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Natural Plant Materials as Dielectric Layer for Highly

Sensitive Flexible Electronic Skin

Yongbiao Wan, Zhiguang Qiu, Jun Huang, Jingyi Yang, Qi Wang, Peng Lu, Junlong Yang,
Jianming Zhang, Siya Huang, Zhigang Wu, and Chuan Fei Guo*

Nature has long offered human beings with useful materials. Herein,

plant materials including flowers and leaves have been directly used as the
dielectric material in flexible capacitive electronic skin (e-skin), which simply
consists of a dried flower petal or leaf sandwiched by two flexible electrodes.
The plant material is a 3D cell wall network which plays like a compressible
metamaterial that elastically collapses upon pressing plus some specific
surface structures, and thus the device can sensitively respond to pressure.
The device works over a broad-pressure range from 0.6 Pa to 115 kPa with a
maximum sensitivity of 1.54 kPa~', and shows high stability over 5000 cyclic
pressings or bends. The natural-material-based e-skin has been applied

in touch sensing, motion monitoring, gas flow detection, and the spatial
distribution of pressure. As the foam-like structure is ubiquitous in plants, a
general strategy for a green, cost-effective, and scalable approach to make

are typically based on four mechanisms
and corresponding devices are piezoresis-
tive,”#  capacitive,”1 piezoelectric,+12]
and triboelectric types,['*'# and capacitive
type e-skins are extensively investigated
because capacitive sensors often have a
simple structure, fast response time, high
sensitivity and stability, and present higher
precision than other electrical sensors.>1]

A typical structure of the capacitive
type e-skin consists of a polymeric dielec-
tric layer (typically elastomer) sandwiched
by two flexible electrodes.'>' Dielec-
tric materials with microstructures such
as pores,'’ 1% pyramids,['%2°22  micro-
spheres,?3?4 have been used to improve

flexible e-skins is offered here.

Remarkable advances have been achieved in the field of
flexible electronics in the last two decades. Electronic skins
(e-skins) are important devices to human-centric electronics,
human-machine interaction, and soft robotics by enabling
machines with tactile senses.'"®l An ideal e-skin is expected
to be highly sensitive, flexible, light weight, inexpensive, envi-
ronmentally friendly, and easy to fabricate. The existing e-skins
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the sensitivity because these microstruc-

tures are more easily to be compressed

than flat films. Many such microstruc-

tures are fabricated by using lithographic
methods,'%20-22] in which expensive facilities and hazardous
chemicals are often used. Although some recent works have
successfully cut the fabrication cost by using unconventional
methods including surface wrinkling,?! templating with a
rough surface,?® or electrospinning of nanofibers,*’”! the mate-
rial systems have not yet been changed, and the man-made
polymeric dielectric materials are typically not degradable or
sustainable. In addition, e-skins with surface microstructures,
such as micropyramids,/??! exhibit nonlinear signals to the pres-
sure and the signal gets saturated at high pressures.

Herein, we reported a simple method that directly applies
plant materials including leaves and petals as the dielectric layer
in capacitive type e-skins. The natural materials used in this
study include rose petals, rose leaves, and Acacia Mill leaves.
We treated the natural materials by critical point drying, which
removes water from the materials to significantly improve the
stability while well keeping the surface morphology and inner
structures. The device using dried rose petal exhibits a high
sensitivity of 1.54 kPa™! in a low pressure regime (<1 kPa), and
exceptional stability over 5000 cyclic loading/unloading or 5000
cyclic bends at a bending radius of 3 mm. In existing works,
surface microstructures have often been used to improve the
sensitivity whereas the material is intrinsically incompress-
ible;[101819] here the dried petal or leaf is a foam-like hollow
structure (which is ubiquitous in plants) of a 3D network of cell
walls, and can be regarded as a highly compressible metamate-
rial. In addition, the surface microstructures of plant materials
also contribute to the compressibility. The e-skins with natural
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Figure 1. Natural materials and device structure. a) Photograph of red rose petals. b) A 45° titled view SEM image of the rose petal dried by critical
point drying. c) Cross-sectional SEM image of the rose petal. d) Photograph of Acacia Mill leaves. €) Surface morphology of the Acacia Mill leaf, showing
needle-like structures on the surface. f) Cross-sectional SEM image of the Acacia Mill leaf. g) Schematic illustration of the e-skin consisting of two

electrodes and the natural material as the dielectric layer in between.

materials as the dielectric layer has demonstrated possible
applications in human motion monitoring, gesture recogni-
tion, and sensing of flows such as gas flow detection. We have
also shown that the sensor array can accurately map the spatial
distribution of applied pressures. The e-skin with natural mate-
rials may offer promising potentials in wearable electronics,
artificial intelligence, soft robots, etc. Our strategy of directly
using natural materials in e-skins is believed to put forward a
cost-effective, environmentally friendly, and scalable approach
to promote flexible electronics. We also predict that the com-
pressible dielectrics of plant materials can be extended to many
other natural materials that are not mentioned in this work.
We have studied three natural materials with different sur-
face structures. The first material is rose petal. Figure 1a dis-
plays a photograph of red rose petals. Behind the romantic
appearance, the rose petals hide some more beautiful mor-
phology on their surfaces. Figure S1 (Supporting Informa-
tion) shows the scanning electron microscopy (SEM) image of
a naturally dried rose petal with shriveled microstructures. To
maintain the surface features, fresh rose petals were treated by
critical point drying, exhibiting uniform mastoid-like micro-
structures array, as shown in Figure 1b. The average diameter
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and height of the mastoid microstructures are 23 and 40 um,
respectively. Further cross-sectional SEM image (Figure 1c¢)
shows that the mastoid is a hollow structure with a thin shell,
and the rose petal consists of a few layers of hollow structures
from one surface to the other. In addition to the rose petals,
rose leaves also have featured dense island-like microstructures
with an average height of =10 pm and an average inter-island
distance of =50 um on the surface (see Figure S2, Supporting
Information) and the whole leaf is hollow, either. The result
is in accordance with the fact that mesophyll consists of a few
layers of cells, and only the cell walls are left in a dried leaf.
The third natural material is Acacia Mill leaves, which possess
needle-like microstructures with a diameter of =25 um and a
height of =300 um on both surfaces and the needles are kept
after drying, as shown in Figure 1d-f.

The dried natural materials were directly used as the dielec-
tric layer in capacitive type e-skins. A simple processing of the
flexible capacitive e-skin is depicted in Figure 1g. The flexible
e-skins consist of two electrodes placed face-to-face and the nat-
ural dielectric layer in between. The electrode was fabricated by
spraying silver nanowires (AgNWs) onto a colorless polymide
(CPI) film (Figure S3, Supporting Information). The AgNWs
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used in this work is dense and ultrathin (20 nm in diameter).
Because of the small diameter and the high length to diameter
aspect ratio of the AgNWs, together with the hydroxypropylme-
thyl cellulose (HPMC) coating which helps reduce the rough-
ness and enhance the adhesion, the AgNW film is smooth and
it exhibits a low sheet resistance of =10 Q-sq71.

The assembled device was subjected to a sensitivity meas-
urement over the pressure range of 0.6 Pa-115 kPa covering
the pressures generated by most daily activities.}! The pres-
sure applied on the device was gradually swept from 0.6 Pa to
115 kPa with a constant speed for each steps controlled by a
force gauge. The sensitivity (S) of capacitance to pressure is
given by

S=68(AC/C,) /5P (1)

where AC is the variation of capacitance (C-Cy), P presents
applied pressure.lll We first tested the sensing property of a
device with a fresh rose petal substitutional to the dried petal
or leaf. We also tested the frequency-dependent capacitances
of the e-skins in unloading status. The fresh rose petal-based
e-skin shows higher capacitances than naturally dried petal-
based device, and the capacitance decreases with increasing
tested frequency (Figure S4a, Supporting Information) due to
the electrical double layer (EDL) contributed by the ionic liquid
in fresh rose petal.?®?% Such EDL effect of fresh rose petal-
based e-skin remarks higher response than naturally dried petal
(see Figure S4b, Supporting Information). The initial sensitivity
is quite high. However, after two weeks, the maximum sensi-
tivity of the device decreases from 2.1 to 0.78 kPa™!, as shown
in Figure 2a, due to the drying of the fresh rose petal. The
result indicates that the fresh petal although has a high sensi-
tivity, its sensing stability is too low to fulfill with real applica-
tions. This is the reason that we choose dried petals or leaves
instead of fresh ones. Figure 2b summarizes the capacitive-to-
mechanical characteristics of the three e-skins based on dried
rose petal, rose leaf, and Acacia Mill leaf with a fixed sensing
surface area. Sensitivities of these e-skins are calculated as
demonstrated in Figure 2c. As for rose-petal-based e-skin, three
linear regions of the AC-P curve are observed. The maximum
sensitivity value of 1.54 kPa~! was observed at the low pressure
range (<1 kPa), which is higher than the cases using porous or
pyramidal PDMS, and polystyrene microspheres as the dielec-
tric layer.'%17:23] As pressure increases, sensitivity decreases to
0.068 kPa™! in the region of 1-40 kPa and 0.014 kPa~! in the
region of 40-115 kPa, with a trend that the sensitivity decreases
with the increasing of pressure, similar to many other reported
flexible e-skins.2%321 However, the reported sensors typically
have a saturated signal when the applied pressure is larger than
50 kPa. By contrast, our sensors still have a linear response
to pressure at the high pressure range up to 115 kPa, which
is larger than a standard atmospheric pressure. This result
might be ascribed to the 3D network constructed by the stiff
cell walls. It should be noted that the innate microstructures of
natural plants cannot be precisely controlled, and thus variation
of performances will exist in different devices. The deviation
in performances might be acceptable in some applications.
However, when high precision of the devices is required, all
devices should be subjected to calibration before use.
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The sensor with dried rose leaf exhibits an average sensi-
tivity lower than the device with the rose petal as a result of
lower porosity and relatively smooth surface. The device with
Acacia Mill leaf, although showing a lower average sensitivity
over the whole pressure range, has a higher sensitivity at the
high pressure range and the higher sensitivity might be due
to the special needle-like structures. The results indicate that
natural materials with diverse surface structures can be offered
as the dielectric layer for flexible e-skin.

In the sensing tests below, we only present the properties
of the rose-petal-based e-skin. The response of the e-skin to
ultralow pressure was characterized. As shown in Figure 2d,
as the pressure was loaded from 0.6 to 3.0 Pa gradually, the
capacitance shows a signal waveform very close to that of
the input pressures. The result also indicates that the limit
of detection (LOD) is at least lower than 0.6 Pa. In addition,
different pressures of 0.1, 0.4, 10, and 110 kPa (Figure S5,
Supporting Information) were successively applied onto the
device to investigate the response towards dynamic forces,
and the capacitance obviously increased with the increasing
pressure as displayed in Figure 2e. The capacitance—pressure
curve shows hysteresis and the loops of different cycles can
well overlap (see Figure S6, Supporting Information). We
have also tested the real-time response of the e-skin against
the pressure of 0.2 kPa with different applied speed form 1 to
5 mm-min~! (Figure 2f), and the e-skin produced an excel-
lent match between the pressure and the response curve
with stable, continuous, noise-free, and highly reproducible
signals at various pressures (Figure S7, Supporting Informa-
tion). Not only that, the sensor could accurately respond to
successive pressure with the changing loading speed from
5 to 1 mm-min~! (Figure 2g), indicating the potential in
dynamic pressure detection.

Long-term stability is quite important to real applica-
tions. The sensor was loaded/unloaded at a repeated pres-
sure of 150 Pa for 5000 times to investigate long-term stability
(Figure 2h), and no drift was found throughout the 5000 cycles.
The insets in Figure 2h show that at different stages of the
test (from the beginning to the end) the signal well keeps the
amplitude and waveform, confirming the high stability of the
device. The stable performance is related to the stability in
structure. Figure S8 (Supporting Information) shows a SEM
image of the critical point dried rose petal after loading with
a high pressure of 115 kPa, and no collapse or cracking was
found in the surface. We have also tested the flexibility of the
e-skin. A device was subjected to cyclic bends with a bending
radius of 3 mm and showed no signal drift after 5000 cyclic
bends (Figure 2i). The detailed inspection over ten bending
cycles (Figure 2j) also indicates that the signal is generally
stable, although tiny differences could be observed for different
individual peaks. The bending test illustrates a fact: the natural-
material-based e-skins have the potential to measure the strain
caused by bending.

Figure 3 illustrates the sensing mechanism of the natural
material-based e-skin. The capacitance (C) of the capacitive-type
sensor is positively proportional to the effective area (A) of the
two electrodes, and the permittivity of the dielectric layer (g),
but inversely proportional with distance (d) between the plate
electrodes. That is
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Figure 2. Properties of the natural-material-based e-skins. a) AC/C, as a function of pressure of the e-skins based on fresh petal and the property
after two weeks. b) AC/Cy as a function of pressure of three types of e-skins based on critical point dried rose petal, rose leaf, and Acacia Mill leaf. c)
Summary of sensitivities for the natural-materials-based e-skins. d) Time-dependent capacitance variations of the rose petal-based e-skin, showing
an LOD at least better than 0.65 Pa. e) Capacitance variations under successive pressures of 0.1, 0.4, 10, and 110 kPa. f) Capacitance variations at
a pressure of 200 Pa with different applied speeds from 1to 5 mm min~" with an increment of 1 mm min~"'. g) Working stability of the e-skin under
repeatedly loading/unloading at a pressure of 150 Pa for 5000 cycles. h) Detailed signals from cycle number 4750 to 4760. i) Bending responses
over 5000 cyclic tests. j) Magnified signal of ten bending cycles of panel (i), showing that only quite small differences are found for different cycles.

C < Ag/d (2)  almost constant upon pressing. For critical point dried rose-
petal-based devices, the area A of the device is =1.5 cm?, d is

Theoretically, changing the value of either A, d, or € would  typically 150-210 pm, and corresponding specific capacitance
result in capacitance variation. However, in most cases, A keeps  is =2.3 pF-cm™2. From Figure 2b, the capacitance increases by
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Figure 3. The sensing mechanism of the natural-materials-based e-skin. a) Schematic illustration of the e-skin, showing that the hollow structures are
compressed upon pressing. b,c) SEM images of a rose petal. The red and green dashed circles indicate the hollow structures b) before and c) after
compression, showing that the foam-like structures collapse when applied with pressure.

3.5 times at 115 kPa. Here, the dielectric layer consists of the
dried cell walls together with the air gaps filled, as shown in
Figure 3a. The compression of the structure is illustrated in
Figure 3b,c. Figure 3b is a cross-sectional SEM image of a rose
petal in unloading state; it shows foam-like structures, a pat-
tern of dried cell walls and cavities in between. The thickness
of the dried cell walls is only =700 nm (Figure S9, Supporting
Information), while the cavity size is tens of microns, say, the
volume fraction of air gap is far larger than that of the cell
walls, and this gives the possibility for the structure to be signif-
icantly compressed. Upon loading, the hollow microstructures
collapse — the two specific areas indicated by the red and green
dotted circles in Figure 3 become significantly thinner, leading
to a decrease in dielectric thickness from 207 to 130 um. Here,
unlike the existing works in which the compression of dielec-
tric layer mainly stems from the deformation of surface struc-
tures (e.g., PDMS pyramids array,?%??)) the compression of the
dried rose petal results from not only the surface structures,
but mainly from the compression of the few-layer hollow struc-
tures. The function of the hollow architecture can also be con-
firmed by the fact that a device with naturally dried petal (which
does not have a hollow architecture, see Figure S1b, Supporting
Information) exhibits a much lower sensitivity, as shown in
Figure S10 (Supporting Information). In a naturally dried petal,
the mesophyll collapses and leads to a significant decrease in
thickness: the critical point dried rose petal is 150-210 pum
in thickness, while the naturally dried sample is only =60 um
in thickness, as a result of the collapse of cell walls. The result
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is reminiscent of 3D-printed metastructures,*¥ for which
the stiffness can be tuned by geometric design, and such
3D-printed metastructures might be used to design dielectric
layer in highly sensitive e-skins if the structures can be printed
out at a high resolution and high throughput. In addition to the
microstructures, a petal is an intrinsically nonplanar structure,
and the macroscale curvature or wrinkles of the dried petal may
also contribute to the high sensitivity at low pressures.

On the other hand, the compression increases the permit-
tivity. The change of capacitance (C/C, = 4.5 at 115 kPa) is
contributed not only by the contraction in thickness d, but also
Dby the increase in permittivity, which is in return a function of d.
A rough measurement indicates that 1/d increases by =3 times
as the pressure increases from 0 to 115 kPa, and this indicates
that the permittivity increases by =50% at 115 kPa. The effective
relative permittivity of the dielectric (¢) is given by the equation
according to General Lichterecker mixing rulel**3]
e*=P, -€5+D, € (3)
where &,;, and &, are the permittivity of air and cell walls,
respectively; Py, and P, are the volume fraction of air gap and
cell walls, respectively; and ¢ is a parameter that is determined
by the type of mixing rule. Since &, < &, and the volume of
the air reduces under loading, & will increase as d decreases.3
The significant change in d and € gives a remarkable capaci-
tance response to external pressure. In general, the compres-
sion of the microstructured dielectric layer shows a nonlinear

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Applications of the rose-petal-based e-skin. a) Tactile sensing of the e-skin tested by repeated finger touching. b) Capacitance variations
caused by gas flow. ¢,d) Real-time monitoring of capacitance variations caused by repeated c) wrist bending and d) elbow bending. e) Photographs of
the e-skin mounted on five fingers for gesture recognition. f) Capacitive signals at different gestures.

relationship with applied pressure as illustrated in Figure S11
(Supporting Information). The increased deformation can
successively activate the mechanoreception under innocuous
pressure and a nociception under excess pressure.’!l In high
pressure regime, the deformation will reach saturation. There-
fore, flexible capacitive pressure sensors with microstructured
dielectric often show a higher sensitivity under low pressure
and the sensitivity decreases with increasing pressure.

The natural-material-based e-skin has been applied in
sensing pressures of different cases, as shown in Figure 4. The
simple response of the e-skin to normal pressing is exhibited
in Figure 4a,b, showing that the skin could respond to repeated
finger touching or gas blowing. Here air flow plays the role of a
medium that transmits the pressure to the e-skin without direct
contact, and the response to air flow may allow for applications
in aerodynamics such as pressure detection in a wind tunnel.
In addition to sensing of normal pressure, the sensor can also
be used to monitor bends generated by wrist (Figure 4c) or
elbow (Figure 4d) movement, demonstrating its potential in
dynamic human motion inspection.

Figure 4e,f shows a smart glove and its application on ges-
ture recognition. The e-skins were mounted to the five fingers
of a plastic glove and connected to an inductance capacitance
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and resistance (LCR) meter, as shown in Figure 4e. Each ges-
ture was held for 5 s. At first, five fingers were straightened
and the output signals of the five e-skins were in a low initial
state. After that, four gestures meaning “OK,” “strong,” “good,”
and “yeah” were performed in sequence, and recorded signals
well reflect the gestures of the individual fingers as shown
in Figure 4f. No delamination or fracture of the devices was
observed during the experiment. The ability of gesture recogni-
tion is important for artificial intelligence.

The usage of a single flexible tactile sensor is often limited.
To test the feasibility of the natural e-skin for tactile sensing, it
is desired to build our sensors into a sensor array to spatially
map resolved pressure information. Figure 5a schematically
describes a 5 x 5 pixel array. Totally 25 pieces of dried rose petal
were arranged and sandwiched by laser-cut electrodes which
were connected by serpentines,?®l as shown in Figure 5b. More
details for the fabrication of the sensor array can be seen in
Experimental Section and Figure S12 (Supporting Informa-
tion). When loaded with a round-bottom vase onto the sensor
array, the mapping of output capacitive signals could well match
the touching contour of the vase (Figure 5c). In addition, three
PDMS stamps in the shapes of “H,” “I,” and “T” were succes-
sively placed on the sensor array. It can be seen that the pixel

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Pixel array. a) Schematic illustration of e-skin sensors array. Two serpentine-patterned electrodes sandwich 25 pieces of rose petals to form
5 % 5 sensors array. b) Photograph of a 5 x 5 pixel array. c) Pressure distribution mapping of the sensor array when a vase is placed on. The green
dotted circle indicates the touching contour of the vase bottom. d—f) Pressure distribution mapping of the sensor array with PDMS stamps in the

shapes of “H,” “I,” and “T” on, respectively.

array gives mapped capacitive signals that well match the shape
of the PDMS stamps (Figure 5d-f). It should be noted that the
capacitance of a pixel can be interfered by the crosstalk of ser-
pentines-like electrodes. However, we found that the crosstalk
is a weak effect that can be ignored in many applications: our
experiment demonstrated that when the top and bottom elec-
trodes are not aligned (without overlap), the signal is =70 times
weaker than the case with fully overlapped electrodes (see
Figure S13, Supporting Information). The ability of mapping
spatial pressure information is quite similar to the sensing of
human skin, and our e-skins offer potential applications in soft
robotics and may allow for friendly interaction between a robot
and human beings or a robot and the environment.

The natural materials we used in this work are not the
sole types that can be used as the dielectric layer for e-skins.
It is well known that plant cells have a layer of thin, stiff but
elastic cell wall that protects the cytoplasm. In plants, leaves
and petals typically consist of a few layers of cells which form
a foam-like 3D network; thus the dried leaves or petals play
like “microfoam,” an ideal structure as the dielectric layer in
e-skins. Such foam-like structures are also found in other parts
of a plant from root tips to treetop. In addition, some leaf or
petal surfaces have a microstructured rough surface, which is
also a favorable design that can significantly improve the sensi-
tivity. Compared with the surface microstructures fabricated by
costly microfabrication methods,??l natural materials are envi-
ronmentally friendly, abundant, easily available, and cost effec-
tive. We predict that there will be many other natural materials
applied in high performance e-skins.

In summary, we have reported simple and low-cost flexible
e-skins that directly use natural materials as the dielectric layer.
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Our e-skin shows a high sensitivity of 1.54 kPa™!, ultralow LOD
as low as 0.6 Pa, the ability of broad-pressure range sensing
(0.6 Pa-115 kPa), and high robustness when subjected to
at least 5000 cyclic pressings or bends. The e-skin has been
applied to monitor human motion, gas flow, as well as sense
the spatial pressure distribution, paving the way for the appli-
cations in artificial intelligence, soft robotics, wearable elec-
tronics, and so forth. We also predict that not only the materials
studied here, but many other natural materials of a tremendous
of plants might be used in high performance flexible electronic
devices.

Experimental Section

Preparation of Natural Materials as Dielectrics: Natural materials
were critical point dried by using an automated dryer (Leica EM
CPD300, Leica Microsystems GmbH, Germany) after several washing
steps in 99.8% ethanol. The drying protocol included slow CO,
admittance with a delay of 120 s, six exchange cycles (CO,: 99.8%
ethanol), followed by a slow heating (38 °C) process and slow gas
discharge. Finally, each sample was cut into 1.5 X 1.5 cm? as the
dielectric layer.

Preparation of Top and Bottom Electrode, and E-skin: Colorless
polyacetimidate (CPI, thickness: 50 pm) film was cut into discs with a
diameter of 14 mm by using a laser cutter (WE-6040). AgNWs film with
a sheet resistance of =10 Q-sq~' were sprayed on the CPI film by using
an air gun (Badger). The synthesis of the AgNWSs can be seen in our
previous report.”sl The adhesion of the AgNWs solution was modified
through the addition of polymer HPMC (0.5 wt%). The disc-shaped CPI
film coated AgNWs was then dried at 70 °C for 10 min using as the
top and bottom electrodes and the natural materials were sandwiched
between the electrodes. Finally, the edges were sealed together with 3M
Scotch or VHB tape.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fabrication of the Pixel Array: Step 1: CPl discs connected by
serpentines were cut by laser cutting to a 5 x 5 array. Step 2: AgNWs
were spray coated on the 5 x 5 CPI disc array. Step 3: The laminated film
electrodes were connected to silver wires by adhering silver paste and
pasted on PDMS. Step 4: The rose petal dielectric layer or other natural
dielectrics were settled on the AgNWs/CPI/PDMS electrode. Step 5:
Another identical 5 x 5 electrode was placed orthogonally to the rose
petal /AgNWs/CPI/PDMS film, face-to-face.

Characterization and Measurements: The microstructures of the
fresh and the dried rose petals were inspected by field-emission
scanning electron microscopy (FE-SEM, TESCAN) operated at 5 kV. The
capacitance variations of the e-skin were measured using an LCR meter
(E4980AL, KEYSIGHT) with a testing frequency of 1 MHz. A force gauge
with a computer-controlled stage (XLD-20E, Jingkong Mechanical testing
Co., Ltd) was used to detect the external pressure. The e-skins were fixed
on a stage of the testing system for repeatedly loading/unloading tests
with different loading speeds and forces. For the bending test, a device
was clamped on a home-made flexibility tester and real-time capacitance
was recorded. Signed consent was obtained from the volunteer
regarding the tests with a volunteer in Figure 4.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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