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everyday objects. Several papers in this issue of the
1BM Systems Journal explore various aspects of this
endeavor. In this paper, a device is described that was
developed as a metaphor for TTT and demonstrated at
the Media Lab’s tenth anniversary celebration, where
the consortium was officially launched. It is a com-
mon MYLAR#** party balloon, as found at any other
birthday celebration. This balloon, however, is able to
converse.

PVDF foil

The key to endowing the balloon with hearing and
speech is a sheet of piezoelectric polyvinylidene
fluoride (pvDF) film, which is a semicrystalline
homopolymer;? i.e., a polymer in a mixture of crystal-
line and amorphous states. One of the crystal states is
ferroelectric and thus responsible for PVDF’s piezo-
electric properties.* It is produced when a sheet of
PVDF is pulled or mechanically worked. In manufac-
turing piezoelectric PVDF foil, this state is created by
drawing or rolling the foil, after which a high electro-
static potential is applied across the foil at elevated
temperature to permanently polarize the PVDF (align-
ing dipoles with the imposed electric field, normal to
the surface). The foil is then cooled, and a conductive
coating is typically applied to both foil surfaces to
provide electrodes.

If such a foil is stretched, the dipoles and their
attached crystalline structure move, inducing an alter-
ation in the polarization charge presented at the foil
surfaces that appears as a voltage across the metal-
lized electrodes, which form a parallel plate capacitor
with the sandwiched PVDF as a dielectric. On the other
hand, an external voltage applied across these clec-
trodes moves the dipoles and their attached structures,
thereby applying force to the foil and changing its
dimension. In this fashion, PVDF can be made to work
as an acoustic pickup (impinging sound pressure
waves change the foil shape, producing a correspond-
ing voltage) or emitter (applied voltage changes the
foil shape, producing sound).

PVDF is usually fabricated as a metallized foil, with
common thicknesses ranging from 9 to 110 microns.>
Although the foil is mechanically tough, it remains
quite eclastic (having a Young’s modulus under 2.5
gigapascals), thus it exhibits a low acoustic imped-
ance and has a flat, broadband frequency response that
can range from millihertz through gigahertz (most
other piezoelectric materials are either crystals or
ceramics that form highly tuned structures). It is very
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linear, sensitive across an extreme dynamic range of
excitation (1078 to 10° pounds per square inch), and
produces relatively high voltages (i.e., flexing a typi-
cal foil by hand can produce several volts), allowing a
simple electrical interface. Nonpiezoelectric PVDF,
often termed “Kynar+*,” is commonly produced and
used for several industrial applications, such as wire
insulation and lining chemical storage tanks (it is
chemically very similar to the polymer rolls com-
monly used in kitchens to wrap leftovers), hence it is
relatively inexpensive.

Since its development® in the late 1960s, piezoelectric
PVDF has been used in a host of applications’# that
exploit these and other features®> It has long been
known to make excellent microphones and loud-
speaker tweeters,” and is easily affixed to musical
instruments (e.g., as in Richard Armin’s RAAD violins
and cellos'®) to form a conformal, sensitive, and
broadband contact pickup. It can be cast thicker, lay-
ered, or rolled into laminates for increased sensitivity
and actuation, such as in towed array hydrophones!'!
used for applications such as subsurface imaging!'?
and whale census.!® Because PVDF senses and actuates
in a spatially integrated manner across a two-dimen-
sional surface, its spatial influence and aperture shad-
ing can be determined by cutting the foil or pickup
electrodes into appropriate shapes. This opens many
possibilities, such as a broadband, compact acoustic
directional finder,'* sonar sensors with minimal side-
lobes,'> and a host of exciting advances in structural
measurement and control.!® Thin-gauge PVDF also
exhibits high sensitivity to long infrared wavelengths
(7 to 20 microns), and has appeared in heat-sensing
applications such as intruder detectors and thermal
imaging systems.!” Because of this versatility, PVDF is
a leading candidate for endowing many of the ubiqui-
tous things in our environment with electromechani-
cal transduction capabilities.

The balloon as an acoustic transducer

The balloon assembly, as designed'®!° by K. Park and
collaborators at AMP Sensors,? is sketched in Figure
1. It consists of a common 36-inch diameter alumi-
nized MYLAR balloon, with a 7.5- by 10.5-inch sheet
of 28 micron-wide PVDF foil adhered to the middle of
one face. Both sides of the PVDF were hand-coated
with a layer of approximately 20 microns of conduc-
tive silver ink. A thin-gauge (diameter approximately
30 mils) shielded cable forms a durable connection to
both sides of the foil with small rivets, then is run
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Electronics and signal processing for the
interactive balloon system

Figure 3 shows a block diagram of the electronics that
were used with the balloon. The circuitry and opera-
tional detail are described more completely else-
where.?

The heart of the audio record and playback system is
an ISD1020A integrated circuit®® from Integrated
Storage Devices (1sD). This device is able to store up
to 20 seconds of 2.7 kHz (kilohertz) audio with
roughly 8 bits of resolution in an on-chip nonvolatile
analog memory. Depending on how the user has set
the programming switches that determine the mode of
the 2-bit address counter, the ISD memory is treated as
containing 1, 2, or 4 separate audio messages, which
can be recorded from an on-card electret microphone,
an external line-level audio source, or the PVDF bal-
loon itself.

Output signals from the ISD1020A or external audio
input are amplified, buffered, stepped up with an on-
card transformer, then applied to the PVDF (this is
described further with Figure 4). Before reaching the
output drivers, these signals are high-pass filtered
with a cutoff at 100 Hz (hertz), which prevents power
from being wasted at low frequencies, where the
transformer is inefficient and the PVDF has little
acoustic response.

Signals coming back from the pvDF are amplified in a
high-impedance preamplifier. A diode decoupling net-
work (also discussed with Figure 4) protects this
preamplifier from the high voltages on the PVDF (e.g.,
100 volts) when it is being driven as a speaker. As
noted in Figure 3, this preamplifier has a first-order
high-pass response, reaching a gain of 45 dB (deci-
bels) in the vicinity of 1.5 kHz. The reduction of gain
at lower frequencies attenuates much of the dominant
ringing in the acoustic response of the balloon and
removes large signals coming from slow changes in
mechanical stress as the balloon sways in the air. A
very intelligible voice-quality signal is produced after
this equalization. To attain sensitivity to low-level
sounds, an additional adjustable gain stage is added to
the front-end preamplifier.

In the usual mode of operation, the balloon waits until
it detects a significantly loud sound. It then arms
itself, waits until the sound stops (drops below thresh-
old) for a significant period, then plays one of the
recorded messages. This can create problems in noisy
surroundings (such as a crowded room), where the
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background sound never stops, inhibiting the play-
back from triggering. The envelope follower and
direct-current-blocking high-pass filter were added to
the circuitry to alleviate this problem. The envelope
follower rectifies and filters the audio coming from
the balloon, detecting the audio amplitude, as shown
in Figure 3. Continuous background noise thus pro-
duces a slowly changing direct-current bias, atop
which sit the louder transient signals of someone
nearby addressing the balloon. This bias is stripped
away by the high-pass filter, which slowly (T = 5 sec-
onds) adapts to the ambient room background, creat-
ing the effect of a floating trigger threshold. In certain
situations, this may be undesirable, hence this feature
can be disabled by the trigger-level mode switch.

As seen in Figure 3, the word breaks and brief pauses
from continuous speech are still present in this signal.
The discriminators and lag circuit work to smooth
over these brief stops and produce a gate that is
asserted until the user stops talking. An impulse is
produced upon the trailing edge of this gate, which
triggers the ISD1020A to play a sound. The “aggres-
siveness” of interactivity is controlled by the time
constant of the first order lag. If it is too fast, it will
tend to interrupt the user. The units produced at the
Media Lab are set to perform conservatively; the bal-
loon waits about one-half second after the user fin-
ishes talking before responding.

In order to prevent reverberation remaining after the
balloon finishes talking from promptly setting it off
again, triggering is inhibited for 100 milliseconds
after the balloon stops playback; the background sup-
pression filter is also reset during this interval to
recover from having saturated while the balloon was
driven.

Because the counter is advanced after each balloon
response, the stored messages are played back in
sequential order. If the balloon is not triggered for a
substantial interval (about 20 seconds), a timer resets
the counter to reply with the first message, which thus
acts as an introductory greeting.

Figure 4 presents a closer look at the conditioning cir-
cuitry used to interface with the PVvDF. The equivalent
circuit for the 7- by 10-inch sheet of PvDF foil used on
the balloon is given at top left; when driven as a
speaker, the foil appears as a 200 nanofarad (nf) load,
yielding a reactive impedance of 800 ohms at 1 kHz.
The on-card 1:10 transformer drops this to the vicinity
of 8 ohms and boosts the PVDF drive voltage up to the
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balloon diameter. At 4 kHz, the directionality
becomes very complex, suggesting a superposition of
many different modes that correspond to excited
acoustic and structural degrees of freedom. In general,
the sound at most speech frequencies is seen to ema-
nate away from broadside (0 and 180 degrees) and out
toward the edges, an effect quickly noticed when
hearing the balloon enunciate.

Figure 8 shows the frequency response of the taut bal-
loon when used as a pickup. In this test, the balloon
was radiated white noise from a Snell Acoustics Type
EII Loudspeaker. The balloon pickup spectrum was
recorded, then normalized by a reference noise spec-
trum detected by placing the calibrated microphone at
the balloon position, in order to compensate for the
loudspeaker’s frequency response. Two curves are
shown; one using a flat-response balloon preamplifier
and another using the high-pass filtering front end
shown in Figure 4. The low-frequency rolloff in the
latter curve is obvious below 500 Hz; this nicely
attenuated the strong lumped resonances, which were
casily excited by transients. Otherwise, many peaks
are seen, arising from the complicated acoustic struc-
ture discussed above. The input response rolls off
after 3 kHz in a similar fashion to the taut balloon’s
output response in Figure 6, thus it is well matched to
the voice spectrum. These curves show the sensitivity
of the balloon transducer in dB (with respect to 1 volt
per Pascal), and are compensated for a flat 45 dB gain
from the balloon preamplifier (no spectral response is
included), in order that they reference the level
expected at the transducer.

Applications

Over 60 of these balloon systems were manufactured
and distributed to various Media Lab researchers for
the open house at the Laboratory’s tenth anniversary,
resulting in many innovative applications. The most
common was an interactive “oracle” outside a labora-
tory, hawking the research pursued within. The bal-
loon would hear people walking up, prompt them with
its introductory message, and produce its remaining
lines upon further questioning.

When a group of balloons can hear and speak to one
another, they spontancously interact. A pair of bal-
loons tends to work as an astable multivibrator; since
they wait for their partner to finish before speaking
themselves, they produce an often amusing conversa-
tion. This property was exploited in several installa-
tions at the open house; one pair of balloons played
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complementary bars of Dueling Banjos,” and another
pair perpetually screamed “cheeseburger” and
“Pepsi**” at one another. The largest installation was
a cluster of four balloons, which were programmed
with excerpts of Marvin Minsky reading from his
book Society of Mind3® Until their batteries ran out,
the balloons piped these samples at one another in a
shifting, pseudorandom order. Their behavior was like
a group of crickets; when nearby people were making
steady noise, they fell dormant, resuming their calls
once it was again silent.

The balloons were also applied as speakers for exter-
nal audio sources. A group of nine were wired in par-
allel and distributed across the atrium of the
auditorium where the anniversary symposium was
held, forming a “concealed” public address system.
Some people used them as a festive audio output
device for computers running different demos. One of
the most unusual®! involved two computers playing a
game of “Battleship” with one another, communicat-
ing via coded bursts of audio sent across a pair of bal-
loons.

The amount of background sound varied from place
to place across the laboratory, and was often signifi-
cant. Nonetheless, the noise compensation circuitry
worked, and the balloons always triggered, thus were
able to perform their duties.

Conclusions

With a piece of lightweight pvDF foil and some simple
electronics, we have turned a common party balloon
into something that can listen, talk, and interact. In
addition to its novelty value, the PVDF balloon actually
functions as a good voice transducer. The balloon sig-
nificantly improves the impedance match of the PvDF
strip to air, producing an efficient radiator and micro-
phone at speech frequencies. Simple linear filtering is
able to suppress the low-frequency balloon reverbera-
tion adequately for voice intelligibility when listening
through the PVDF.

This project has focused on the transducer, not the
application. A logical next step is to augment the ana-
log front end with digital processing to enable speech
recognition and synthesis, plus provide an interface
into a digital network. But the simple and surprisingly
successful system described here, offering helpful
sensing and communication where it is least expected,
already gives us a glimpse into the future through a
“thing that thinks.”
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