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We  have  designed,  fabricated,  and  characterized  a  flexible  electrostatic  transducer  (FET)  for  potential  use
as  a wearable  haptic  actuator.  This  transducer  both  generates  motion  through  the  vibration  of  a  curved
electrode  and measures  the displacement  of the  same  curved  electrode  to  act  as  a displacement  sensor.
The transducer  was analyzed  through  theory,  simulation,  and  experiment  to determine  its  displacement
and  sensing  performance.  It  was  found  that  a  transducer  with  a footprint  of 25 mm  × 12.5  mm  was  able  to
generate  displacements  between  0.1  mm  and  3.2 mm  of displacement  when  operated  at  voltages  between
25 V and  150  V.  It  was  also  capable  of audible  actuation  at frequencies  anywhere  between  0.01  Hz and
10  kHz,  including  at target  frequencies  relevant  to  haptic  communication.  The  transducer  was  able  to
sense  changes  to  its  shape  through  a change  of  capacitance,  with  a  signal  change  of around  10%  dur-
ing  maximum  displacement.  This  sensing  allows  for  both  bidirectional  communication  and  automatic
displacement  control  through  self-sensing.  Simulation  and  theoretical  results  provide  insight  into  the
lexible electrodes mechanism  of  actuation  for the  actuation  and  sensing  systems,  including  predictions  of displacement
for  a  given  voltage.  User  studies  were  also conducted,  where  it  was  found  that  the  transducer  gener-
ated  perceivable  and  comfortable  vibrations  at both  26  Hz  and  260 Hz,  with  260  Hz  being  perceivable
at  lower  amplitudes.  The  present  work  describes  and  characterizes  a  promising  transducer  for  haptic
communication.

© 2019  Published  by  Elsevier  B.V.
. Introduction

Haptic communication involves the bidirectional transmission
f information through skin [1–3]. While current forms of remote
ommunication are primarily auditory or visual, touch plays an
nderutilized role in face-to-face communication [4]. Touch is often
sed to communicate closeness or affection that are impossible
hrough speech or writing. Human skin can also support the trans-

ission of simple alphabets [5–8]. Vibration-based tactile feedback
s common in smartphones as a typing aid [9–11], but its use is
therwise limited. A greater range of feedback is possible if the hap-
ic communication system is directly mounted to skin [12,13] and
xploits multiple touch modalities, such as vibration, stretch, and
ressure [14–16]. Current devices suffer from large size [17–19],

ow force, or limited modalities [20]. Thin and flexible actuators

rovide an opportunity to shrink the device and generate multiple
odalities, increasing information transfer [21–24].

∗ Corresponding author.
∗∗ Corresponding author.

E-mail address: john.zhang@dartmouth.edu (J.X.J. Zhang).

ttps://doi.org/10.1016/j.sna.2019.111655
924-4247/© 2019 Published by Elsevier B.V.
Flexibility allows haptic actuators to conform to the skin as it
stretches, shears, and twists. Flexible actuators are common in soft
robotics, including actuators built from memory materials [25],
pneumatic channels [26], dielectric elastomers [27], ionic polymer
metal composites (IPMC) [28], and others [29]. Dielectric elas-
tomers operate through electrostatics and are fast, flexible, and
thin [30]. This has made them promising candidates for actuators in
tactile feedback displays [31–33]. However, high voltages and low
strain rates limit their application. Many micro-electromechanical
(MEM)  devices use electrodes that are not mechanically connected
to generate larger strains at lower voltages [34]. Electrostatic MEM
designs are promising for haptic communication, but the device
must be scaled up and adapted for a flexible environment. At the
microscale, large forces can be generated at low voltages, but only
certain designs are scale-agnostic.

In this paper, we  design thin and flexible electrostatic actuator-
sensors using curved electrodes. The displacement of curved
actuators with two clamped ends are measured for a range of
voltages, geometries, and material properties. Theoretical predic-

tions based on competition between bending and electrostatic
energy are used to verify the experimental results, and COMSOL
Multiphysics simulations are used to further confirm expected phe-
nomena. Actuators are configured to deliver vibrotactile force to

https://doi.org/10.1016/j.sna.2019.111655
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.111655&domain=pdf
mailto:john.zhang@dartmouth.edu
https://doi.org/10.1016/j.sna.2019.111655
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etter exploit skin mechanoreceptors. The transducer also acts as
 variable capacitor, with capacitance increasing with transducer
ompression.

The flexibility and low profile of our new actuator make it excep-
ionally well suited to haptics. We  first describe the theory behind
he transducers and provide predictions for actuation and sensing.

e then detail construction of the transducers and characterize
heir actuation and sensing capabilities through both experiment
nd simulation. Finally, we conduct a user study to measure the
ercipibility and comfort of the transducers as haptic wearables.

. Theory

.1. Transducer description

A schematic of transducer operation is shown in Fig. 1a and b.
he transducer consists of a pair of rectangular free-standing poly-
er  thin films sputter-coated on one side with gold electrodes. The

rst film is fixed to a glass slide such that its gold electrode is in con-
act with the slide. The second film is attached to the first film such
hat the shorter sides of both films are in contact at either end and
he gold electrode of the second film is oriented towards the first
lm. The second film is longer than the first, and it buckles into

 cosine curve [35] with a height determined by the difference in
ength of the two films.

.2. Actuation

When a voltage is applied across the electrodes, an attractive
lectrostatic force is generated between the buckled and rigid films.
he force per unit length is proportional to the inverse of the
eparation between the films squared. Separation between films
s high everywhere except for the points at which they are con-
ected, where measurable force initially exists. As the electrostatic

orce pulls the buckled electrode into contact with the rigid film
t these connection points, the separation between the two elec-
rodes decreases. This creates a positive feedback loop where the
ecrease in film separation increases the electrostatic attraction,
hich further decreases the film separation. This phenomenon is

quivalent to the “pull-in” effect experienced by many microelec-
romechanical systems [36]. In this transducer design, the runaway
ull-in is countered by a mechanical restoring force that increases
s the curved electrodes are deformed [37,38]. As the buckled film
s pulled further from its stress-free shape, bending stress in the
lm increases until it is equal and opposite to the attractive electro-
tatic force. The transducer has either one or two stable equilibrium
hapes for a given voltage, which can be predicted by balancing the
ending force FB and the electrostatic force FE , described in Eq. 1
elow. The electrostatic force can be simplified by assuming that
he force is zero everywhere except the regions in which the two
lms are in contact.

FE = w

4�ε

LR∫

0

LB∫

0

�R (x) �B (s) yB (s)

(
[x − xB (s)]2 + y2

B (s)
)3

2

dsdx → FE

≈ εwLCV2

2h2
, FB = w

LB∫

0

[
� (s) ∗ ŷ

]
ds#

(1)

ere w is the width of the transducer, ε is the permittivity of the
igid polymer film, LR is the total length of the rigid film, LB is the

otal length of the buckled film, �R and �B are the charge distri-
utions across the rigid and buckled films respectively, yB (s) and
B (s) are the x and y-coordinates of the buckled film with respect
o the buckled film arc length s, LC is the length of the buckled film
d Actuators A 303 (2020) 111655

that is in contact with the rigid film, V is the voltage across the two
electrodes, h is the thickness of the rigid film, and � (s) is the Cauchy
stress tensor of the buckled film. The actuation of the transducer is
shown in a schematic in Fig. 1a.

The flexibility of the actuators allows them to easily deform in
concert with the skin, and the mechanism of action works at any
orientation or compression level. Because the mechanism of action
is electrostatic, the response to an input signal is almost instanta-
neous and a simple AC voltage can drive the actuator. As both a
positive and negative voltage will generate an attractive force, the
driving frequency will be double that of an input AC signal. The
transducer actuates visibly or audibly at input frequencies up to at
least 10 kHz, which includes the 0 Hz–300 Hz range most relevant
to human skin perception.

It is important to note the effects of scaling on the transducer.
Assume the L × L footprint of the device shrinks while keeping film
thickness and overall device height constant. The output force is
proportional to L for a given displacement, and a smaller radius
of curvature for the buckled beam would require a higher voltage
for a given displacement. If, however, we  reduce the thickness of
the rigid insulating film as well, we can eliminate the requirement
for a higher voltage. Thus, we  can theoretically design transducers
which can actuate at a given displacement for a variety of device
footprints. The limiting factor when reducing the size of the trans-
ducer is the output force, which relates directly to perceptibility.
Output force can be increased in a smaller transducer by increasing
the rigidity of the buckled film (either by making it thicker or choos-
ing a stiffer material), but at a certain point the force will become
too small to feel. For this design of transducer, we estimate that it
will remain perceptible when reduced in size to 5 mm × 5 mm.

2.3. Sensing

The rigid film and buckled film act as a variable parallel plate
capacitor, where the capacitance changes based on the amount
the transducer is compressed. During actuation the transducer only
experiences force on the parts of the films that are in contact; like-
wise, the capacitance of the transducer is almost exclusively from
the parts of the films that are in contact. By measuring this capaci-
tance in real time, both the external pressure on the transducer and
the shape of the transducer can be derived. This lets the transducer
act as a haptic sensor, which is able to quantitatively sense human
touch. In addition, it can be used in an automatic feedback loop to
ensure actuating displacement height remains constant regardless
of external forces on the transducer. The capacitance of the device
is effectively that of a parallel plate capacitor, where the length of
the parallel plate is equivalent to the length of the buckled film that
is in contact with the rigid film. We  can estimate the capacitance
simply, as:

Cmax = εwLC

h

Using ε = 3.5ε0, w = 10mm, LC = 15mm to 35mm, and h =
25�m, we  can estimate that the measured capacitance of the
devices ranges from around 186 pF to 434 pF.

The operation of the sensor is shown in Fig. 1b. One of the
benefits of this kind of capacitive sensing is that it can detect
both steady-state and transient pressure signals. Unlike unpowered
sensing solutions, such as piezoelectric or triboelectric materials,
the signal from a capacitive sensor does not degrade or change
over time. The capacitance can be measured as a drop of voltage

across the transducer when attached in series with a resistor and a
capacitor of known value. A high frequency (e.g., 10–100 kHz, above
skin’s perception range) signal is sent through the circuit, and the
measured voltage across the transducer will change based on its
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ig. 1. Operation of the Transducer. A) When a high voltage is applied across the ele
s  removed the transducer displaces upward. B) When the transducer is compresse

apacitance. The ideal known capacitor for this kind of circuit is
ne close to the midpoint of the transducer capacitance range.

. Experiment and simulation

.1. Device fabrication

The actuators are composed of a flat film of thickness tf fixed to
 glass slide and a buckled 25 �m -thick Kapton film attached to
ither end of the flat film (Fig. 2a and b). The electrostatic force is
ighly dependent on tf , so three different flat films were tested: a
apton film with tf = 25�m and two Mylar films with tf = 12�m
nd tf = 2.5�m. Both the flat and buckled films were sputtered
ith a 20 nm thick gold coating on the side closest to the glass slide.
ylar and Kapton were chosen as they both have excellent dielec-

ric strength and are good insulators, thus reducing the chance of
evice breakdown. Each film had a small extra rectangle of gold
lectrode, to which a wire was attached with a small piece of con-
uctive copper tape. These wires were connected in turn to either a
igh voltage amplifier for the actuation experiments or to a signal
enerator for the sensing experiments. The buckled flat film was
xed to the rigid film with a piece of scotch tape on one end and
as lightly fixed by a piece of removable silicone. This fabrication
rocess is summarized in Fig. 2c. This silicone could be removed
nd adjusted to change the length of the buckled film and thus the
eight of the device. Lastly, a small piece of white tape was adhered
o the highest point of the buckled film, to improve the ability of
he laser vibrometer to measure the film motion.

.2. Actuation experiments

The transducers can be induced to actuate when driven by a
igh-voltage signal. Each transducer was hooked up to the output
f a Trek model 2210 high voltage amplifier with a gain of 100, the
nput of which was connected to a Keysight 33522B signal genera-
or. The transducer was vertically mounted to a 3-axis stage fixed
o an optical table, as shown in Fig. 3. As the transducer actuates
lectrostatically, it will ideally move in the same manner for posi-
ive and negative voltages. To prevent any changes in actuation that
ould be the result of stray electrical charge buildup on either film, a
ustom positive-only signal was created (Fig. 3). This signal ramped
p from 0 to 5 V over the course of 5 s at a specified frequency. Three
nput frequencies of 10 Hz, 20 Hz, and 40 Hz were tested. A Poly-
ech PDV-100 laser vibrometer was mounted to the optical table
nd aimed at the small piece of white tape on the transducer. This
ibrometer was connected to a desktop computer through the Poly-
, they move into greater contact with each other at the two ends. When this voltage
amount of electrode contributing to the capacitance of the transducer increases.

tech Vibtech software to determine the real-time displacement.
When the signal generated was  used with the custom input sig-
nal, the transducer actuated and the changes in displacement of
the buckled film were recorded by the laser vibrometer.

Devices of several different heights and rigid film thicknesses
were tested. Films of 25�m Kapton, 12.5�m Mylar, and 2.5�m
Mylar were tested, and heights of 1 mm to 6 mm were tested.
In addition, a 12.5�m transducer was  tested at a wide range of
frequencies to determine the frequency response and a rough esti-
mate of the damping coefficient. The vibrometer displacement
output was processed using MATLAB to extract a plot of maximum
center-point displacement vs voltage at each of the three chosen
frequencies, the three film thicknesses, and the two gap heights. A
Butterworth lowpass filter was used to reduced signal noise, and
displacements at each voltage were extracted using peak detection.
All devices tested were 25 mm by 10 mm in size.

3.3. Sensing experiments

To determine how the change in capacitance was related to the
change in shape, a simple circuit and testing setup was constructed.
The circuit consisted of a 10k  ̋ resistor and a 235pF capacitor in
series with the device and a signal generator, shown in the pho-
tograph in Fig. 4. The capacitor was  chosen to have a capacitance
approximately the same as the capacitance of the transducer when
half-compressed, as this would allow for the largest dynamic range
in terms of voltage change. An AC signal with an amplitude of 10 V
and frequency of 1 kHz was sent through the circuit, and the voltage
across the device was  measured. As the device was  compressed, the
capacitance rose, shown through a drop of voltage. We  can corre-
late this voltage drop with a change in device shape, allowing us to
sense deformation. An additional benefit of this sensing method is
that it can theoretically be used in tandem with actuation, allowing
for device self-sensing. A sliding stage was  used to slowly com-
press the device, and the resulting signal was  recorded through an
oscilloscope, shown in Fig. 4. The stage was moved in 1 mm incre-
ments, up to a max  of 16 mm.  Each transducer had 7.5 mm of the
buckled film permanently in contact with the rigid film on each

side, which gave the device an initial capacitance even when com-
pletely uncompressed. Devices of three different film types (25�m
Kapton, 12.5�m Mylar, and 2.5�m Mylar) and 4 different heights
were tested, for a total of 12 devices.
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Fig. 2. Photograph and schematic of transducer. A) Schematic of transducer showing material makeup and basic electrical connection. B) Photograph of finished transducer,
comprised of a bottom film rigidly affixed to a glass slide and a longer buckled top film attached to the bottom film at two ends. Sputtered electrodes on the top and bottom
film  are connected to a voltage amplifier and signal generator. A piece of reflective tape improves data collection by the laser vibrometer. C) Step by step fabrication schematic.
S1a:  Glass slide prepared. S1b: Glass slide sputtered with 20 nm of gold. S1c: Wire affixed to gold with copper tape. S1d: 25um Kapton film affixed to glass slide. S2a: Second
Kapton film prepared. S2b: Second Kapton film coated with 20 nm of gold. S2c-d: Second Kapton film flipped over and buckled. S3: Buckled film is affixed to rigid Kapton
film.

Fig. 3. Schematic of laser vibrometer setup and actuator driving signal. A) The laser vibrometer (right) is aimed at the actuator (left), which is fixed to a 3-axis stage. The
actuator is connected to a voltage amplifier and signal generator, while the laser vibrometer feeds velocity data to a lab computer. B) A sample signal from the signal generator.
The  signal is 5 s long, positive for its duration, and is 10 (shown), 20, or 40 Hz. The voltage rises and falls linearly to account for any hysteresis in the device.
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ig. 4. Transducer sensing system. A) Schematic of sensor circuit for capacitance me
f  sensing setup with horizontal stage for transducer compression and oscilloscope

.4. Simulations

Electromechanical nonlinear 2D simulations of the airgap device
ere performed using COMSOL to predict and verify the measured
isplacement. The film was modeled with tetragonal elements for

recision while the air under the film was modeled with a rough
apped mesh to increase simulation speed (Fig. 5). To ensure that

hear of the mapped mesh elements remained small throughout
eformation, element anchor points were algorithmically deter-
ent, with transducer modeled as a resistor and capacitor in parallel. B) Photograph
ltage measurement.

mined and manually prescribed. To couple the solid mechanic
deformation and the static charge distribution, a moving mesh cal-
culated using Yeoh smoothing was  assigned to the air under the
buckled film. Devices of the same rigid film thicknesses were tested
(25 �m,  12 �m,  and 2.5 �m),  and gap heights were tested from

1 mm to 6 mm in increments of 0.5 mm.  Each study prescribed a
center point displacement and calculated the shape of the film and
voltage required to reach this displacement. The center point dis-
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ig. 5. Transducer actuation modeling and simulation. A) 2D transducer model in
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lue.  (For interpretation of the references to colour in this figure legend, the reader

lacements ranged from 0 mm to either the gap height or to the
oint where the buckled film would self-intersect.

.5. User studies

To test the efficacy of the newly designed FET on the skin, we
onducted an IRB-approved study to measure the comfort and per-
eptibility of the device at different voltages and frequencies. Ten
articipants between the ages of 21–27, 50% female, had the FET
laced on the top (dorsal) or bottom (volar) side of their forearm
ith a piece of nitrile glove acting as an extra insulator. During

he experiment, a voltage signal was sent out through a PC 3.5 mm
udio jack, amplified through an op-amp circuit and the high-
oltage amplifier and sent to the FET. MATLAB was used to send
nd record the audio signals and all subject responses. Along with
he two arm locations, 2 frequencies (26 Hz and 260 Hz) were com-
ared. During the tests, a vibration was generated randomly in one
f 3 intervals. If the subject could feel the vibration 3 times in a
ow, the voltage was decreased by either 1.5 dB or 0.5 dB depend-
ng on the duration of the trial. If they got it wrong once, the voltage

as increased by the same amount. This procedure, called three-
nterval, one-up three-down adaptive procedure in psychophysics
39], allowed us to zero-in on the threshold of detection. Lastly, we
lso measure the threshold at which the vibration became uncom-
ortably intense for each of the 4 conditions.

. Results and discussion

.1. Actuation experiments

Fig. 6 shows cross-sections of the resulting data, including volt-
ge vs. displacement, gap height vs. displacement, bottom film
hickness vs. voltage, and frequency vs. displacement. Devices with
arger gap heights tend to have larger maximum displacements,
s expected, but also have smaller displacements at lower volt-
ges. All the devices have a characteristic “turn-on” voltage, below
hich they move very little. Once this turn-on voltage is reached,

he displacement will rise rapidly with voltage and then level off. At
ow voltages, the electrostatic force is too small to pull in the clos-
st part of the buckled film. After the turn-on voltage is reached

 positive feedback loop occurs. When a piece of the buckled film
ontacts the base, it moves the rest of the buckled film closer, which
ncreases the electrostatic force. The increased force pulls in more
f the film, and this cycle continues until the reaction bending force
f the buckled film becomes large enough to balance the electro-
tatic force. The bending force rises quickly at high voltages, which
akes it difficult to fully compress the buckled film and accounts
or the leveling off in the voltage-displacement curve.
A larger gap-height will result in a higher turn-on voltage, as

 larger initial distance between the films requires greater elec-
rostatic force to close the gap. Larger gap heights also lead to
SOL, showing air in purple and buckled film in green. B) Mesh for actuation, with
tion of actuator in motion with colormap, showing high voltage in red and low in
rred to the web  version of this article).

higher rates of displacements after the turn-on voltage. The force
per mm  of displacement is relatively similar between devices of
different gap-heights, so taller devices experience rapid increases
in displacement as they move from the turn-on voltage displace-
ment to the “standard” displacement for that voltage. As the bottom
film thickness decreases, the turn-on voltages become compressed.
Thus, a device with a gap height of 2 mm would turn on at 200 V
with a film thickness of 25 �ms  but only 50 V with a film thickness
of 2.5 �ms.  The frequency of the driving signal has little effect on the
displacement. The displacement dropped to low levels at frequen-
cies well above our range of interest (»50 Hz), but displacements
were similar between 10,20, and 40 Hz. At these low frequencies,
the displacement is approximately equal to the displacement at a
0HZ DC signal. In other words, the device acts as a lowpass filter
with a cutoff frequency above 100 Hz.

The devices were capable of both symmetric up-down and
asymmetric side-to-side motion. The side-to-side motion resulted
in larger detected center-point displacement and is a good can-
didate for haptic actuation, as the skin is more sensitive to shear
force. In addition, the side-to-side motion may  be less sensitive to
the position of the device on the skin. Devices were constructed
where only half of the top film was  electroded, thus forcing the
film to move side-to-side under applied voltage.

We additionally performed experiments to determine the
frequency response of the transducer. It was found that the trans-
ducer had a small resonance when supplied by a driving signal
of around 50 Hz, and displacement decreased significantly after
500 Hz (Fig. 7). This corresponds to a true resonance of around
100 Hz, as the transducer doubles the frequency of any AC driv-
ing signal with 0 DC component. Thus, a driving signal of 50 Hz
causes the transducer to actuate at 100 Hz. The cutoff frequency, at
which the displacement had dropped by 3 dB, was measured to be
1000 Hz (500 Hz driving signal). The device used for this experiment
had a maximum height of 2 mm,  a 25-micron insulator thickness,
and was run at 400 V (200 V to −200 V). The maximum displace-
ment of the device (before normalization) was  0.7 mm at a 50 Hz
driving signal. The transducer actuation remained audible as a pure
tone all the way up to 10,000 Hz, indicating that motion was  sig-
nificant even at high frequencies. As a haptic transducer, only the
frequencies below 1000 Hz are relevant, and at these frequencies,
displacement remains high.

We also performed an impulse test, where a 3 Hz square wave
with a 10% duty cycle and 0 V–350 V range was used to drive the
transducer. This allowed us to measure the damping of the motion
and get a rough estimate of the damping coefficient. Using a res-
onant frequency of 100 Hz, we  estimated a damping coefficient
of around 0.7 kg/s and a damping ratio of around 0.9, near criti-

cal damping. The effective spring constant for the device is highly
nonlinear, depending on the voltage, the displacement, and the
distance and properties of the skin in contact. Thus, the damping
coefficient as well is a function of voltage, displacement, and fre-
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Fig. 6. Experimental actuation data. A) Displacement vs. initial gap height for a characteristic actuator at 500 V. B) Displacement vs. voltage for transducers at different driving
frequencies. C) Displacement vs. voltage for transducers of different rigid film thicknesses.
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ig. 7. Normalized frequency response of a transducer with a 12.5�m thick insulat

uency of the driving signal. The estimate of 0.7 kg/s applies to the
evice at low frequencies and standard voltages, and deviations
rom these parameters will change the damping as well.

.2. Sensing experiments

The results of the sensing experiments are summarized in Fig. 8 .
t was found that neither transducer height nor rigid film thickness
as a significant effect on the percentage change of capacitance
hen the transducer is compressed. The capacitance of the trans-
ucer is based solely on the amount of the rigid film that is in contact
ith the buckled film. The height of the buckled film above the

igid film should have no effect on capacitance – a transducer with
 height of 6 mm should have approximately the same capacitance
f a transducer with a height of 1 mm.  Similarly, the thickness of
he rigid film will influence the absolute magnitude of the trans-

ucer’s capacitance, but not on the percentage change. A film that

s twice as thin will have a capacitance that is twice as large, but
he maximum and minimum capacitance will still differ by around
0%. A thinner film is advantageous as it increases the sensitivity of
ylar film from 1 Hz to 10 kHz, showing the greatest response at around 50 Hz.

the transducer by increasing the capacitance range. The resilience
of these sensing measurements to changes in device shape indicate
that the transducer will be able to reliably sense haptic deformation
on the skin with little calibration necessary.

4.3. Simulations

The data obtained from the simulations is summarized in Fig. 9.
In the low-voltage regime (0–500 V), the simulations corroborated
the results of the experiments. A clear turn-on voltage was noted,
the rate of displacement increase was higher for devices with larger
airgaps, and as the bottom film thickness decreased, the turn-on
voltages became compressed. The simulations were able to run to
much higher voltages than the experiments, allowing us to view
new trends. Because the simulations monotonically increase dis-
placement rather than voltage, they correctly model situations in

which the voltage decreases as displacement increases. Larger gap
heights require a lower voltage than their turn-on voltage for a
large part of their prescribed displacements. This indicates that the
physical devices snap from the shape at the turn-on voltage to a
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Fig. 8. Capacitive sensing results for the transducer, showing charts of percentage voltage drop vs. the amount of buckled film in contact with rigid film. A) Chart showing
transducers of different heights. B) Chart showing transducers of different rigid film thicknesses.

Fig. 9. Simulation results showing displacement vs. voltage at operational voltages. A) Devices with greater gap heights have a larger turn-on voltage but reach larger
displacements. B) Devices with thinner rigid films have larger displacements at all voltages.

F  thres
p

m
b
a
d

ig. 10. User study results showing average and standard deviation. A) Detection
lacement. C) Detection threshold difference based on driving frequency.

uch higher displacement. This phenomenon is known as bista-

ility, as there are a set of voltages at which the device can exist
nd be stable at either of two displacements. The buckled films of
evices with small air gaps become completely flat and compressed
hold difference based on gender. B) Detection threshold difference based on FET

at high voltages, resulting in an ultimate decrease in required volt-

age. The buckled films of devices with larger airgaps instead become
pinched (Fig. 9b).
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 I. Trase, Z. Xu, Z. Chen et al. / Sens

While experiments and simulations were qualitatively similar
nd had displacements of the same order of magnitude, experi-
ents registered higher displacements than the simulations. The
ost likely explanation for the discrepancy is the introduction of

symmetrical deformation modes. While the simulation was con-
trained to be symmetric, the buckled films of the experimental
evices could move side-to-side. Side-to-side motion registers as

 higher displacement, as the laser vibrometer only tracks center-
oint displacement.

.4. User studies

The results from the user studies are summarized in Fig. 10.
he data indicate that neither gender nor location has a strong
ffect on FET vibration perception, with average detection thresh-
lds for all configurations averaging around -12.5 dB. Frequency
as a very strong effect, as reported in the literature [40]. The detec-
ion threshold for the 26 Hz signal averaged around -8 dB, while the
hreshold for the 260 Hz signal was -17 dB. The decibel threshold
alues are combinations of the driving voltage and the frequency-
ependent actuator displacement response, with 0 dB set to the
isplacement of a 1000 V signal driven at 26 Hz. The fact that per-
eption is not affected by location or gender means that it will need
ess calibration and setup in the field. We  believe that this result
s a function of the sharp voltage turn-on effect seen in the laser
ibrometer and simulation experiments. Because the FET increases
n amplitude very quickly in a narrow voltage range, the thresh-
lds of detection should fall within this narrow range. The human
kin is naturally much more sensitive to high frequency vibrations
s. low frequency vibrations, which accounts for the difference in
etection threshold at the two frequencies tested.

. Conclusion

We  developed a viable haptic electrostatic transducer capable
f effectively delivering information to and receiving information
rom the skin. The transducer is lightweight, flexible, and durable.

e conducted experimental prototyping to characterize and opti-
ize the device, as well as simulations to better understand the
echanics. It was found that the transducer was able to reach dis-

lacements of over 3 mm when driven by a 10 Hz 150 V signal, with
requencies viable up to around 10 kHz. The transducer sensing sig-
al changed by around 10% between full displacement and zero
isplacement, which indicates that the device will have a favor-
ble dynamic range and sensitivity when applied for self-sensing.
inally, we conducted a user study to prove the efficacy of these
evices in a real-world environment, in which it was  found that
he transducer was perceivable and comfortable at both 26 Hz and
60 Hz on multiple forearm locations. The experiments, simula-
ions, and user studies showed that it was possible to build and
perate these devices at voltages under 500 V, paving the way for
mproved systems for future haptic communications.
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