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ABSTRACT: Portable and wearable electronic devices are
human-centered devices; therefore, many unique attributes
are highly desirable, such as flexibility, being self-powered,
and waterproof. These properties render devices excellent
adaptivity in harsh operation environments. In this work,
we report an integrated triboelectric tactile sensor array
with flexible, transparent, self-powered, and waterproof
features. Each tactile sensor is a surface nano/microtexture
enhanced triboelectric nanogenerator. The sensor array can
serve as a touch panel for electronic devices. Owing to a
unique design of a built-in triboelectric contact pair and an
electrical shielding layer, an individual pixel of the
fabricated tactile sensor array can generate an open circuit
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voltage up to 1.613 V and a short circuit current density of 47.308 mA/m? under 612.5 kPa. The tactile sensors can
produce stable voltage signals regardless of the materials of the touching objects, and work stably both in ambient and
aqueous environments. To examine the touch panel function of a sensor array, a matrix of 10 X 10 individually addressable
4 mm X 4 mm triboelectric sensors has been integrated into a thin, transparent, and flexible film, and the 2-D touch
mapping has been successfully demonstrated. The unique triboelectric tactile sensor array reported here is robust and
highly versatile, and it may find broad applications in display, wearable electronics, artificial skins, Internet of Things

(IoT), etc.
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ne of the most popular and important interfacing

devices for human-machine interaction is the touch

panel device, especially for personal electronics.
Currently, the mainstream touch panels are based on capacitive
sensing technology. As a passive device, a capacitive sensor
consumes power during operation. In addition, it is primarily a
two-dimensional input device which cannot directly measure
the touch force/pressure. Another major drawback of capacitive
sensors that are being widely used on cell phone displays is that
water droplets on sensors cause false touch signals. In a
mainstream mutual capacitive touch sensor, transmit and
receive electrodes arranged as an orthogonalized matrix are
isolated by a dielectric layer. In each intersection node, one
transmit electrode and one receive electrode form an inherent
capacitor. When a conductive object, ie., a human finger,
approaches this node, the coupling capacitor from the finger in
parallel with the inherent capacitor increases the capacitance
between the two electrodes. By measuring this capacitance
change, the touch position can be determined. However, water
droplets falling on a capacitive touch panel in daily life are also
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conductive thus can replace human finger touch input in the
measurement circuit to cause false signals and malfunctions of
touch sensing. These existing issues limit the applications of
capacitive sensors. Recently, wearable and portable electronics
have attracted enormous attention worldwide.'™® For these
devices, the operation environment of touch panel devices is
usually complex, and thus unique attributes such as being
flexible and waterproof as well as self-powered are highly
desirable. Recent studies on triboelectricity revealed that, based
on the contact electrification effect when human skin touches
against the material of device surface, coupled with the
electrostatic charge induction, flexible triboelectric tactile
sensors can directly convert mechanical energy into electron
flow without any external power supply, and thus they are
naturally self-powered devices.” '* It has been demonstrated
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Figure 1. (a) Schematic illustration of the integrated triboelectric tactile sensor array. Insets: SEM images of the PDMS wall and PDMS
pyramids. (b) Schematics of the fabrication process flow of the PDMS film with wall network and surface textures. (c) Photograph of the as-
fabricated device on a commercial desktop display. (d) Photograph of the bent device.

that triboelectric devices usually deliver higher voltage output
than piezoelectric touch sensor devices with a given pressure
input.”'>'* These attractive features make triboelectric devices
highly promising for applications in display, wearable
electronics, artificial skins, implantable devices, and IoT, as
both tactile sensors’~'* and energy scavengers."> ™’
Meanwhile, it is worth pointing out that most of the reported
flexible triboelectric tactile sensors are open to the normal
surroundings and use human skin as one contact material for
triboelectric charge generation.””'>*' Therefore, the reported
sensor devices still cannot be used in the environments with
water presence, which can also be one contact material instead
of human skin,'”****** and the sensor output can be easily
affected by local humidity. Moreover, not only water but also
any other object with a different material, like a glove, a touch
pen, and so on, can replace human skin in the reported sensors
to generate triboelectric charges. The quantity of the generated
charges depends on the position of the material in the
triboelectric series, which further determines the electrical
output voltage under certain mechanical loading conditions.
These are particularly constraints for many applications such as
wearable devices for sports, artificial skins, etc. In this work, we
present an integrated triboelectric tactile sensor array, which is
a device combining characteristics of being self-powered, highly
flexible, transparent, and waterproof. The sensor array has 100
addressable pixels, which has so far the largest pixel number in
the past reports on triboelectric force sensor arrays.”'"'* For
each individual sensor pixel, transparent indium tin oxide
(ITO) films are used as both top and bottom electrodes, and
thus the entire device has good transparency. In this device
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configuration, the contact area between the PDMS micro-
pyramids and the top ITO electrode is determined by the
contact force; therefore, the sensor output voltage is propor-
tional to the contact pressure and the touch pressure can be
precisely measured. In addition, the global top ITO electrode is
grounded to shield the device from external electrical
interference, including the parasitic triboelectric effect between
the surface of the device and the touching objects, for example,
a human finger or water droplet. Therefore, the sensors can
reliably respond to touch with any object, and they are
functional even in water. To demonstrate a concept-proof self-
powered touch panel, a matrix of 10 X 10 individually
addressable triboelectric nanogenerators/sensors has been
fabricated and examined. It was found that the peak voltage
of a single pixel can reach up to 1.938 + 0.068 V, which can be
easily detected and processed by the external measurement
circuit. A dynamic response test showed that the sensor devices
have fast response speed. In addition, the touch panel
demonstrated the capability to respond to multitouch and
reconstruct patterned touch signal. Overall, the work reported
here is a significant step toward the practical self-powered
tactile sensors applicable in harsh environments which may find
broad applications in wearable electronics, artificial skins,
implantable devices, IoT, efc.

RESULTS AND DISCUSSION

As schematically shown in Figure la, the waterproof tactile
sensor array consists of five layers of materials from top to
bottom, including a polyester (PET) protective layer, a global
ITO layer, a PDMS layer, an addressable ITO electrodes layer,
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Figure 2. Schematic drawings of the working principle of one pixel in the integrated triboelectric tactile sensor array. (a) Detailed cross-
sectional structure of one pixel (Pixel B) with its neighborhoods (Pixels A and C). (b) Equivalent circuit of one pixel. (c) Top ITO electrode
and PDMS surface with pyramids fully contact driven by an external pressure, generating positive charges on the ITO side and negative
charges on the PDMS side by a triboelectric effect. (d) Due to the withdrawal of the external pressure, separation of the two surfaces pumps
electrons into the bottom ITO electrode from the top ITO electrode to balance the potential differences of the two capacitors in parallel. (e)
The top ITO electrodes rebound to the initial position, and new electrostatic balance is reached by the redistribution of the triboelectric
charges. (f) As the external pressure is applied again, electrons are driven back to the top ITO electrode by the change of CAir.

and a supportive PET layer. In an actual tactile panel device,
there are 10 X 10 arrays of PDMS micropyramids separated by
PDMS side walls. The PDMS side walls and pyramids were
fabricated with a Si mold with the inverted corresponding
structures. The schematic fabrication process flow of the Si
mold and the PDMS film is shown in Figure 1b. Briefly, the Si
mold was fabricated by photolithography and two-step
anisotropic wet etching to form a trench network and inverted
pyramids. The PDMS film was cured and peeled off carefully
after being cast on the Si mold. The process details can be
found in the Experimental Section. The insets in Figure la are
the scanning electron microscopy (SEM) images of the cross-
section of a PDMS wall, a pyramid array, and an individual
pyramid from top to bottom. The 90 ym tall and 400 ym wide
PDMS walls and 10 ym X 10 pgm PDMS pyramids are
supported by a 65 pm thick flat PDMS film. Note that it has
been discovered that a pyramid shape is preferred”*™” and 10
pm X 10 ym size is the optimized geometry.” Therefore, we
have adopted this geometrical design guideline in our work. In
this case, each PDMS pyramid array occupies 4 mm X 4 mm
area, and it has 160 X 160 micropyramids surrounded by
PDMS walls. As shown in Figure la, the bottom ITO layer
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(500 nm thick) coated on the PET film (127 pm thick) was
pixelated by using laser cutting, and the bottom electrode of
each pixel is electrical connected to a corresponding ITO pad
outside the coverage of the PDMS film for wire bonding to a
specifically designed printable circuit board (PCB) for signal
acquisition and consequent data processing. By carefully
aligning and stacking all the layers together, the waterproof
tactile sensor array was assembled as a flexible and transparent
device with an overall thickness of less than 500 um.
Photographs in Figure lc and 1d demonstrate the attractive
transparency and flexibility of the fabricated device.

A more detailed cross-sectional schematic drawing of one
single pixel (Pixel B) with its two neighboring pixels (Pixels A
and C) is illustrated in Figure 2a. Supported by side walls, the
designed built-in triboelectric pair, i.e., the top ITO electrode
and the PDMS film, is separated by air. Unlike the global top
ITO layer, the bottom ITO layer is pixelated, and each
individual pixel is addressable. By assuming the air gap between
the top surface of the PDMS layer and the top ITO electrode
contributes to an adjustable air capacitor (Cy;) in each pixel
and the PDMS film within one pixel as a constant capacitor
(Cppus), these two capacitors are sharing one electrode (the
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Figure 3. (a) Schematic illustration of the experimental setup. (b) Measured open circuit voltage of one pixel in the sensor array up to 1.613 +
0.036 V. (c) Measured short circuit current density of one pixel in the matrix up to 47.308 + 1.141 mA/m”.

top surface of the PDMS film) and connected in parallel, as the
equivalent circuit shown in Figure 2b. The working principle of
one pixel inside this tactile sensor array is schematically
described in Figure 2c to f. When the Pixel B is pressed down
by an external load, for example, a finger tapping, the top ITO
layer and PDMS film come into contact within this pixel, while
the neighboring pixels remain undeformed due to the
mechanical support of the side walls, as shown in Figure 2c.
Due to the fact that PDMS is more triboelectrically negative
than ITO, electrons are transferred from the ITO surface to the
PDMS surface during contact,” leading to a positively charged
ITO layer and a negatively charged PDMS layer. These charges
generated by the triboelectric effect are the total charges stored
in the two capacitors of one single pixel and considered as a
constant during one loading cycle. When ITO and PDMS are
in physical contact, the two surfaces can be considered as
infinitely close, resulting in an infinite C,; to store all the
charges, zero potential difference across both capacitors, and no
current flow delivered to the external circuit. As soon as the
external pressure is removed, the two surfaces are separated by
the restoring force of the PDMS walls leading to a dramatic
reduction of C,;, and the potential difference across Cy;
increases significantly, meanwhile the potential difference across
Copms still remains unchanged. To balance the potential
difference of the two capacitors in parallel, electrons flow from
the ground to the top ITO electrode to neutralize the positive
charges and reduce the potential difference across C,;, and
electrons are expelled from the bottom ITO electrode to
increase the potential difference across Cppys. The distribution
of the total charges is determined by the value of the two
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capacitors in parallel, as shown in Figure 2b. Therefore, the net
consequence of this process is that negative charges are
generated and kept on PDMS pyramids, and there is a surge of
external current flow from the top ITO to the bottom ITO
electrode, as shown in Figure 2d. In the end of the process, as
shown in Figure 2e, there are almost no net positive charges on
the top ITO electrode. In the next loading cycle, when the top
ITO is approaching PDMS pyramids, as shown in Figure 2f,
positive charges are induced in the top ITO and electrons flow
out from the top ITO, accompanied by electrons flowing into
the bottom ITO electrode thus the external current flows back
from the bottom ITO to the top ITO.

On the other hand, the untouched pixels, i.e. Pixels A and C
in Figure 2a, remain undeformed in the above-mentioned cycle
and output zero signals. Moreover, the grounded top ITO
electrode ensures that all the charges generated by interference
sources, including the triboelectric effect between the device
surface and the touching objects, residual charges on the
touching objects, environmental EM], etc., can be dumped into
the ground, while only the charges produced by the activated
triboelectric contact, i.e.,, ITO against PDMS, can flow into the
measurement unit. This feature makes sure that the electrical
outputs are reliable and insensitive to the surroundings and the
materials of the touching objects thus are only sensitive to
mechanical loadings. This is closer to an ideal tactile sensor, for
example, human skin.

In order to systematically characterize the sensor perform-
ance, a homemade testing system has been built up as
schematically shown in Figure 3a. Briefly, the loading tip
geometry is a 4 mm X 4 mm square plate; the applied force was
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Figure 4. (a) Measured voltage of one typical pixel in the matrix under different pressures. Insets: Detailed voltage curves of low pressures and
the magnified output curve in one cycle under 428.8 kPa pressure loading. The response time is around 0.04 s in both pressure on and
pressure off processes. (b) Output voltage as a function of the external pressure. The green dashed line represents the linear fitting function.
(c) Measured voltage of one device in the array with different external resistances. The orange dashed line indicates a saturated value of 1.54
V with large resistances. (d) Calculated power of one pixel in the matrix with different external resistances.

recorded by a force sensor underneath the tactile sensor array,
and the electrical outputs were delivered through a customized
PCB, a multiplexer, and an electrometer, sequentially, and
eventually recorded by a computer. The multiplexer was
controlled by the computer to either address a constant channel
for single pixel performance characterization or scan up to 100
channels for 2-D touch mapping. Figure 3b presents the typical
measured open circuit voltages of one selected pixel with a
pressure of 612.5 kPa and loading rate of 10 mm/s, where the
magnitude of voltage peaks was 1.613 =+ 0.036 V. The
corresponding short circuit current density with the same
loading pressure reached 47.308 + 1.141 mA/m? as illustrated
in Figure 3c.

Figure 4a presents the output voltage peaks of one single
pixel by applying alternating loading pressure with different
magnitudes with an external resistance of 1 G€, revealing an
increase of output voltage with an increase of loading pressure.
The upper inset of Figure 4a shows that as small as 0.30 kPa
pressure can be measured by the current circuit. The lower
inset of Figure 4a is the magnified output curve in one cycle
under 428.8 kPa pressure loading. The response time is around
0.04 s in both pressure on and pressure off processes. Note that
this measurement may have overestimated the response time as
the input mechanical stimulation may not be an ideal square
waveform. Furthermore, as depicted in Figure 4b, the output
voltage peak height of this triboelectric tactile sensor exhibits a
close to linear relationship with the magnitudes of the applied
loading by fitting the experiment data, and the sensitivity of the
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pressure is around 2.82 =+ 0.187 V/MPa. This property suggests
that the triboelectric tactile sensor array can detect not only the
locations of touches but also their magnitudes.

In experiments, we discovered that the electrical outputs of
the fabricated triboelectric tactile sensors can also be affected by
the external resistance, as shown in Figure 4c. The peak voltage
across the resistor connected between the bottom electrode
and ground generated by a mechanical loading of 612.5 kPa and
a loading rate of 10 mm/s monotonically increases up to 1.54 V
when the external resistance is less than 66 M€, and it remains
almost as a constant when the resistance is greater than 66 MQ.
Figure 4d demonstrates the peak power obtained with different
external resistances as the products of the peak voltage and the
corresponding current. The maximum power output occurs at 2
MQ as the optimized external circuit condition for energy
conversion. However, as the peak voltage is the more important
parameter in our measurement, in most experiments 1 GE
external resistance was used.

Although undergoing the same fabrication process, the
performance of individual pixel may have variations. To
evaluate this variation, the peak voltage values of pixels were
measured with the same testing conditions, namely, 612.5 kPa
pressure with a loading rate of 10 mm/s and 1 GQ external
resistance, and plotted into a 3-D voltage map, as shown in
Figure Sa. After repeating 10 loading cycles, the average peak
voltage for all 100 pixels in the triboelectric tactile sensor array
is 1.341 + 0.217 V with a maximum value of 1.938 + 0.068 V
and a minimum value of 0.884 + 0.073 V. Figure Sb shows the

DOI: 10.1021/acsnano.6b03042
ACS Nano 2016, 10, 76967704


http://dx.doi.org/10.1021/acsnano.6b03042

ACS Nano

CAlr CAir CA\r
Px44 PXqp eeveee PX1n :
I_ Croms I | Crows | E
Ceom
e e
CAir CAir CA\r w
O]
PX21 PX22 eecoeee Pin H é
. Croms Crowms | 5 —
i Cous n '] &
HE- H o : ot
E E "‘. E . 3
(b) 50 cosees : : E
40 CAir CAn’ CAH’ :
40|
% 30+ 28 me‘l PXmZ ananes men E
g I_ CPDMS I I CPDMS 5
o 20+ (&
= 14 13 PDMS
Z 10} i ij T
1 : @ Il R Il ¢
0 S—
08 10 12 14 16 18 20 —
GND

Peak Voltage Range (V)

Figure 5. (a) Measured output voltage distribution of all 100 devices in the matrix. The average value is 1.341 + 0.217 V. (b) The statistical
sorting of the voltage outputs of all 100 devices in the array with different ranges. (c) Circuit schematic of the sensor matrix to address

individual pixels by a multiplexer.

histogram of the peak voltage, where 40% are in the range from
1.2 to 1.4 V and 82% are from 1.0 to 1.6 V. This reasonably
good performance variation data was recorded and utilized in 2-
D touch scanning test as a calibration matrix to normalize the
outputs of different pixels.

According to the equivalent circuit of one single pixel in
Figure 2b, the 2-D scanning circuit is schematically illustrated in
Figure Sc to address individual pixels by a multiplexer. Any
charge flow of an individual pixel resulting from the change of
C;r by mechanical loading can be detected and recorded as a
voltage peak, when this pixel is connected with the measure-
ment unit by the multiplexer. After going through all the pixels,
a customized software can acquire all the voltage output data
from each pixel and generate a 2-D map to indicate the
locations and pressures of the mechanical touches.

To demonstrate the mapping functionality of the integrated
tactile sensor array, 2-D scanning tests of both single pixel
touching and multiple pixels simultaneous touching were
conducted. As shown in Figure 6a, the result of single touching
test obviously indicates the location of the individual pressed
pixel, i.e.,, row 6 and column 6; and the peak voltage from the
touched pixel is 1.034 V, whose corresponding calculated
pressure is 367.012 kPa according to the linear fitting equation
obtained from Figure 4b which is close to the measured
pressure (428.750 kPa). It is worth noting that the pixels at row
6 and column S and row 6 and column 7 also show 0.321 and
0.238 V outputs, respectively, even though they were not
depressed. This is because interpixel resistance is not infinite
and few current leakages always exist among pixels.

The demonstration for multiple pixel simultaneous touching
is shown in Figure 6¢c. An H-shape PDMS mold was fabricated
and placed on the triboelectric tactile sensor array surface, as
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shown in Figure 6b, to transfer a patterned loading from a
specialized loading head to the triboelectric tactile sensor array.
Figure 6¢ shows the 2-D map of the output peak voltage. By
setting 0.55 V as the cutting off value in the 2-D map, the H-
shape pattern can be clearly recognized from the darkest red
color pixels. The average peak voltage of the touched pixels is
0.624 + 0.177 V, corresponding to a calculated pressure of
221.748 + 63.238 kPa, while the average peak voltage of the
unloaded pixels is 0.174 + 0.075 V. More details of this
demonstration with several real-time loading and unloading
cycles can be seen from supplementary movie 1 which confirms
the reproducibility and reliability of the multiple pixel touching
detection.

One of the key advantages of our tactile sensor design is that
the triboelectric material pair is encapsulated so that the device
can be operated in a harsh environment including in water. To
demonstrate the device waterproof functionality, a homemade
water reservoir was mounted on the sensor array to ensure the
entire sensor array is covered by water, as illustrated in Figure
7a. The time-resolved voltage response is plotted in Figure 7b
resulting from the touches in water by a bare finger, and its
corresponding control group sensing without water is shown in
Figure 7c. The higher peaks are from hard press actions
(210455 + 16.399 kPa in air and 248.430 + 8.268 kPa in
water), while the lower peaks are generated by the gentle press
of a human finger (26.583 + 4.856 kPa in air and 54.880 =+
7.218 kPa in water). In both plotted figures, the average values
of lower peaks are 0.0486 + 0.0132 V in air and 0.114 + 0.048
V in water, and the average values of higher peaks are 0.386 +
0.081 V in air and 0.474 + 0.053 V in water, to prove that the
aqueous working environment cannot influence the perform-
ance of this integrated triboelectric tactile sensor array. More
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Figure 6. (a) The mapping figures of a single touch in 3D view. (b) An H-shape PDMS mold on the sensor array. (c) Top view of the mapping
result of multiple touches with an H-shape PDMS mold. The average voltage peak of the touched pixels is 0.624 + 0.177 V, corresponding to
a calculated pressure of 823.114 + 234.292 kPa, while the average voltage peak of the unloaded pixels is 0.174 + 0.075 V.

details of this demonstrate are illustrated in supplementary
movies 2 and 3 in real-time.

Besides the waterproof test, the reliability of this fabricated
triboelectric tactile sensor array touched by objects with
different materials was examined with three different common
objects of a piece of aluminum foil, a lab glove, and a fingertip,
representing metals, polymers, and human skin, as shown in the
inset of Figure 7d. The result of this demonstration exhibits
that the peak voltages generated from different touching
materials are around 0.6 V with similar loading pressures, and
they are 0.548 + 0.068 V, 0.573 + 0.052 V, and 0.703 + 0.063
V, touched by the aluminum foil, the glove, and the human
skin, respectively, under loading pressures of 265.213 + 10.169
kPa, 280.280 + 7.295 kPa, and 326.218 + 11.468 kPa, as shown
in Figure 7d, because the electrical outputs were only produced
by the built-in triboelectric contact, ie, PDMS against ITO
inside the device. This demonstration experimentally proves
that this triboelectric tactile sensor array is independent of the
different materials of the touching objects, which is one side of
the triboelectric pair in pervious integrated triboelectric tactile
sensor arrays. More details of this demonstrate are shown in
supplementary movie 4.
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CONCLUSION

In summary, we have demonstrated a unique flexible,
transparent, and waterproof triboelectric tactile sensor array
with 10 X 10 pixels, based on a built-in triboelectric pair of ITO
and PDMS micropyramids. By converting the mechanical
energy from the touching motions, one selected pixel of this
sensor array can produce an open circuit voltage up to 1.613 =+
0.036 V and a short circuit density of 47.308 + 1.141 mA/m?.
The pressure sensitivity of the selected pixel is about 2.82 =+
0.187 V/MPa, and the pressure as low as 0.30 kPa can be
detected. The sensor array exhibits a consistent performance
distribution across the whole device with an average voltage
output of 1.341 + 0.217 V loaded by 612.5 kPa pressure. A
testing system controlled by customized software was built to
characterize the capability of the sensor array for mapping the
mechanical touch locations and the magnitudes, for both single
pixel touch and multiple pixels touch simultaneously. The
sensor array is waterproof, operated independently of the
materials of touching objects, and sensitive only to loading
pressure. This is a highly desirable feature for an ideal tactile
sensor, such as human skin. Combining with other attractive
properties, including excellent transparency and flexibility, the
tactile sensor array demonstrated in this work has a high
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potential toward practical applications for low power wearable
electronics, artificial skins, etc.

EXPERIMENTAL SECTION

Fabrication of the Waterproof Self-Powered Tactile Sensing
Array. To fabricate the Si mold for the PDMS film, a 4 in. (100) Si
wafer was first covered by a wet thermal grown SiO, layer with 1 ym
thickness as a hard mask and patterned by photolithography. After dry
etching of the SiO, hard mask, the wafer was etched anisotropically
using a wet etching recipe of 25% tetramethylammonium hydroxide
(TMAH) at 80 °C, resulting in a trench network as the template for
PDMS walls. By repeating the above processes with a different pattern
on the same wafer to form inverted pyramids, the Si wafer surface was
shaped with two different structures for PDMS walls and pyramids,
respectively. After having been cleaned with acetone and isopropyl
alcohol, the Si template was silanized by trichloro(1H,1H,2H,2H-
perfluorooctyl) silane (Sigma-Aldrich) vapor to reduce the adhesion
force between the PDMS film and the Si wafer. Thereafter, the PDMS
elastomer mixture (Sylgard 184, Tow Corning) with a 10:1 ratio (w/
w) of the base and the curing agent was stirred, degassed, and spin-
coated at 450 rpm for 5 min on the Si template. After 1 h curing at 100
°C, the PDMS film with proper structures was peeled off carefully. To
fabricate bottom ITO electrodes, a piece of ITO-coated PET film
(Sigma-Aldrich) was cut by a 100 gm CO, laser beam into a 100-pixel
electrode array with connections interfacing with a custom designed
PCB. Then the PET film was placed under the PDMS film with the
bottom electrode pixels well aligned with the PDMS pyramid arrays.
Then another continuous clean ITO-coated PET film was covered on
the top of the PDMS film as the common ground for all the sensing
devices, and the whole device was sealed by ordinary adhesive tape.
Silver paste and copper wires were used to connect ITO pads of the
tactile sensors to the PCB copper pads. The dimension of each touch

pixel is 4 mm X 4 mm, and the total size of the whole sensor array is
around 5 cm X 5 cm X 500 pm.

Measurement of the Fabricated Devices. The characterization
of the tactile sensor array was conducted by a homemade testing
system. The tactile sensor array was mounted on a customized PCB
with a loading resistance to connect with the measurement circuit. The
output signals of the sensors were selected by utilizing a multiplexer
(National Instruments PXI-2530B High-Density Multiplexer) in real
time and recorded by using an electrometer (Keithley 6514 System
Electrometer), and simultaneously the mechanical loading was
measured by a force sensor under the sample. The waterproof testing
of the tactile sensor array was conducted in a homemade reservoir
made of a waterproof tape (3M 2228-1 X 10FT Self Amalgamating
Tape).
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