a real one, as I've never seen a
corona in a perforated-metal stator.
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FIGURE 10-1: Stray capacitance in perforated
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FIGURE 10-2: Stray capacitance in wire stators.
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You can buy wire coated with many types
of high-quality insulation. Perforated metal
doesn't come with insulation, and it's difficult
to apply highly effective insulation to it. Of
course, most designs don't need insulation,
but if yours does, keep this in mind.

Tensioned-wire stators have all the advan-
tages of wire stators, are flattest of all, and you
can use insulated wire. Their most interesting
feature is that you can build them with long,
unsupported stretches of small wire while
retaining flatness. If all else is equal (rarely the
case), they should have the highest output.

Their disadvantage is that they are extremely
labor intensive—you must attach hundreds or
thousands of wires to a supporting structure
and place them under tension. Their supporting
framework must be very strong to withstand
the tension of a multitude of stressed wires.

Rigid-wire stators have disadvantages, too.
They are much more labor intensive and
expensive than perforated-metal stators. You
won't build a set of wire ESLs in a day. More
likely, the project will take weeks.

Rigid-wire stators require separate, strong
frames to which you glue rigid wires or
string flexible wires. This complicates con-
struction. Simple perforated-metal stators
are self-supporting.

Wire stators are much heavier than perfo-
rated aluminum ones. An 18” x 36” aluminum
panel weighs around 4 Ibs. A steel wire one
weighs nearly 30 Ibs.

What is the performance difference between
small-hole perforated metal, with simple con-
struction, and the best wire ones¢ The output
difference will probably not be audible. At
worst, it will likely measure less than a couple
of decibels. The high-frequency response dif-
ference based on stray capacitance will proba-
bly be no more than a few hundred hertz.

The performance difference between wire
and perforated metal is small while the work,
time, and expense is great. Therefore, most
builders opt for perforated-metal construction.

Before getting into building cells, I'll review
the perforated-metal stator process because
they are the simplest to build. I'll follow this
with very detailed instructions on how to build
them. This base information can then be
expanded into the other construction methods.

BUILDING PERFORATED-METAL
STATORS: AN OVERVIEW

Figure 10-1 shows the basic construction of
this simplest-of-all stator designs. You just

take a sheet of perforated metal, cut it to the
size needed, glue spacers to it, and it's donel

To complete a cell, glue a conductively-
coated diaphragm to one stator, heat shrink it,
and glue another stator on the other side
the diaphragm. Your cell is finished.

Here are the details: cut strips of plastic that
you will use as spacers from a sheet of acryli
(Plexiglas) or polycarbonate (Lexan). The plas-
tic's thickness determines the basic D/S spac
ing. Glue the spacer strips together to form th
frame to which you can attach the perforated
metal.

You must make the spacer frames identical.
When they are glued to each other with the
diaphragm sandwiched between them, the
spacers must face each other, which is easy to
do if you draw your spacer pattern on the
underside of a sheet of glass. By building each
spacer frame over this pattern, they will be vir-
tually identical.

With the spacer frames complete, glue on the
perforated metal. Do all assembly work on the
glass sheet so everything is flat and accurate.

Lay some Mylar film over the glass. Sprinkle
powdered graphite and g@d/x into the Mylar
by rubbing it hard with a paper towel.

Put epoxy glue on the stator spacers and set
it on the Mylar. When the epoxy has cured
(ten minutes to an hour depending on the
type), lift it from the glass and heat shrink it
with a heat gun to get it tight as a drum and
wrinkle free.

Lay the finished stator/diaphragm upside
down on the glass so the diaphragm is facing
up. Put epoxy on the spacers on the other sta-
tor assembly, and lay it on the diaphragm.
When the epoxy has cured, trim the excess
diaphragm from the edges and attach electrical
contact bolts to finish the cell.

Now that you have the general idea, I'll go
into the construction sequence in greater
detail and describe a generic cell—one without
specific dimensions. In the chapter on
Systems, | present detailed drawings for spe-
cific designs and cell sizes.

PMS CONSTRUCTION. Start by makinga
drawing of the cell. Dimension everything
carefully consider the way you will mount iti
its frame. You can change things on pap
more easily than you can after the parts are¢
and the cell is partly assembled.

Chapter 4 on output has the informati
you need to select the specifications for th
perforated metal—thickness, hole/slot pat



tems, and cell dimensions. The only question
is whether to make one big cell or several
ssmall ones.

For example, if your speaker is to be 6-feet
@ll and 1.5-feet wide, you can make one cell
that size, two cells 3' x 1.5, four cells 1.5 x 1.5,
or any combination that fits the dimensions.
large cells are slightly more difficult to
make, but you are better off with one or two
large cells rather than many small cells. The
easier construction of the small ones is far out-
weighed by the extra parts you must assemble.
Mounting many small cells to make a single
speaker is much more difficult than mounting
asingle large one. Making very narrow bor-
ders around any ESL is difficult. When you
have two cells together, their borders cause a
significant void in the speaker output at that
point. This adversely affects the sound. Also,
the borders of an ESL usually have stray
capacitance.

In short, large cells are easier to make and
have better performance than small ones. You
can use internal spacers to support the
diaphragm in a large cell if necessary (it usual-
ly is).

On the other hand, at some point the cell
becomes too large to manage. I think a single
cell 2’ x ¢’ falls into that category.

A reasonable compromise is to make cells
1o more than 3’ in any dimension, which also
happens to be a common size for materials
like perforated metal or welding rod that you
probably will use to build the cells. If you
want cellg larger than 3’, you will incur addi-
tional expense buying oversized material.

For this discussion, I will assume that you
wish to use a D/S spacing of around 70 mil.
Therefore, the holes or slots in the metal
should ideally be around 1/16-inch diameter,
‘and you will use 1/16” Plexiglas spacers.

lf you were going to use 90-mil spacing, you
could use Lexan “unbreakable windows,”
which is 80-mil thick. If you wanted to use
130-mil spacing, you could use 1/8” Plexiglas
spacers.

If you used 130-mil D/S spacing, the holes
in the perforated metal could be larger—up to
1/8”. Smaller holes produce higher field densi-
yand more output even with large D/S spac-
. You might as well use perforated metal
ith 1/16” holes for any D/S spacing 70 mil or
larger.

RFORATED METAL. From your reading
the chapter on output, you know that the
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FIGURE 10-3: Perforating patterns.

percentage of open area in a stator should be
around 50%. Perforated metal with round
holes comes in two patterns: straight and stag-
gered (Fig. 10-3).

To get 50% open area requires that the
holes be very close together. You must use the
staggered pattern and a very close hole spacing
dimension. A suitable pattemn would be 1/16”
perforations on 3/32” staggered centers.

What metal should you use¢ Aluminum is
lighter than steel, doesn't rust, and can be
anodized in various colors. It comes in very thin
sheets that you can cut with scissors, yet is ade-
quately strong. The ideal perforated metal for
most ESLs is 20-mil-thick aluminum with 1/16”
holes on 3/32-inch-staggered centers.

Where do you get it¢ Metal processing firms
will perforate almost any metal and thickness
you desire, but this can be costly if it's not a
commonly stocked item. Look in the “Yellow
Pages” of any large city telephone directory
under the heading “Metal Perforators.”

Fortunately, a good substitute is available. It
comes as decorative aluminum sheets and is
available from any ACE® hardware store.

Although it doesn't come in the exact pattemn
described above, it comes in a pattemn called
Lincaine, which is nearly as good. Lincaine has
1/8” holes surrounded by 1/16” holes.

With Lincaine, you have a choice of finish-
es—plain aluminum or gold anodized. I urge
you to buy the gold anodized version. The
plain aluminum type is coated with an oily
film that is difficult to remove. The gold type
is spotlessly clean, aesthetically more pleasing,
and costs only a few dollars more.

This material is 20-mil thick and comes in 2’
x 3’ or 3’ x 3’ sheets. By contrast, metal perfo-
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FIGURE 10-4: Detalil of stator contact.

rators usually supply metal in 2 x 10 sections
and charge to cut it to smaller sizes. Shipping
also is likely to be a problem for perforators,
while Alcoa supplies Lincaine in cardboard
shipping containers.

The hardware store is unlikely to have this
in stock. You can find it in their catalog and
special order it.

Such soft, thin material can easily be dam-
aged in transit. Commonly, a corner is bent,
which you can easily straighten. Beware of a
crease across the sheet; you can never get it flat.

The sheets will have a modest bow or warp
to them from the perforating process, but this
is normal and will not usually be a problem.
The laminating process will flatten it.

You can cut a sheet in half with a pair of
scissors. Depending on the cell size, you may
get two stators out of one sheet. If you want a
perfect cut, take it to your local sheet metal
shop and have them cut it on a sheet metal
shear. It will take them only a moment.

You will note that the holes have rounded
edges on one side and sharp ones on the other.
During construction, be certain to face the
rounded holes toward the diaphragm to mini-
mize the possibility of developing a corona.

Drill a 5/32” hole in one comer of each
sheet, which will later accept a 6-32 nut and
bolt used for the electrical connection to the
stator. Remove the burr left by the drill by
twisting a much larger drill bit or a countersink
in the hole. Twist it by hand for good control.

You will bend this comner at right angles to
the diaphragm after you complete the cell, and
put a bolt through it for the electrical connec-
tion. If you bend it now, you can't lay the
metal flat for construction purposes.

The tab need only be about 12" (Fig. 10-4).
you prefer to have all the connections in
same speaker corner, remember that the
tors will be mirror images of each other.
careful to pick the appropriate corners.

SPACERS. These must have very good in:
lating qualities. Clear plastics work well. Y
can buy sheets of acrylic: one brand i
Plexiglas, another is Lexan, also known
“unbreakable windows,” in glass shops
home improvement centers.

Normally, you cut the sheet into narrow
strips and glue them together to make a spac-
er frame. Some builders cut openings in a
solid sheet to avoid gluing strips togeth
They cut openings with a hand-held route
milling machine, punch press, or computer
driven laser.

Few of us have access to such machinery.
Routing wastes most of the expensive mateni:
al, so most of us glue the strips together.

Some glass shops will cut the plastic into
strips for you, but it's not difficult to do and
you can save money. Although theye are many
ways to cut plastic, no way is perféct, but they
all work. You can even score and break off
strips as you would for glass, but it is very dif-
ficult to do for long, thin strips, even with ajig
Sawing the plastic into strips is most practical

The best tool for this job is a band saw with
a very fine blade. Clamp a rip fence to the
table to guide the plastic, and you can cleanly
cut narrow strips. A 24-tooth/inch hacksaw
blade works beautifully.

Unfortunately, band saws are not common.
You more likely have access to a table saw.
Table saws work, but there are problems. First,
nobody makes fine-toothed blades for them.
You can use a plywood blade, but this will
cause chipping along the edge of the cut
Fortunately, the chips, although unsighdy,
don't degrade performance.

You will also discover that the plastic sheet
wants to climb the saw blade instead of being
cut. If you try to stop this by raising the blade,
it will tend to catch and shatter the plastic.

A solution is to clamp a piece of wood o
the side of the rip fence about %" above the
table. With the saw running, move the blade
up into this wood about %”. The block will
prevent the plastic from climbing up the blade
(Fig. 10-5).

DIAPHRAGM CONTACT. You must some-
how connect the high-voltage polarizing sup-
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URE 10-5: Table saw modifications.
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to the diaphragm. This contact is poten-
y very fragile, and you must take care to
e it durable.
The method I prefer is to put a metal bolt
ugh the spacers so it makes contact with a
ip of aluminum foil, which is in contact
ith the diaphragm. The polarizing voltage
onnects to this bolt (Fig. 10-6). I call this a
t contact.
Another good method is to glue a tab to the
stator that contacts the coated side of the
diaphragm. This tab will stick out from the
edge of the cell after assembly. Clamp it
etween the stators with a nylon bolt (a good
insulator) and it makes a very secure contact.
ou can also use the nylon bolt to hold two
tabs that make up the stator contacts. The
sult is a rugged and compact set of contacts
(Fig 10-7). I call this a tab contact.
The tab contacys disadvantage is its inter-
ence with mounting cells by their edges.
e bolt contact sticks out at right angles to
spacers and does not interfere with edge
ounting the cells, but it has the disadvantage
of being more fragile and complicated to build.
To make either contact, start by clamping
two spacer strips together so you can accu-
tely drill a hole through them for the bolt.
Select the strips based on the contact location
on the completed cell. The contact's position
doesn't affect performance, so you can put it
anywhere you like.
Drill a 5/32 hole (the shank size of a 6/32
It that you will use for the diaphragm con-
tact bolt) through both strips. Be careful—con-
ventionally shaped drill bits tend to shatter the
stic just as they exit the hole!
One way to prevent this is to stop drilling
t as the point starts to exit the hole. Tum
the stack over and finish the hole by drilling
m the other side. The other solution is to

Washer ESL CONSTRUCTION
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FIGURE 10-6: Detail of diaphragm bolt contact.

Perforated
metal

regrind the tip of the drill bit so it has a much
steeper angle—60° works well.

If you use the bolt-type contact, separate
the two pieces and increase one hole to 14"
This allows the head of the screw and the
washer that make up the contact point to pass
through one strip and make contact with the
diaphragm. From now on, keep the strips
together in matched pairs. The holes must
match closely when you glue the stators to
each other.

If you use narrow-perimeter spacers, you
may need to cut a notch in the perforated metal
so it clears the diaphragm contact (Fig. 10-8).
Do this after you have drilled the strips so you
can easily see the notch's correct location.

GLUING SPACERS. You will need a piece
of glass slightly larger than your completed cell
Nylon

E bol+t
\ Mn‘or tab

Dtaphragm
tab

/ Stator tab
Perf gratm

metal

FIGURE 10-7: Detail of diaphragm tab contact.
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FIGURE 10-8: Notch perforated metal to clear
diaphragm contact.

for building ESLs. Draw your spacer pattem
on the underside of the glass with a felt mark-
ing pen. Alternatively, you can use masking
tape to lay out the pattern.

All the stators must be identical, so that
when you glue them together on opposite
sides of the diaphragm, the spacers match.
This is particularly important for the center
strip spacers since these will be very narrow.

ADHESIVES. You will need two types of glue
for this project: epoxy and cyanoacrylate. Get
these from a hobby shop or hardware store.

You will need a small amount (% oz. or 15
ml.) of cyanoacrylate for gluing the plastic
strips into a spacer frame. You may recognize
this as “instant” glue.

Brand names include Krazy Glue and Hot

. ]

FIGURE 10-9: Gap in spacer frame.

Stuff. The gap-filling type is better than
water-thin type because the watery
requires very close fitting joints. If your joi
have very large gaps, as shown in Fg 104
you can fill them with baking sod:
Cyanoacrylates work much better with some
thing in the gap.
Cyanoacrylates are not “instant” when use
on plastic. They may take five minutes of
more to cure (catalyze). You may want to ge
some “kicker” to make them work instantly
you are the impatient type.
To use the “kicker,” you first put glue on the
joint, then spray a little “kicker” on it. It speed
the cure rate so much that the glue actual
smokes from the heat of the reaction.
You must use epoxy for gluing
diaphragm to the spacers. Other types of
adhesives require contact with air to cure. Al
cannot enter a joint made with air-tight mate
rials like plastic and Mylar, so air-cured adhe-
sives won't work.
Incidentally, some builders use double-sided
tape instead of epoxy. | discourage this for
reasons: first, the tape tends to “creep” ove
time and the diaphragm loses tepsion; second,
trying to remove gummy old tape years late
to change a diaphragm is a nightmare. Epoxy
comes off easily.
To cure epoxy, you mix catalyst with it—i
doesn't need air. Epoxy also works well to joi
the perforated metal to the spacers, but you
may wish to use silicone rubber here since air
is available.
You will need several ounces of epoxy. To
save money, getitin 9 oz. squeeze bottles from
hobby shops rather than little tubes from hard-
ware stores. | like Devcon brand epoxy bes
because it has relatively low viscosity and i
very high quality. But other brands also work
Epoxy is manufactured with different curt
rates. Some frequent ESL builders use §
minute epoxy exclusively, but if you choost
this method you must apply it with a syringe
and work quickly. However, 30-minute epoxy
is a more sensible choice. It gives you mor
time to work and you need not apply it wi
a syringe—although a syringe is the ided
applicator.
Epoxy cure time is strongly affected by tem
perature and film thickness: low temperature
and thin films greatly slow curing. For exa
ple, if the temperature is below 50°, a thin f
of 5-minute epoxy may take hours or even
days to cure.
When epoxy cures, it gives off heat.



heat increases the temperature of the epoxy
and speeds the reaction. A couple of ounces of
J-minute epoxy in a cup on a hot day will cure
50 rapidly that it will actually boil and be too
hot to touch—in about two minutes. Avoid
this exothermic reaction by mixing small
amounts and avoiding excessive heat.

d
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FIGURE 10-10: Typical brass tab contact.
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\ir Clean your glass, aluminum, and spacers

e- with a vacuum cleaner, or wipe them with a

> damp rag. Protect the glass by coating it with
two layers of car wax, or by putting a layer of

ed plastic film such as Saran Wrap® over it. Wax

Vo paper is porous to epoxy—don't use it.

& lay out the spacers and tack them together
{Z’ with cyanoacrylate. Lightly sand the glued
ber areas to remove any high spots of glue. If you
ixy have used baking soda to fill large gaps, sand
I extra well to make sure there are no lumps of

i soda that will prevent the cell from lying flat.
Ein Wrap the sandpaper around a small sanding
lou block. A large (17 x 1” x 2”) art gum eraser
air works well as a sanding block.

To GLUING PERFORATED METAL TO THE

SPACER FRAME. Place a spacer frame on
the glass and spread a thick film of epoxy or
silicone rubber where you will place the per-
forated metal. Avoid putting epoxy in the area
of the contact tab so you can bend it up later.
Lay the metal on the spacer frame, remem-

. 5- bering to keep the rounded holes toward the
1ose spacers. Be certain the stator contacts are in
nge ‘the desired position. Cover the stator with

Saran Wrap.

o

féz Place flat weights on this assembly until the
ith oxy cures. You must have a flat stator. If the

K::al ights are not flat, neither will be the result-

assembly. Books are the usual weights, but
u must select them for flatness.
Asecond sheet of glass to place on top of the
bly is a litle more expensive, but well
worth the cost. You may put books on that.
Even better is a sheet of Va-inch-thick steel,
which won't require extra weight. Putting a flat
eton top will assure a truly flat stator.

When you lift the assembly from the glass
after the epoxy has cured, it will still be warped.
Don't worry: it will be flat after you sandwich
it to the other stator at final assembly.

If you are using a tab contact, now is the
time to install it. Make a tab from thin brass
shim stock about 0.01-inch thick. You can get
this from hobby shops and auto parts stores.

The size and shape of the tab isn't critical.
Something as in Fig. 10-10 works fine.

Attach a tab to one stator from each
matched pair with some epoxy. Be sure to
align the hole in the spacer with the hole in the
tab. A good way to be sure it's aligned and
firmly held in place while the epoxy cures is to
put a bolt through it.

CONDUCTIVE PAINT. You may use con-
ductive paint to help get a secure diaphragm
contact, but it isn't essential. A piece of alu-
minum foil clamped between the stators usu-
ally works adequately. Still, the paint is good
insurance. I use LocTite Quick Grid (for repair-
ing rear window defrosters in cars) because it's
common—but any type will work.

You should arrange your stators in pairs,
remembering that the diaphragm-contact
holes are matched pairs. You will paint around
the diaphragm-contact hole on one stator
from each pair. If you're using a diaphragm-
contact bolt, take the stator from the pair with
the large hole. If you're using a tab, pick the
stator with the tab.

Paint from the area of the hole to the inside
edge of the spacer: a line about Y%-inch wide
for a distance of about 6”. Go in whatever
direction is necessary to avoid the joint in the
comer spacers (Fig. 10-11).

I discovered the hard way that the joint usu-

{

Spacer é

™ Avold gap with palnf‘

-+— Bolt hole

Conductive
paint

\/\//

FIGURE 10-11: Typical paint pattern.
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ally has a void in it which allows the conduc-
tive paint to run down and touch the stator,
causing an electrical short in the cell. Stay
close to the inside edge of the spacer, and
don't allow the paint to run over the spacer
edge where it can touch the metal stator.

This reminds me of an old saying:
“Experience is the toughest teacher. She gives
the test first—then the lesson!”

Be particularly careful that the paint does
not run inside the hole. Don't paint near the
outside edge of the spacer because you will
need that area for gluing the cell together.

If the paint migrates to where it's not sup-
posed to be, you can clean it off with a cotton-
tipped applicator soaked in acetone or paint
thinner. Or, you can wait until it's dry and
sand it off with sandpaper.

When you are finished, take an ohmmeter
reading between the stator and the paint,
using the meter's “megaohm” position. Any
movement of the meter represents a short that
is easier to fix now than later.

The paint can almost, but not quite, touch
the perforated metal. This could happen if it
ran part way down the side of a spacer. The
speaker will arc at this point when under high
voltage, but an ohmmeter test won't find this
problem because an actual short isn't present.

To test for a “near short,” connect one wire
from your polarizing supply to the paint and
the other wire to the perforated metal. Tum
on the power supply. If the stator arcs, you
know you have a problem, and you know
exactly where it is. If it doesn't, you know
your contact paint is satisfactory.

STATOR INSULATION. Most builders
believe they should insulate their ESLs, but as
I've said earlier, this is unnecessary in most
designs. If you wish to use insulation, I must
say that ] have not found a spray-on type which
will not arc when you apply high voltages.
When foreign objects (like insects) get into the
speakers, this hazard is particularly likely.

Uninsulated cells work fine and have higher
output than insulated cells if you use high
impedance diaphragms. Neither will be dam-
aged by an occasional arc or a collapsed
diaphragm. Persistent arcing by a foreign
object will cause a hole in both. Fortunately, a
few holes do not affect the sound.

The insulation most builders use is GLPT
varnish, also known as Glyptol or High
Voltage Insulating Varnish, available from
electronics supply firms.

Another technique is to have your perfora
ed aluminum anodized black. Unlike gol
black anodizing insulates the cells.

For cosmetic reasons, you may wish
paint the stators flat black so they are near
invisible behind a moderately sheer g
cloth. On the other hand, you may pre
some gold visible through a black grille cloth.

DIAPHRAGM COATING. Use only My
Imported imitations will not hold hi
diaphragm tensions. Experiment with othe
material if you wish, but for a proven produ
stick with DuPont's Mylar.

Mylar comes in many formulations, but the
Y or 2 mil are the only two choices: type
and type C.

I have always used type S with splendi
results, but type C has the same characteris:
tics. The only difference between the two i
that the more expensive type C is made to
tight dimensional tolerances for use in capaci
tors. This is unimportant for ESLs.

Mylar is available from large plastics houses.
Although it is inexpensive, in recent years it
has become difficult to chase in small
quantities. You will probably find it easier to
get some through the ESL Clearinghouse,
where someone always seems to have a large
roll on hand that he or she will share fora
modest price.

Mylar comes in a variety of widths, but 4§
is usually best for our purposes. You can place
a 3’ cell across the Mylar and have 6” on either
side with which to work.

Mylar film is an insulator which must be
made slightly conductive so it will accept an
electrostatic charge. Coating it with graphite,
as described below, produces diaphragms with
impedances between 10-100k<»/inch. These
work beautifully despite opinions of some that
the resistance must be higher. Recall that als-
minum-coated diaphragms with only a few
ohms/inch work fine.

You may have read that you must achievea
particular resistance. This serves no useful pur
pose and may be ignored. This also means
that even a haphazard coating job won't
degrade the ESL's performance. In short, this
job is easy and noncritical.

ESL manufacturers usually use relatively
hazardous solvents and uncommon maten
to coat their diaphragms. Fortunately, this is
unnecessary.

You can use many substances to coat
diaphragms. Almost anything works—for a



imited time. For example, spray-on antistatic
matings work very well initially, but as the
‘hesives evaporate, vibraton loosens the
wating and the cell dies. One reader says he

E ‘mixed a cloth fabric softener (the type used in
y dothes dryers) with water. By stirring it, he got
le a slightly soapy solution which he simply
= painted on the diaphragm. He claims that in
= three years it is still working fine. I haven't
tied it. Experiment if you wish, but if you pre-
E fer a cheap, safe and reliable coating, use
zh gaphite. Fine-powdered graphite is available
¥ from any hardware store. Manufacturers sell it
<t asa lock lubricant. Pencil lead rubbed against
fine sandpaper is also an excellent source of
- fine-powdered graphite.
xS Rather than relying on some type of adhe-
n sive, few of which will adequately bond to
d_‘d Mylar, you're going to grind graphite into the
s Mylar's surface. Then you know it won't
- wome off.
o Many builders are intimidated by this sim-
B  ple job of rubbing graphite into Mylar. They
constantly look for another method, like wip-
| g on a liquid or using a spray-on coating.
rsalltl I'm puzzled by this, but have had so much
£ feedback on the subject that I have made the
2o following directions very detailed to cover all
use, possible questions. Let me assure you that the
arge . process is simple, quick and easy, despite the
' length of the directions.

1 Rubbing graphite is not the problem. The
E48 poblem is tearing the film on grit caught
lace between the glass and the Mylar when you
ither mb hard. The key to success is cleanliness. If

you wet-tlean the glass with acetone on a
;tt :i paper towel, you should have no problems.

Acetone is a superb cleaning agent. It cuts
grease, will not dissolve Mylar, evaporates
without a trace, is an effective epoxy solvent,
and is safe to breathe in small quantities.
Acetone is a normal body waste product so,
ulike most other solvents, it's not toxic in

1 few small quantities. This is particularly important,
! since you will be working indoors.
™S Acetone is available at minimal cost from
il pur- hard : I

o any hardware or paint store. I cannot stress
:neanlt wo strongly that acetone is EXTREMELY
:V,(Zhis HAMMABLE. Treat it accordingly.

The only other solvent I can recommend is
dstlled water. Although not as good as ace-
tone, because it evaporates slowly and will not
at grease or epoxy, it is nontoxic, odorless,
and will not bumn.

Keep windows closed and fans off during
deaning to avoid stirring up dust. Damp mop-

atively
iterials
this is

» coat
—for a

ping the floor and work table to remove dust
and grit is a good idea, but not essential. Avoid
vacuum cleaners at this stage of construction:
they blow grit everywhere.

Wipe your glass with an acetone-wetted
paper towel. If you feel lumps of epoxy or any-
thing else on the glass, shave them off with a
single-edge razor blade, and wipe again with
acetone.

Cut a piece of Mylar a little larger than your
glass. Fingerprints do not accept graphite very
well, so try to keep your hands off the surface.

Some builders use cotton or thin latex
gloves to prevent fingerprints. This isn't nec-
essary, since fingerprinted cells work fine, but
I thoroughly wash my hands before handling
Mylar and try to minimize contact with it. You
can always remove fingerprints with acetone.

Unless your glass is much larger than your
cell, allow a couple of inches of border to over-
hang the edge.

With a dry paper towel, smooth the Mylar
lightly (about 1 b. of pressure) from the center
outward while gently pulling on the film edge
with your other hand. The object is to rid the
Mylar of major wrinkles, adhere it to the glass,
and find the grit.

CAUTION

ACETONE IS
EXTREMELY FLAMMABLE

When the wrinkles are out, wipe harder
(about 5 lbs. of pressure). A strong light will
reveal any little “tents” in the Mylar caused by
grit. Lift the edge and wipe away any grit
which forms a tent larger than about 1/8”
across. Smaller ones are OK, unless they are
very sharp or pointed.

Incidentally, you will probably notice creas-
es which appear as fine lines. Ignore these, as
heat shrinking will remove them (mechanical
stretching will not). Anyhow, they don't cause
problems.

The process of finding and removing grit,
although simple, is the hardest part of coating
diaphragms. If the glass and Mylar are clean
initially, there is nothing to it.

If you somehow have so many grit tents
that you are overwhelmed, you can get a head
start by wiping the top of the Mylar complete-
ly clean with acetone. Fold the Mylar in half
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changes with frequency. There are two types
of reactance: capacitive reactance and induc-
tive reactance.

Capacitive reactance refers to the resistance
that a capacitor presents to an alternating cur-
rent. It decreases as the frequency of the AC
increases. To put it another way;, it is inversely
proportional to frequency. It is abbreviated X~

Inductive reactance refers to the resistance
that an inductor presents to an alternating cur-
rent. It increases with increasing frequency. In
other words, it is directly proportional to fre-
quency. Its abbreviation is X;; .

IMPEDANCE. Impedance is resistance in
AC circuits. If that sounds like “reactance,”
that's because they are related. Reactance is
one of the three factors that determines
impedance. The three factors are capacitive
reactance (caused by capacitors), inductive
reactance (caused by inductors and transform-
ers), and resistance (caused by resistors). It is
the combination of all three that determines
the total impedance in an AC circuit. Its abbre-
viation is Z.

Frequency refers to how rapidly the cur-
rent changes direction. It's measured in cycles
per second. Rather than use the long term
“cycles per second,” we use hertz and abbre-
viate it to Hz. One thousand hertz is a kilo-
hertz and is abbreviated to kHz.

For example, the winding on a transformer
may have only a few ohms of resistance
(remember resistance is a DC measurement).
When you measure it with an alternating cur-
rent of 1kHz, its impedance may be several
hundred ohms. The impedance may be sever-
al million ohms at a frequency of 100kHz.

OHM'S LAW. Ohm's Law is at once the eas-
iest, simplest, and yet one of the most impor-
tant of all electrical formulae. It's so handy
that you should be familiar with it. It mathe-
matically specifies the relationships between
voltage, current, and resistance. The resistance

TABLE 2-1

Name

Number Modifier Exp

Kilo
Meg
Milli
Micro
Pico

vT 3ZX

Multiply by One Thousand 103
Multiply by One Million 108
Divide by One Thousand 103
Divide by One Million 106
Divide by One Trillion 1012

LS

is measured in ohms. I've modified it to lay-
man's terms:

CAPACITANCE. A capacitor is an electrical
device capable of storing and discharging elec-
trons. You can think of it as a special type of
extremely fast-acting battery.

OHM’S LAW
___Volts
e Resistance

Volts

Resistance =
Amps

Volts = Amps x Resistance

The number of electrons required to pro-
duce a given voltage on a capacitor defines its
electrical capacitance. Again, this is analo-
gous to a battery—the more electricity it can
store, the greater is its capacitance.

Capacitance is measured in farads. A farad
is too large for most of our electrical measure-
ments. Rather than use decimals or fractions
it's easier to use prefix modifiers.

For example, it's easier to say that a certain
capacitor has a value of 20 picofarads (abbre-
viated pF) than it is to write 0.00000000002
farads (did I get the right number of zeros¢).
You will find most capacitors rated in either
picofarads or microfarads (pF).

PREFIX MODIFIERS. Measurements have
modifiers attached to them to make their use
more practical. If you understand the modi-
fiers, measurements are logical and easy to
remember. Some common ones are listed in
Table 2-1 followed by their abbreviations and
exponential expressions.

Prefix modifiers are very common. Besides
the farad noted above, other examples include
a thousand meters (kilometer), a thousandth of
a meter (millimeter), a thousandth of a gram
(milligram), a thousand grams (kilogram), a
thousand ohms (kilohm), a millionth of a meter
(micrometer or micron), and many more.

The English system of measurement is poor,
particularly when dealing with small quanti-
ties. The metric system is superior, but is not
accepted and therefore not well understood in
the US.

ESLs use tiny measurements that are best
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on itself so the surface you just cleaned faces
another clean surface. Carefully remove the
Mylar from the glass and set it aside.

Clean the glass with acetone, then put the
clean side of the Mylar against it. Now you
should have almost no tents.

Tape down the Mylar every 4-6” around its
perimeter. Tape down the comers first, then
tape halfway between the comers, then tape
halfway between that, then halfway between
that, and so on until you have a piece about
every 6”. Pull it moderately tight. Use 3-inch
long pieces of masking tape. There should be
no wrinkles in the Mylar.

Sprinkle a small amount of graphite onto
the Mylar. The exact amount is difficult to
describe, but for a 2° x 3’ cell the needed
amount would fill only about half a pea. More
graphite reduces diaphragm resistance.
Therefore, if you want to make very high
resistance diaphragms, use less.

Gently spread it evenly around the Mylar
with a clean, dry paper towel. A light-colored
tablecloth under the glass enables you to see
where the graphite is on the diaphragm—it is
a light gray color. If you are using very small
amounts of graphite to achieve a very high
resistance coating, make sure you disperse it
uniformly.

Now rub hard to grind the graphite into the
Mylar. I place the heels of both hands—one on
top of the other—on a paper towel. Make sure
you rub everywhere, particularly around the
area of the diaphragm contact.

Rubbing hard is important. 1 don't hold
back, but lean on my hands with most of my
weight. 1 don't care what resistance the
diaphragm has, and don't even bother to mea-
sure it anymore. If the diaphragm looks gray
and I've rubbed hard, I know it will work per-
fectly and last indefinitely. It takes less than a
minute to coat a diaphragm.

Next, rub off all the excess graphite with a
towel. Again, rub hard. If you can rub off any
of the coating, you didn't rub it in hard
enough. Repeat a couple of times with clean
paper towels until the last one remains clean.

If you don't clean off the excess, the cell will
hiss for several hours until it bums it off.
Eventually, it will be silent.

You can measure the resistance of the
diaphragm coating with an ohmmeter. Just
place the probes about 1-inch apart on several
areas of the diaphragm.

Some builders believe they must coat and
make contact on both sides of the diaphragm,

but this is not so. You need a conductive co
ing on only one side.
The Mylar will now be lightly stuck to
glass and may have a few wrinkles. Peel t
tape from one side, and lift one edge eno
to get some air under it and release it fromt
glass.
The next step is to get the diaphragm u
formly tight before gluing it to the stator. L
the Mylar on the glass, trapping a little
under it. Don't rub or wipe it anymore, b
start taping it to the table again. Work yoi
way around the table while lifting, pu
and sticking the tape onto it.
Add more pieces of tape and keep pull
until you have the Mylar tight and wn
free. You will need tape about every 3” arous
the perimeter. Getting the diaphragm tg
uniform, and free of wrinkles is surprising
easy. Put the diaphragm under fairly high te
sion, but don't get carried away—heat shn
ing will finish the job.
Cut a piece of aluminum foil about %" x2
You will place this under the diaphragm-co
tact-bolt hole. )

GLUING DIAPHRAGM TO STATOR. W
a vacuum, clean the inner surface of the stat
(the side with the spacers), which you will g
to the diaphragm. If you are using the bolt con
tact, this stator will be the one with the larg
diaphragm-contact hole in it. If you are using
tab contact, pick the stator with the tab.

Next, put epoxy on the spacers and positio
the stator on the Mylar. Epoxy is easiest to mix
in 1 oz. plastic cups from doctors' offices, ho
pitals, or hobby shops. Small plastic cups ¢
the tops from spray-paint cans also work wel
Do not mix epoxy in waxed paper cuf
because it penetrates the wax and become
contaminated.

You will need about 15 ml. of epoxy (%20
for a 2” x 3’ cell). Mix equal amounts of res
and catalyst (7 ml. of each) for at least 30 se
onds. Popsicle sticks are perfect for this task
You can use a heat gun to heat the epoxya
reduce the viscosity, making it easier to ha
dle, but this increases the reaction rate a
reduces working time.

The epoxy is best applied with a 10 or 12
disposable syringe without a needle. Suck th
epoxy into the syringe. You can't get it all, bt
you can get about 11 ml. Wipe any epoxy fro
the outside of the syringe with a paper towel

Lay a small bead (about 1/8-inch wide) do
the center of each spacer. When you reach th
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FIGURE 10-12: Avoid getting epoxy on
air diaphragm contact.

diaphragm contact area, move the bead to the
outside edge so the paint can contact the
diaphragm, rather than being coated with an
insulating film of epoxy (Fig. 10-12).

Avoid a thick bead of epoxy, or it will form
an uneven film which causes nonuniform D/S
spacing. It will also tend to run down the edges
of the spacers. Since epoxy is an insulator, this
won't damage the speaker, but it is tough to
remove if you must change a diaphragm. You
need a thin film only on the spacer surface fac-
ing the diaphragm. Run your finger along the
spacer edge as a guide for the syringe.

If you are using a bolt contact, put the alu-
minum foil over the diaphragm-contact hole. It
should cover the width of the spacer and will lie
on the epoxy bead. Do not let the foil extend
beyond the inside edge of the spacer, where it
might touch the stator and short the cell.

Turn over the stator and carefully place it on
the diaphragm. The idea is to position the sta-
tor on the Mylar without smearing epoxy
everywhere. Put one end of the stator in place
first, and while using your fingers to hold it in
place, lower the other end (Fig. 10-13).

Press hard over all the spacers to squeeze
the epoxy into a thin flm. Avoid sliding the
stator and smearing the epoxy.

I place my thumbs over the spacers and
press as hard as I can every 2”. At first, | mere-
ly weighted the stator, but this didn't squeeze
the epoxy into a thin film. Even several hun-
dred pounds of weight won't do the job if it's
spread over the entire cell.

You can easily put 50-100 Ibs. of force onto
your thumb. That much pressure concentrat-
ed over a square inch can really squeeze the
glue. Now put your sheet of glass or steel on
top to keep the stator flat and let the epoxy
catalyze.

Epoxy cures much faster in a cup or syringe
than in a thin film, so don't remove the cell
from the glass just because the epoxy in the
ap has hardened—wait about twice that

Lower here
Stator &

FIGURE 10-13: How to place stator with wet
epoxy on diaphragm.

long. To free the Mylar from the glass, cut it
with a razor blade rather than trying to
remove the tape. After cutting it, carefully lift
one end of the assembly to get air under it, as
it will tend to stick to the glass.

The stator/diaphragm assembly will still be
f