Sensors and Actuators A 317 (2021) 112452

Sensors and Actuators A: Physical

journal homepage: www.elsevier.com/locate/sna

Contents lists available at ScienceDirect

Flexible electrostatic transducer array with displacement control for
haptic sensing and actuation

Check for
updates

lan Trase?, Hong Z. Tan", Zi Chen?, John X.J. Zhang®*

2 Thayer School of Engineering, Dartmouth College, 14 Engineering Drive, Hanover, NH 03755, USA
b School of Electrical and Computer Engineering at Purdue University, West Lafayette, IN 47907 USA

ARTICLE INFO

Article history:

Received 26 April 2020

Received in revised form

15 September 2020

Accepted 17 November 2020
Available online 23 November 2020

Keywords:

Haptics

Transducer
Electrostatic

Flexible electrodes
Sensing
Displacement control

ABSTRACT

We developed flexible electrostatic transducers with both a single element and a 2 x 2 array format
to actuate at a precise displacement across a range of loads with a control circuitry and algorithm. The
transducer, composed of a moving buckled film with an integrated electrode and a rigid electrode, can
be used to simultaneously generate and sense displacements. A circuit and computer program were
designed to demonstrate displacement control and quantify the sensing precision of the transducer.
Specifically, we applied a range of voltage and load conditions to the transducer and array and measured
the displacement while under loading through capacitive sensing. The change in capacitance was linear
with respect to the area of the electrode in contact and matched theoretical predictions when described
as a function of the displacement. The transducer was loaded with weights in the range of 5-27 mN
and capacitance-driving voltage graphs were obtained. An 8 Hz driving frequency was used to move
the transducer, while a 10.8 kHz signal was used to sense the capacitance. These were used to build
a predictive model to correct for sensed load to maintain a average displacement. It was found that a
transducer of dimensions 10 mm X 40 mm was able to maintain displacement under loads of 5-27 mN,
while a matrix composed of 10 mm X 20 mm transducers was able to maintain displacement under loads
of 2.5—11 mN. In general, the detection thresholds of human skin can range between 5-20 mN of force
and 2-20 u m of displacement for frequencies between 1 Hz and 250 Hz, so these values are in line with
what is needed to build a functional haptic wearable device. The present work provides a method to
quantitatively measure and control a new type of flexible transducer for a variety of haptic applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

PZT and voice coils are rigid, and voice coils can have high energy
requirements [7]. Piezoelectric polymers are a promising new field

Transducers are used in both actuation and sensing applica-
tions, for example, as speakers and microphones [1], or for haptic
wearable devices [2]. Many modern transducers are made from
piezoelectric crystals such as lead-zirconium titanate (PZT) [3],
which change shape in response to an applied voltage, or change
voltage in response to an external force. These piezoelectric trans-
ducers can be made to be very precise and find use in small-scale
control systems or measurement systems [4]. Another example of
a common transducer would be the voice coil [5,6], which is com-
posed of coiled wire. When an electrical current is passed through
the wire, it generates a strong magnetic field to move a coil. This
technology is common in speakers and microphones. However,
most common transducers have several limitations which prevent
their entry into new markets. Both ceramic piezoelectrics such as
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of research, with materials like polyvinylidene fluoride (PVDF) able
to generate large displacements [8], but the polymers tend to have
significantly lower piezoelectric constants than the ceramics [9].
This means that higher voltages and power outputs are necessary to
generate the same level of displacement. Finally, most commercial
transducers are restricted to either sensing or actuating, even if the
fundamental material that drives them is capable of both (although
see [10]). As modern technology becomes more integrated, there
is a need for transducers capable of both sensing and actuation
with the same element, even simultaneously. Typical applications
include devices such as fitness wearables, smartwatches, or health-
focused devices. Continuous sensing allows for higher quality data,
especially when recording physiological signals. We have previ-
ously designed a flexible electrostatic transducer powerful enough
to be used in haptics applications and show here that it is also
capable of useful simultaneous sensing and actuation [11,12].

The flexible electrostatic actuator is composed of a moving buck-
led electroded film connected to a rigid electrode, as shown in
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Fig. 1. Flexible electrostatic transducer. A) Schematic of transducer layers. B) Image
of prototype transducer. As the applied voltage compresses the transducer, the
capacitive area between the top and bottom Kapton films increases. This increases
the overall capacitance by a precise amount and allows for the determination of
displacement. A properly designed circuit can drive actuation while measuring the
instantaneous capacitance change. When a load is applied, the transducer remains
compressed at all stages, and the change in displacement Ad is smaller.

Fig. 1a. Flexibility has previously been shown to be a crucial com-
ponent in many soft actuator or conformal technologies [13-16].
When avoltage is applied between the two films, electrostatic force
will pull the buckled film in towards the rigid film, similar to the
action of electrostatic MEMS devices [17], but without the pull-in
effect [18]. This allows the film to actuate and generate vibration
when an AC voltage passes through it. As it is composed of a pair
of electrodes, it is electrically similar to a parallel plate capaci-
tor. The capacitance of the transducer changes significantly based
on the degree to which it is displaced. Thus, by passing a high-
frequency current through the transducer, the current shape and
thus the displacement can be determined. While the transducers
in most systems are designed to either sense or actuate, a benefit
of the technology is that a standard device can do both, switching
between actuation and sensing as the need arises. This is similar
to how piezoelectric actuators work in ultrasonic imaging to first
send and then receive an ultrasonic pulse [19]. Through careful
design of the electronic and physical systems, these devices can
sense and actuate simultaneously. This allows for smoother oper-
ation, better data collection, and higher-fidelity actuation output.
If we can avoid interruptions in actuation caused when a device
switches to a sensing mode, the user will feel an uninterrupted
signal. Similarly, there will be no gaps in the sensed data. Simul-
taneous input and output allow for a further improvement to this
class of devices - automatic displacement control. Self-sensing is a
well understood process in piezoelectrics and dielectric elastomer
actuators [20-22], but has not been extensively studied with flex-
ible electrostatics. When sensing while actuating, the device can
also sense its own motion. With the correct circuitry and program-
ming, it can then adjust if the motion is too large or too small. This
technique requires a good understanding of the electromechan-
ical response of the transducers to different driving amplitudes,
frequencies, and loads. In addition, whatever system is designed
must be able to differentiate between motions generated by the
electrostatic response of the transducer and motion external to the
system.

The device is composed of abuckled 25 m Kapton film mounted
to a rigid film composed of a Mylar insulator, a sputtered gold
electrode, and a backing Kapton layer. Kapton was chosen for the
buckled film due to its favorable electromechanical properties.
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Kapton has a high dielectric breakdown, allowing it to take high
voltages despite its low thickness. It is also relatively stiff, which
translates to an ability to generate higher forces when actuating.
Specifically, the buckled film material and thickness was chosen to
fall within a certain stiffness band, such that it was stiff enough to
generate displacement into the skin, but not so stiff as to require
very high voltages to move. The dimensions of the transducer were
chosentobe Lg = 20mm, w = 10mm, and h = 3mm. These dimen-
sions were chosen to optimize the displacement response at the
voltage range under study. Simulations and theory were conducted
during the design phase to ensure that the resulting device was
capable of produce a perceptible signal into the skin, and the results
of this research are presented in [23].

2. Theory

The haptic transducer device design is shown in Fig. 1. It consists
of a fixed electroded film and a buckled electroded film, separated
by a thin insulation layer. When a voltage is applied across the two
electrodes, an electrostatic force is induced, and the two films move
closer together. Generally, the electric field between the two elec-
trodes is approximately zero everywhere they are not in contact,
except for the small portions immediately adjacent to the contact
area. These portions experience high fields and high acceleration,
which pulls the immediate parts of the films together. This in turn
brings the next infinitesimal segment of films together, and so on.
Macroscopically, the end state of the device when charged to a
given voltage is a function of the competition between the restora-
tive bending energy of the buckled film and the electrostatic energy
in the fields. By applying an alternating voltage, the buckled film
can be made to move up and down and to vibrate. Unlike a standard
parallel plate micro-electromechanical (MEMS) device, the trans-
ducer does not experience pull-in, as the bending energy of the
buckled film increases more quickly at large deformations than the
electrostatic energy. By changing the electrode patterning, the film
can be made to actuate in a variety of ways, including up-and-down
and side-to-side.

eAV?
2d2

Here ¢ is the permeability of the insulator, A is the area of the two
films that are in contact, V is the applied driving voltage, and d
is the insulator thickness. The voltage necessary to reach a target
displacement is dependent on the shape and size of the transducer,
with larger and taller transducers requiring a higher voltage. The
most important variable, however, is the thickness of the insulative
film between the two electrodes. As the insulative film shrinks, the
electric field becomes stronger at the same voltage, and less voltage
is required to actuate the device. Theoretically, a 50 % decrease in
film thickness would result in a 75 % decrease in required voltage
for the same electric field strength, as shown in Eq. 1. There is a
lower bound on insulator thickness that is given by the smoothness
of the film and the dielectric breakdown strength - smoother and
stronger films can be made thinner yet still function as effective
insulators. Current devices are made with a Mylar insulate of either
12.5 or 2.5 um. The properties of the insulator also strongly affect
the capacitance of the device, which is critical for sensing.
Because the device is essentially a flexible capacitor, it can be
used as a displacement sensor. When the distance between the
buckled film and the rigid film decreases, the overall capacitance
of the device increases. Specifically, the capacitance of the device is
directly proportional to the amount of surface of the buckled film
that is in contact with the rigid film. This relationship is described
by Eq. (2). If one knows the capacitance of the device at rest and
the capacitance when maximally compressed, it is straightforward
to determine the expected capacitance at any point in between.

Fp = (1)
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This allows the device to be used as a passive displacement sensor,
with the real-time capacitance corresponding to the instantaneous

displacement.
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Here C is the capacitance of the transducer, w is the width of the
transducer, L¢ is the length of the two films that are in contact, Lg
is the total length of the buckled film, Ly is the total length of the
rigid film, and h is the height of the transducer. The capacitance can
be found by solving for the relationship between L¢ and h. This is
done by calculating the arc length of the buckled film that is not
in contact with the rigid film and is instead buckled into a cosine
shape y(x). A complication arises when the transducer is under load
as the transducer is more compressed, and hence its capacitance is
higher at all points. In addition, the same amount of displacement
results in a smaller change in capacitance. Looking at Eq. (2), this
translates to the fact that the higher L begins, the less it will change
by when the voltage is turned on. A smaller change in L¢ leads to
a smaller change in C, even if the change in h is the same. If our
goal is to simply measure displacement as a simple function of the
capacitance, then any load will throw off that measurement com-
pletely. However, a given driving voltage will generate a specific
capacitance as a function of the load. We can take this data, which
is obtainable both through theory and experiments, and apply it
to our sensing system. When the capacitance of the transducer is
greater than it should be for a given driving voltage, we can cal-
culate the load that must be applied, and from that load and the
driving voltage estimate the displacement. Once this is done, it
is possible to compensate with a precise increase in the driving
voltage that will bring the displacement back to the target value.
However, to perform real-time control, we must be able to sense
and actuate at the same time.

Sensing and actuating simultaneously presents several engi-
neering challenges. The displacement-frequency profile of the
device is such that the driving frequencies must be less than 100
Hz, and often less than 50 Hz. However, the capacitance of the
device is in the picofarad range, which requires higher frequen-
cies to be sensed correctly. Furthermore, the driving signal must
be of high voltage in order to generate perceptible actuation -
in this device between 100—300 V peak-to-peak amplitude with
zero DC offset. The circuitry required to measure the capacitance
of the transducer is rated for normal electronics voltages, in the
1-15 V range. Exposing the capacitance measurement circuitry to
the driving signal would cause the integrated circuits to immedi-
ately break down. The solution is to send a combined signal, with
both the low and high frequency components, through the trans-
ducer, and to measure the capacitance on the low-voltage side of
the transducer only. Because the capacitance of the device is low
and the frequency of the high-voltage signal is also low, the vast
majority of the low-frequency voltage drop occurs across the trans-
ducer, and only an extremely small low-frequency signal is present
at the capacitance-sensing circuit. Conversely, a significant per-
centage of the low-voltage, high-frequency signal passes through
the transducer. This percentage is controlled by the instantaneous
capacitance of the transducer - by measuring the voltage drop of
the high-frequency signal across a resistor and capacitor after the
transducer, we can calculate the transducer capacitance. As long as
the transducer does not suffer any sort of electrical breakdown, the
vulnerable circuitry is never exposed to more than a few volts, the
transducer receives the high voltage it needs to operate, and the
circuit itself remains simple and robust.

A L
oA _slew
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The addition of a matrix presents another set of challenges.
When each transducer on a matrix is addressed, driven, and con-
trolled separately, each transducer can be treated like an individual
system and the automatic sensing schema does not need to change.
We chose to evaluate more complicated scenarios in which the
transducers on the matrix were not electrically isolated from each
other. Each top film was connected, and each rigid film was con-
nected. Thus, when a driving signal was sent to the transducer
matrix, all transducers actuated at the same amplitude, frequency,
and phase. Under this setup, when a mechanical load is placed on
a transducer, the overall change in capacitance will be only 25 % of
what it would have been with a single transducer. By focusing on
a single transducer in the matrix, it is possible to prescribe the dis-
placement for that transducer while letting the other transducers
operate without loads.

3. Fabrication and experimental setup

The transducer itself is composed of a pair of thin films mounted
on a glass slide. We use a 25um -thick Kapton film for the buckled
film, as it has a high dielectric breakdown strength and is relatively
stiff, which leads to higher forces. A thin coat of 20 nm of gold
is sputter-coated onto this film in a precise pattern, and a wire is
attached using copper tape. The rigid film is composed of a thick
layer of PDMS (~100um) onto which another 20 nm of gold is pat-
terned on. Another wire and copper tape are placed on this gold
electrode. After the gold is sputtered onto the PDMS, an extremely
thin freestanding sheet of Mylar film (2.5um) is affixed to the
PDMS-gold surface. The PDMS acts as an adhesive and allows the
Mylar to stay flat. Mylar is an excellent insulator and allows there to
be a 2.5 m separation between the two gold electrodes, leading to
high electric fields and forces. Finally, the Kapton film is buckled to
give a predetermined maximum height and fixed to the rigid film.

The experimental setup consisted of a series of electronics
designed to amplify and modulate the desired signals. The circuit is
described in detail in Fig. 2b. The driving signal output was gener-
ated using the audio port of a desktop computer and was controlled
through a custom MATLAB script. The audio port was capable of
generating a signal of between 1 Hz-24 kHz, and a voltage ampli-
tude of up to 2 Vpyp. This signal was then passed through a Texas
Instruments LM1458 N op-amp amplifying circuit to bring the max-
imum amplitude to 10 Vpp, which allows us to access the full range
of the high voltage amplifier. In general, the amplitude was set to
between 10-30 V. This signal was then added to a 300mVp;y,
10.08 kHz signal generated by a Keysight 33522B signal generator
using a summing op-amp configuration, as shown in Fig. 2b. The
combined signal was then passed to the Trek Model 2210 high-
voltage amplifier with a gain of 100. Thus, the final signal as output
from the high-voltage amplifier was a 100—-300 V), amplitude
signal of low frequency summed with a 30 V;;, amplitude 10.08
kHz signal. This signal was passed through the transducer and then
passed through a sensing resistor. The resistance of this resistor
was chosen to be 10k$2 such that the voltage amplitude across it
would not exceed 1 V under maximum actuation parameters (100
Hz driving frequency, 300 V3, driving amplitude, max transducer
capacitance 50pF). A probe connected to a National Instruments
DAQ measured the voltage drop across the chosen resistor and
delivered that data to the running MATLAB script.

The MATLAB program consisted of three parts: a method to
generate and output the audio signal used to drive the transducer
motion; a method to read the measured voltage drop across the
resistor which corresponded to the capacitance of the transducer;
and a method to use the transducer capacitance, the audio signal
amplitude, and the target displacement to both measure the load
on the transducer and ensure a average displacement amplitude.
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Single rigid film with
common bottom electrode
across entire device

4 buckled films making up top
half of 4 transducers in array
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Fig. 2. Electronic Setup. A) Transducer array, showing the buckled film with four separate laser cut transducers and sputtered electrodes, and a single shared ground on the
rigid electrode. Measurements were conducted on a single transducer on the array, to compare results between an array transducer and a solo transducer. B) circuit diagram,

describing basic layout of control system, with associated driving and sensing signals.

Audio signals could be generated at any frequency the audio jack
was capable of outputting, and the signals could be set to run con-
tinuously or for a discrete period of time. The measurement method
could be called to collect voltage data for any length of time at a
maximum rate of 102,400 samples per second. The audio signal and
measurement method could be started simultaneously, making it
possible to measure phase delay and track motion in real-time.

The MATLAB program was designed to adjust the voltage being
sent to the device in response to a change in the capacitance. When
given a target displacement, the program would first send a fixed
driving voltage through the transducer and measure the maxi-
mum and minimum capacitances, and then use calibration data
to determine the load on the transducer. Once the load is known,
the program was able to choose a target driving voltage to reach
the specified displacement.

The basic construction of the transducer matrix was similar to
the single transducer. An Anatech Hummer was used to sputter-
coat the rigid film with a single large gold electrode, while the
buckled film was patterned with four separate electrodes. In this
system, all four transducers share a common ground but can be
actuated at different voltages and frequencies if desired. It was
important that all four transducers shared a similar geometry, such
that the same driving signal sent to two transducers would generate
the same motion in both. To this end, the buckled Kapton film was
laser-cut using a custom pattern, and then sputtered using another
custom mask. These patterns were designed to maximize lamina-
tion between the buckled and rigid films while still allowing for
wire pathing and uniform geometry. The results of this fabrication
can be seen in Fig. 2A.

4. Results and discussion

The transducer was tested under a variety of loading, driving,
and target displacement conditions. The goals of these tests were

twofold. Firstly, we wanted to show that the transducer was capa-
ble of measuring the load placed on it while actuating. Secondly,
that the transducer could maintain a average displacement for a
range of loading conditions without external input. In Fig. 3, we
show the results of the load measurement test. Loads from 1 mN
to 9 mN were placed on the centerpoint of the buckled film of the
transducer using a flexible lightweight bucket of folded paper to
prevent loads from falling to one side or another, and the capaci-
tance of the transducer was measured as a function of the driving
amplitude at 8 Hz. The bucket was attached using a thin strip of
tape and was designed to minimize any potential increase in trans-
ducer stiffness. In Fig. 3a, we can see that there is a linear increase
in capacitance as the load is increased for any driving voltage. We
also conduct a load measurement test for the transducer matrix by
applying loads to only one of the four transducers, and then measur-
ing the resulting total capacitance. As the displacement on the other
three transducers is unaffected by the load, this reduces the ulti-
mate sensitivity of the capacitance measurement by 25 %. Despite
this, we see the same trends in terms of minimum and maximum
capacitance as voltage increases. The different fabrication methods
between the single transducer and the transducer matrix result in
different capacitance ranges and different voltage ranges, but the
overall structure of the phenomena remains the same.

The calculated capacitance can be related to the exact position
of the transducer through Eq. (2). Because a large change in L¢ cor-
responds to only a small change in the height h, the relationship
between L¢ and h is almost entirely linear, and thus the change
in capacitance AC between the minimum and maximum values is
proportional to the change in height, regardless of the base capac-
itance (and base compression of the transducer). For any driving
voltage, we can immediately determine both the load and the cur-
rent displacement by measuring the change in capacitance and
baseline capacitance, then correlating it to the data in Fig. 3. With
this information, we can calculate what driving voltage would be
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Fig. 3. Capacitance vs. driving voltage for selected loading conditions. Each color represents a specific loading condition, such that the transducer is loaded with 5.3 mN in
the blue curve in A). As the transducer actuates, its capacitance increases and decreases in time with the driving frequency (8 Hz), producing a minimum and maximum
capacitance value at each driving voltage amplitude. These minimum and maximum capacitances are represented by the bottom and top of the shaded region, respectively,
with the average capacitance at each driving voltage value plotted directly. Heavier loads tend to produce larger average capacitances, while higher driving voltages increase
the spread between minimum and maximum capacitance. Capacitance values are normalized with respect to the minimum measured capacitance at 50 V, as the percentage
change in capacitance is the metric used to measure the loads and calculate displacements. A) Capacitance data for single transducer. B) Capacitance data for a transducer on
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Fig. 4. A) Percentage of loads accurately determined by the transducer. B) Error on load detection for the transducer matrix.

necessary to generate the target displacement, which is equivalent
to a target change in capacitance, under this particular load and
increase the driving voltage to this value.

In order to accurately control the displacement of the trans-
ducer, it is important to be able to detect the amount of force being
applied to the transducer. This can be done using the data collected
in Fig. 3, by measuring the baseline capacitance of the transducer
at a particular driving voltage and correlating it to a given load.
In Fig. 4, a series of 50 trials were conducted, wherein a random
load was applied, and then the system would attempt to detect the
load based on the capacitance of the transducer. The five weights
from Fig. 3 were used, and trials were marked as either a success
or failure based on whether the correct load was identified, shown
in Fig. 4(A). For the transducer matrix, a different system was used
to account for the fact that a load was only placed on one of the
four transducers while the capacitance was measured from all of
them. Here trials were marked as successes or failures based on
their deviations from the best fit capacitance for the matrix. In
all, in 24 of the 50 trials, the loads were accurately determined,
in another 24 they were off by one load option, and the final 2
trials were off by multiple options. As sensitivity of the transducer
matrix is significantly lower than that of the single transducer when
operated in this mode, it was expected that the number of correct
identifications would also be lower. The transducer matrix results
show that the system remains reasonably accurate even under this
more challenging scenario, which bodes well for future sensitivity
improvements.

Lastly, an experiment was designed to explore the use of
capacitance-based sensing to adjust the output displacement of the
transducer. The goal of this experiment was to show that given a
target displacement, the amplitude of the driving signal sent to the
transducer could be adjusted such that the transducer was actu-
ating at that target displacement, regardless of the load on the
displacement. To do this, the measured capacitance range from the
actuating transducer is first used to determine an approximate load.
A target displacement is then translated into a target capacitance
range using Eq. 2. Based on the target capacitance range and the
estimated load, a new driving voltage is chosen using the calibration
data described in Fig. 3. The resulting new change is capacitance is
then recorded and translated back into a displacement value using
Eq. 2, and this result is recorded.

50 measurement trials were conducted over 5 different loads
and 10 different target capacitances (resulting in 50 unique target
displacements). These results were collected into 5 groups of target
displacements, to determine if the magnitude of displacement was
afactor in error. Fig. 5 shows the results of these trials for the single
transducer and transducer array in histograms with truncated y-
axis. The overall control error can be calculated by dividing the
absolute difference in the measured and target displacements by
the total range of the target displacements. This yields an error of
9.5 % for the single transducer and 10.5 % for the transducer array.
It is also useful to note that while the error was relatively constant
with respect to displacement level for the single transducer, it was
not for the transducer array. There are a few possible reasons for
this, but the most likely is a mismatch between the assumed and
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Fig.5. A comparison of target displacement versus measured displacement for the single transducer and transducer array. Displacement was measured indirectly, by directly
measuring the capacitance change and calculating displacement through Eq. 2. 50 trials were run with a variety of loading and target displacement conditions. The results
were grouped by target displacement level to determine whether the error was a function of the amplitude. The range of displacement levels was chosen based on what was
achievable for the used combinations of load and voltage. A) Single transducer. B) Transducer array.

actual displacement-capacitance relationships. To calculate a new
voltage to reach a target displacement, a relationship between the
measured capacitance and the displacement must be established.
In this study, we have used a simple parallel plate capacitor as an
approximation. It may be that this approximation holds for larger
transducers, but is not as accurate for the smaller transducers that
the array is composed of. A more complex equation which takes
the complex geometry of the transducer electrodes into account
may reduce this error. The relative variance was also significantly
higher for the transducer array, which is hypothesized to be due to
the previously-discussed reduced measurement sensitivity of the
transducer array.

5. Conclusion

We demonstrated a flexible electrostatic transducer with con-
trollable sensing and actuation. The transducer itself is lightweight
and robust, yet capable of displacing loads up to 3 g. We built a
custom electronics setup to precisely measure loads placed on the
transducer and to maintain a average displacement for a range
of loads. We were able to measure loads to within 2% and main-
tain displacement within 15 % of the chosen value. These loads are
more than enough to be perceptible on the skin. A displacement
amplitude an error of 15 % is barely detectable by a human user
because the human vibrotactile amplitude discrimination thresh-
old is on the order of 1-2 dB [24]. Significant reductions to these
error values are expected for transducers fabricated using commer-
cial methods, such as lithography. Current error is mostly caused
by imperfections in the buckled film geometry, such that a given
change in displacement does not map exactly to a set value of capac-
itance change. As the transducer is reduced in size and optimized
for wearable applications, these values will correlate much more
strongly.

This study also does not take into account the effect of para-
sitic capacitances from the body and environment. As the current
capacitance ranges of the transducer are small, measurements are
vulnerable to error due to changes in parasitic capacitance. In labo-
ratory conditions, the absolute magnitude of parasitic capacitance
is not relevant, as only changes in capacitance are used for mea-
surements. In real-world use, the amount of parasitic capacitance
would vary dynamically with device orientation and use. When the
transducer is only sensing as a method of displacement control, this
issue can be solved by extracting the amplitude change at the driv-
ing frequency only, but reducing the effect of parasitic capacitance
for the case of general force and displacement sensing will require
more sophisticated sensing electronics.

In addition, all of these experiments took place at driving volt-
ages of at most 300 V, showing that the technology could be
integrated into a small wearable device. Better fabrication methods
will also allow the thickness of the insulator between the electrodes
to be reduced, driving down the required voltage to levels eas-
ily attainable by safe consumer-oriented integrated circuits. The
transducer matrix further shows the potential of the technology to
be miniaturized and integrated. We demonstrated that the same
sensing and actuating technologies that drive the single transducer
are also effective at driving a matrix of smaller transducers. As the
number of transducers in the matrix is increased, and the size of
the individual transducer elements is decreased, the sensing spatial
resolution and accuracy should increase dramatically. This matrix
is similar to what could be actually used in commercial devices and
shows the promise of this new flexible transducer technology.
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