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With  the  introduction  of micro  nano  structure,  the  performance  of  electronic  skin  (E-skin),  as  a flexible
pressure  sensor,  has been  significantly  improved.  However,  most  of the  pre  templates  for  constructing
micro  nano  structure  are  fabricated  by photolithography,  which  endows  them  with  the limitation  of
surface  microstructure  and  the  difficulty  of forming  complex  multi-level  structures.  Distinguished  from
the  artificial  micro-structured  silicon  template,  there  are  abundant  microstructure  distributed  on  the
surface  of  natural  plant  leaves  for us to choose.  The  diversity  of  plant  leaves  provides  more  possibility
for  us  to explore  the internal  relationship  between  the  microstructure  distributed  on  electrode  surface
and  the  performance  of  E-skin  device.  Herein,  four  kinds  of  plant  leaves  are  selected  as  templates  to
fabricate  E-skins  with  different  bionic  microstructures.  The  various  sensing  performances  of  four  kinds  of
devices  are  evaluated  through  the  real-time  monitoring  of  current  signal,  and  the device  based  on  nerium
oleander  template  exhibits  the most  outstanding  performance  (sensing  range:  0–0.8  kPa,  sensitivity:  8.5
kPa−1, detection  limit:  0.001  kPa).  Furthermore,  quantitative  indicators  (radius/height  and  density)  for
the  surface  microstructure  of E-skin  are  proposed  to  explain  the  performance  differences  between  these

devices.  The  device  with  fine (small  values  of  radius/height)  and  high-density  microstructure  trends  to
exhibit  high  sensitivity  and  low  detection  limit  as well  as  good  durability.  Additionally,  the  activating
phenomenon  of  the E-skin  during  repeated  compression  was  observed  and  the underlying  mechanism
was  discussed.  Finally,  the E-skin  based  on  nerium  oleander  template  has  been  successfully  employed  to
detect  the  subtle  distinction  of  physiological  signals  in  a  series  of  fitness  actions.

© 2020  Published  by  Elsevier  B.V.
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1. Introduction

With the recent advances in intelligent terminal and robot, peo-
ple put forward higher requirements for electronic devices that
are more flexible and wearable. E-skin, as a branch of flexible
devices, plays a significant role in human-computer interface and
has attracted great interest of researchers all over the world [1–6].
Human skin, as the largest organ of human body, is able to sense
many kinds of external signals and transmit them to cerebral cor-
tex [7–9]. Similarly, E-skin is also capable of sensing external signals

like human skin, such as stress, temperature and humidity, which is
even beyond the perceptual limit of human skin in the identification
of tiny signals and the response range. In light of that, E-skin shows
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xceptional promise in the field of health monitoring, motion sens-
ng and artificial intelligence [10–14]. The development of E-skin

ill undoubtedly promote revolutionary progress in various fields
nd improve people’s quality of life.

Flexible pressure sensor is an important module for external
tress sensing of E-skin, which has attracted extensive attention
nd study. The performance metrics of flexible pressure sensor
ainly consist of sensitivity, linear detection range, hysteresis

esponse, detection limit, response time and durability, along with
he stability in corrosive environment [11,14]. In all kinds of flexi-
le of pressure sensors [15–23], the sensor based on piezoresistive
echanism have been widely investigated because it offers high

ensitivity in low pressure zone, relatively simple components, and
 low detection limit [24,25]. Resistive pressure sensor is assembled
f two parts: one is conductive layer, which mainly employs carbon

anotubes, graphene, metal nanowires and other conductive mate-
ials. Another is elastic substance, on which some microstructures
re formed, including sponges [26], pyramidal structure [8,27],
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nanofiber [28] and reverse-dome [17]. The micropattern formed
on the surface of elastic substance is aimed at adjusting the elastic
modulus and reducing shape factor [27], enabling the easy defor-
mation and concentrated stress, so that the performance of flexible
pressure sensor could be tremendously improved. For instance, fol-
lowing the classic pyramid structure constructed on PDMS surface
reported by Bao’s team [19,29,30], which endowed E-skin with high
sensitivity and short response time, a series of devices based on
diverse microstructure emerged. The pressure sensor with a novel
hierarchical structure in Bae’s study [17] exhibited high sensitiv-
ity (8.5 kPa−1) in a wide linear detection range (up to 12 kPa). The
approach of fabricating these micro-structured elastic substrates in
above literatures is to reproduce the microstructure of patterned
silicon template, which is obtained by high time consuming and
cost photolithography process. Besides, this kind of artificial tem-
plate is difficult to realize the processing of complex microstructure
and is limited by the designer’s ideas. Therefore, researchers try to
find a cheaper and more efficient method to fabricate the elastic
substrate with microstructure. There are abundant microstructures
distributed on the surface of plant leaves, which is the result of
natural selection after a long- term evolution. As a simple and
efficient approach, the direct or inverted microstructures of many
plant leaves have been employed to fabricate high-performance E-
skin in previous studies, such as mimosa [31], rose petal [32] and
banana leaf [33]. However, the surface microstructures reported in
these works varied significantly from each other. It is difficult to
form a contrast between various microstructure and to distinguish
the inherent correlation between microstructures and the sensing
performance.

This paper is devoted to explore the influence trend of different
bionic microstructures on the performances of E-skin and try to find
some regularity, thus providing theoretical guidance for the prepa-
ration of high-performance E-skin. Four kinds of plant leaves with
regular changes on surface microstructure were used as templates
to prepare micropatterned flexible electrodes. E-skins with tunable
sensitivity and detection range have been fabricated based on these
electrodes. The correlation between the surface microstructure and
the performance of E-skin was thoroughly investigated. When the
typical parameters (radius/height: the ratio of bottom radius to
bulge height of single microstructure unit on elastic substrate)
is 1.5, the E-skin exhibits 8.5 kPa−1 in sensitivity and detection
limit as low as 0.001 kPa as well as good cycling stability, which
endow it with great potential to achieve timely and reliable pres-
sure monitoring. The E-skin based on nerium oleander template,
which has the best sensing performance among the four devices,
was employed to monitor the subtle changes of muscles in vocal
cord vibration and fitness movement, making it possible to provide
professional guidance for vocalization and fitness through wear-
able devices.

2.  Result and discussion

The  schematic illustration of bioinspired flexible pressure sen-
sor manufacturing is shown in Fig. 1a. Leaves of four plants with
typical microstructure were selected to fabricate micropatterned
PDMS films. For obtaining intact PDMS films, the mixture of pre-
polymer and curing agent was filled into the templates and bubbles
were completely removed. After solidification, the PDMS films
with the inverted microstructure of thalia dealbata and asplenium
antiquum were accomplished, whose surface micropattern con-
sists of many bulges. In order to ensure the comparability between

the performances of four kinds of E-skins, the PDMS films with
the inverted microstructure of nerium oleander and cercis chi-
nensis, which have sunken micropatterns, were copied again as
negative templates to obtain PDMS films with convex micropat-
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ern. Scanning electron microscope was  employed to observe
he microstructure formed on PDMS films surface. As shown in
ig. 1b–e, PDMS films made from the four templates are all fea-
ured with protuberant microstructures on micrometer scale and
he structures are relatively regular. The thalia dealbata templated
DMS film exhibits numerous circular bulges distributed in inter-
al (diameter: ∼30 �m,  height: ∼6.0 �m,  Fig. 1b), and a series of
maller protuberance (diameter: ∼18 �m height: ∼6.0 �m,  Fig. 1c)
overs the surface of nerium oleander templated PDMS film. The
rotuberances in the cercis chinensis templated PDMS film exhibit
he planar size of around 32 �m and the height of about 4.0 �m,
hich are less cuspidal than the structures in nerium oleander

emplated PDMS film. The asplenium antiquum templated PDMS
lm shows a more gradual surface micropattern. The planar size of
he microstructure is about 25 �m and the height is about 2.5 �m,
s shown in Fig. 1e. The uniform distribution of microstructure
nsures the good repeatability of E-skin device and stable sensing
erformance.

Following the previous study, silver coating with the thickness
f 50 nm was  deposited on the micropatterned PDMS films for
aintaining the bionic structures and providing adequate elec-

ron transport capability. Additionally, it is not difficult to indicate
rom the date in Table 1 that the surface resistance of flexible elec-
rode will get an increase when the microstructure is introduced.
he E-skin devices were assembled by two flexible electrodes,
ne of which had a rough surface obtained from different plant
emplates, and the other possessed a flat surface. The external pres-
ure was  concentrated on small areas through the microstructure
istributed on PDMS film, which was  responsible for the great
hange of resistance under low pressure. The rough-to-flat sur-
aces interlocked E-skin device was investigated in order to better
nalyze the function of different microstructure on sensing perfor-
ance.
According to the previous studies of Bao’s group [19], a glass

lide that entirely covered the device was employed to prevent the
xternal stress from concentrating on the probe of dynamometer
nd provide a “base pressure” for the E-skin. With the continuous
onitoring of sensor current and applied pressure, the real-time

ensitivity of the E-skins with different interfacial microstructures
ere obtained. The sensitivity S is defined as the ratio of �( I−I0

I0
)

nd � F
A , where I is the real-time current of E-skin under applied

ressure, I0 corresponds to the initial current of E-skin under base
ressure, F is the external load, and A represents the contact area
f two flexible electrodes.

As  mentioned in previous studies, the resultant resistance (R)
f E-skin consists of three parts: the resistance of top electrode
RTE), contact interface (RCI), and bottom electrode (RBE). For study-
ng the influence of microstructure on the sensitivity of E-skin,
esponse curves of the four devices, which have reproduced the
nverted microstructure of thalia dealbata, nerium oleander, cer-
is chinensis and asplenium antiquum respectively, are compared
n Fig. 2a–d. And the working principle of these devices is shown
n Fig. S1. It is obvious that the response curves of four kinds of
-skin are all composed of two linear response regions. In the
rst stage, the sensitivity is very high but the response range

s narrow, while the second stage exhibits the opposite perfor-
ance (low sensitivity but wide response range). In addition, the

bove two performance indicators of the four kinds of devices dif-
er greatly from each other, which is mainly determined by the
iverse microstructures distributed on the surface of flexible elec-
rodes.

The highest sensitivity in the low pressure zone appeared in

he E-skin based on nerium oleander template, which also had the

inimum linear detection range (S = 8.5 kPa−1, 0–0.8 kPa). The two
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Fig. 1. (a) Fabrication process for the bioinspired flexible pressure sensors based on four different plant leaves. (b-e) Top-view SEM images of conductive PDMS electrodes
with the inverted microstructure of thalia dealbata, nerium oleander, cercis chinensis and asplenium antiquum, respectively. These insets located in the lower left corner
are  the SEM images of surface bulge with 10◦ tilt angle.

Table 1
Surface resistance of flexible electrode with different plant templates.

Template Thalia dealbata Nerium oleander Cercis chinensis Asplenium antiquum Slide glass

m
t
p
i
s
(
o
s
b
i
b
t
f

radius/height 15 �m/6  �m 9 �m/6  �m 

Resistance  35 � sq−1 60 � sq−1

performance indicators of E-skin based on asplenium antiquum
template were exactly the opposite

(S = 0.5 kPa−1, 0–3 kPa). The other two devices are similar in
both sensitivity and linear detection range. In order to validate
the efficacy of micro-structured surface on the performance of E-
skins device, two flexible electrodes with flat surface were bonded
together to conduct pressure sensing test. According to the result
given in Fig. S2, the pressure response curve of control sample is
also divided into two stages, and the sensitivity of both stages is
lower than that of the sample with surface microstructure. Among
them, the sensitivity difference of the second stage is more obvious
because the gap between these two flat electrodes almost dis-
appeared in the large pressure zone, which cannot provide more

deformation space for further increasing pressure.

In view of the relatively regular shape of the surface bulge,
we introduce the ratio of radius to height (r/h) as a typical
parameter, so as to directly reveal the relationship between

o
d
A
s

3

16 �m/4 �m 12.5 �m/2.5 �m –
100 � sq−1 45 � sq−1 10 � sq−1

icrostructure and sensitivity in low pressure zone. According to
he SEM images of flexible PDMS electrodes with different tem-
lates (Fig. 1b–e), the order of the ratio of radius to height (r/h)

s Nerium oleander template (9 �m/6  �m = 1.5) < Cercis chinen-
is template (16 �m/4  �m = 4) < Asplenium antiquum template
12.5 �m/2.5 �m = 5). For these three samples, the lower the ratio
f radius to height (r/h), the higher the sensitivity in the low pres-
ure zone. Following the above rules, the sensitivity of the device
ased on thalia dealbata template (15 �m/6 �m = 2.5) should be

n the range of 2.88–8.5 kPa−1, while it was actually measured to
e 2.75 kPa−1. This phenomenon is attributed to the smaller dis-
ribution density of effective micropattern, on account of which
ewer contact sites were offered during external loading. On the

ther hand, the rank of linear detection range is Nerium olean-
er template (0–0.8 kPa) < Cercis chinensis template (0–2.6 kPa) <
splenium antiquum template (0–3 kPa), which is exactly oppo-
ite to the order of sensitivity, indicating the trade off between
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Fig. 2. Relative current variation-pressure curves of the E-skin based on four different microstructure templates in the first compression: (a) Thalia dealbata template; (b)
 temp
-skin 

) Cerc

d
a
i

Nerium  oleander template; (c) Cercis chinensis template; (d) Asplenium antiquum
curves in the first stage of four kinds of E-skin devices. Current-time curves of the E
(pressure: 0–10 kPa): (e) Thalia dealbata template; (f) Nerium oleander template; (g

the sensitivity and linear detection range of these devices. Based
on the above analysis, it can be concluded that microstructures
with small value of r/h generally lead to higher sensitivity and nar-
rower linear detection range, and vice versa. Sensitivity and linear

detection range are mutually restricted for a single microstructure,
and constructing multi-level microstructure should be an effective
approach to obtain high sensitivity and wider linear range of E-skin
devices simultaneously.

e
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l
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4

late. The insets correspond to the amplification of the current variation-pressure
devices based on four different microstructure templates in multiple compression
is chinensis template; (h) Asplenium antiquum template.

We continuously tested the sensitivity of four kinds of E-skin
evices based on different plant templates for more than 20 times,
nd the curve of current and time are shown in Fig. 2e–h. With the
ncrease of test times, the initial current of these E-skins experi-

nced a process of gradually decreasing and eventually maintaining
table, which was  consistent with the results reported in previous
iterature [33]. Our previous work has indicated that the variation of
nitial current is attributed to the appearance, proliferation and sat-
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uration of microcracks on the surface of flexible electrode. After the
first cycle of compression, many tiny cracks appear in the sliver con-
ductive layer, which results in irreversible increase of resistance.
The cracks propagate and then reach saturation after several tenth
cycles. We  name this process the activation process, after which the
sensor can work more stably. Comparing the initial current reduc-
tion of four kinds of E-skins based on different plant templates,
both nerium oleander template and cercis chinensis template have
a significant change. The former reduced by 75 %, while the latter
had 90 % drop. By contrast, the E-skins based on thalia dealbata
template and asplenium antiquum template have a small change
in initial current, which reduced by 58 % and 33 %, respectively.
The reason for the difference in the variation of initial current is
the diverse proportion of the saturated crack area on the surface
of flexible electrodes with four kinds of plant templates. What is
shown in Fig. S3 is that the microcracks distributed on the surface
of flexible electrode, and it is obvious that the crack density of the
E-skins based on nerium oleander template and cercis chinensis
template is higher than those based on thalia dealbata template
and asplenium antiquum template. Additionally, statistical soft-
ware was employed to identify the proportion of saturated crack
area in the above SEM photos, whose straightforward numerical
result is provided in Fig. S4. Specifically, it is 0.11785 for thalia deal-
bata template, 0.20534 for nerium oleander template, 0.24054 for
cercis chinensis, and 0.11956 for asplenium antiquum. The E- skins
with fine (small values of r/h) and high-density surface microstruc-
ture, such as nerium oleander and cercis chinensis templated ones,
are more likely to deform when the external load is applied. And the
silver conducting layer on the surface of flexible electrode is dam-
aged greatly, which lead to a large proportion of saturated crack
area andan obvious reduction of initial current. Another interest-
ing phenomenon is that the variation of final saturation current
(Current at 10 kPa) is also closely related to the microstructure dis-
tributed on the surface of flexible electrode. The fine (small values of
r/h) and high-density microstructure is also able to make the device
undergo large deformation under high pressure, which can drive
more cracks to coalesce, so that the reduction of saturation current
is relatively small. For E-skins based on nerium oleander and cercis
chinensis, the initial current decreases significantly, while the sat-
urated current is relatively stable, which means that the device’s
sensitivity constantly increased until a stable value during the first
several tenth cycles. This process is defined as the activation pro-
cess, which is believed to be a common phenomenon. By adjusting
the surface microstructure of flexible electrode, the variation of
initial current and saturated current during repeated compression
can be controlled, thus ameliorating the current-pressure response
characteristics of E-skin device.

To further compare the capability of E-skins based on differ-
ent plant templates to perceive tiny pressure, the detection limit
curve of these flexible piezoresistive sensors were investigated and
shown in Fig. 3a. The result indicates that the detection limit of
E-skin based on nerium oleander template is the lowest, which
can accurately reflect the load of 0.001 kPa. The detection limits of
E-skin based on thalia dealbata and cercis chinensis template are
0.002 kPa and 0.004 kPa respectively. For the device based on asple-
nium antiquum, notable signal only arises when the external load
reaches 0.01 kPa. The trend is in accordance with that of sensitivity
of the four kind of E-skins, which can be ascribed to the different
ratio of radius to height (r/h) of the interfacial microstructures.

Fig.  3b compares the response and relaxation time of E-skins
based on four kinds of plant templates. With a pressure of 1 kPa
loading or unloading from the surface of device, the response and

relaxation time of E-skins based on four kinds of plant templates
are 40–50 ms,  which is comparative to that of human skin [35].
As previously reported, the construction of surface microstructure
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reatly suppressed the inherent viscoelasticity of PDMS, thus make
t possible to produce E-skin with short response time.

The  durability of four E-skins based on different plant templates
s demonstrated in Fig. 3c. Each device was tested for 5000 cycles
f 1 kPa loading/unloading (0.4 Hz), and the current change of the
rst

200 cycles in every 1000 cycles were plotted. Part of the cur-
ent curve after 4000 cycles is amplified and provided in the right
mage of Fig. 3c. These curves show that there is no obvious degra-
ation in the response signal after 4000 cycles, because the number
f cracks distributed in silver conductive layer had all reached
aturation state for the four kinds of E-skin. Additionally, the hys-
eresis response of the device based on nerium oleander template
s provided in Fig. S5. According to the formula Hysteresis(%) =
Yload−Yunload

Ymax−Ymin

∣
∣
∣ · 100% [34], where Yload - Yunload is the greatest dif-

erence  of �I/I0 during loading and unloading response, and the
max and Ymin represent the value of �I/I0 at maximum and mini-
um loading, the hysteresis of the device based on nerium oleander

emplate was calculated to be 13.1 %.
The construction of bionic microstructures endows E-skin with

nhanced sensing performance, so that accurate detection of
uman activities can be achieved by this device. Such an E-skin
Nerium oleander template) was attached to a volunteer’s throat for

onitoring the vibration of vocal cords (Fig. 4a). As shown in Fig. 4b,
, the E-skin is capable of distinguishing different words and stress
yllable exactly, such as “Magic”, “Science”, “Philosophy” and “His-
ory”. In addition, the current signal emerges copied shapes when
he same word was said, which demonstrates the good repeata-
ility of this device. The flexible device is a potential candidate for
ronunciation correction and speech recognition.

Besides, the E-skin can also be employed to detect muscle con-
raction under different loads. When the E-skin based on nerium
leander templates was  mounted on the biceps brachii, the sub-
le differences in muscle contraction under different loads can be
dentified and precisely displayed in the current curve (Fig. 4d). The
oads in Fig. 4d are 0 kg (natural grip), 3 kg and 6 kg respectively,
nd it is obvious that the change of current intensity is not linear
ith load increment, which is attributed to that the contraction of

iceps brachii becomes more and more difficult with the increase
f load. Besides, there are two  peaks of current signal in one elbow
exion cycle, which correspond to two peak contraction of biceps
rachii. The two peak contractions of biceps brachii are almost the
ame without external loading (The current intensity are similar).
n the case of heavy loading (3 kg, 6 kg), however, the second current
eak is relatively high, indicating that the muscle contracted more
ightly when the dumbbell was put down than when the dumb-
ells was raised. Similarly, as shown in Fig. 4e, the E-skin stuck on
he triceps brachii was  used to monitor muscle contraction under

 kg (natural grip), 1.5 kg and 3 kg loads. In the classic training of
riceps brachii, the current signal more clearly captured the two
eak contractions of the muscle, and the reason why the second
eak is significantly higher is consistent with the previous analy-
is of biceps brachii. The E-skin also successfully distinguished the
ontraction of biceps femoris (Fig. 4f) under different loads. How-
ver, unlike the arm muscles, the thigh muscles bear the external
oading, while they also support the weight of upper body, which
annot be ignored. During one cycle of squat, the sharp peaks of
urrent signal at the beginning and ending were detected by the
-skin, which were caused by the activation and braking of thigh
uscles for upper body. At other times, the contraction of biceps

emoris is similar to that of arm muscles.

Moreover, as an effective method of training core muscles,

lanking is very popular among fitness enthusiasts (Fig. 4g). The
-skin was attached to the abdomen of volunteers to monitor
he breathing condition during planking process in real time, and
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Fig. 3. (a) Detection limit, (b) response time and (c) cycling durability of the E-skin devices based on four different microstructure templates.
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Fig. 4. Monitoring of vocalization, muscle contraction and breathing condition with the E-skin devices (Nerium oleander template). (a) The E-skin attached to a volunteer’s
neck for monitoring the vibration of vocal cords. (b, c) Current-time curves of the E-skin devices corresponding to different words: “Magic”, “Science”, “Philosophy” and
“History”. (d) Monitoring the contraction of biceps brachii when the weight-bearing is 0 kg, 3 kg and 6 kg, respectively. (e) Monitoring the contraction of triceps brachii when
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the  weight-bearing is 0 kg, 1.5 kg and 3 kg, respectively. (f) Monitoring the contrac
Standard posture of planking. The E-skin was  attached to the abdomen of volunte
fitness  enthusiast during planking. Breathing condition was  divided into three stage

the breathing process can be divided into three significant stages,
including normal breathing, quick breathing and disorderly breath-
ing. By comparing the breathing of non-fitness enthusiasts and
fitness enthusiasts during planking, whose results are shown in
Fig. 4h, i, it is obvious that the latter maintains the action for a longer
time (75 s for fitness enthusiasts >60 s for non-fitness enthusiasts).
Additionally, in the normal breathing stage, the fitness enthusiast
is more relaxed than the other, because his breathing is shallower
and closer to inactivity. In the stage of quick breathing, the respi-
ratory rate and amplitude of both volunteers are increased. In the
final stage, fitness enthusiast is still able to basically maintain the
stability of breathing, while the breathing of non-fitness enthusi-
ast has completely lost its regularity. Along these lines, the E-skin
would provide a very convenient way to achieve the monitoring
of body function, perhaps enabling the professional guidance for
fitness.

In addition, wearable electronic devices also put forward high
requirement for the waterproof of materials (the interference on

device’s accuracy come from sweat) and long-term stability. The
water contact angles were tested to evaluate the water proof abil-
ity of flexible electrodes with microstructure and flat surface, which
are shown in Fig. S6. The maximum contact angle appears on the

3

b

7

f biceps femoris when the weight-bearing is 0 kg, 6 kg and 12 kg, respectively. (g)
dy. (h, i) Comparison of breathing condition between non fitness enthusiast and
mal breathing, quick breathing and disorderly breathing.

urface  of flat silver electrode (98◦). With the introduction of sur-
ace microstructure, the contact angle decreases slightly, while it
till remains above 80◦, indicating that these E-skin devices are
elatively not easy to be wetted by sweat or ambient moisture.
urthermore, the packaging of E-skin device with silicone rubber
s able to completely shield the influence of humid environment,
nd the aging results of devices with and without packaged at
00 % humidity are shown in Fig. S7. The resistance of the con-
uctive sliver layer increased gradually in the long-term contact
ith 100 % humidity environment (1.35 times change within 48 h).
owever, the package of device by silicone rubber is capable of
chieving the good stability (almost no change in 48 h), which pro-
ides an effective way  for the stable output of wearable E-skin
evices. Besides, we also tested the relative resistance change of
-skin devices placed in atmospheric environment for one week
Fig. S8), and the aging phenomenon was  not obvious whether the
evices were packaged or not.
. Conclusions

We  have fabricated piezoresistive flexible pressure sensors
ased on the microstructure of thalia dealbata, nerium oleander,
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cercis chinensis and asplenium antiquum, respectively. According
to the comparative analysis of microstructure and the sensitiv-
ity curve, the relationship between typical parameters r/h and
the performance of E-skin was discovered. Specifically, the E-skin
device with fine (small values of r/h) and high-density interfa-
cial microstructure has high sensitivity, low detection limit, better
durability but narrow linear range. The introduction of microstruc-
ture not only facilitate the deformation of the flexible electrodes,
which leads to dramatic changes in contact resistance, but also
affects the crack and coalescence behavior of the conducting layer.
The E-skin based on nerium oleander template realizes the subtle
recognition of some fitness actions. More importantly, this work
can provide some guidance for the structure design of E-skin, so
that higher performance can be achieved.

4. Experimental section

4.1.  Fabrication of micropatterned PDMS conductive film

First  of all, large leaves were selected and thick veins were
avoided in order to maintain the integrity and repeatability of tem-
plates. Different plant leaves were cut into the proper size and
washed with deionized water and ethanol. After drying with a
blower, clean plant leaves were obtained and attached to glass
slides. Additionally, double faced adhesive tape was employed to
ensure the flat combination between leaves and glass.

Next,  the PDMS prepolymer and curing agent was mixed in a
weight ratio of 10 to 1 (Dow Corning Sylgard 184) and stirred for
10 min. The mixture was poured into the frame (30 mm  * 15 mm
* 0.25 mm)  and placed in vacuum environment for removing the
bubbles. Besides, vacuum environment also helped the liquid fill
the remaining space to accurately reproduce the microstructure
on plant leaves. Next, another slide was pressed on the surface
of frame to extrude the excess PDMS liquid, and it was fixed by
clamps. The liquids limited in rectangular frame were transformed
into micropatterned PDMS film after being treated at 80 ◦C for 4 h.
Smooth glass slide was exploited to fabrication flat PDMS film.
It is noteworthy that the first obtained PDMS films with nerium
oleander and cercis chinensis templates were used as negative tem-
plate to produce positive template PDMS films through the same
method again, which are covered by raised surface microstructure.
The release agent (an oily substance) was sprayed on the surface of
negative PDMS template to ensure that they did not stuck to each
other during convex micropattern formation.

Finally, PDMS film was  coated by silver coating through thermal
evaporation, which did not hide the microstructure distributed on
the surface of this film. And, a series of conductive PDMS films,
which had different microstructure induced by plant leaves, were
obtained. It is noteworthy that the flexible electrodes with nerium
oleander and cercis chinensis templates was obtained by using the
above method twice.

4.2.  Fabrication of flexible E-skin

The flexible pressure sensor was composed of two  conduc-
tive PDMS films placed face-to-face, one of which replicated the
microstructure on the surface of plant leaves, and the other was flat.
Copper wires were connected to the edge of the conductive films
with silver paste for the output of Electrical signal. And the position

coated by sliver paste should be avoided when the devices were
assembled. Finally, adhesive tape was employed to ensure the sta-
ble combination of two conductive PDMS films and the bioinspired
flexible E-skin was generated.
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.3. Characterization

The morphologies of the conductive PDMS films with bioin-
pired micropattern were characterized by a field emission
canning electron microscope (S-4800, Hitachi, Japan). The resis-
ance variation was recorded by electrochemical workstation
PARST2273, Princeton Applied Research), which loaded a constant
oltage to the flexible pressure sensor and monitored real-time cur-
ent. The force applied on these pressure sensors was measured by

 force gauge (Handpi Digital force gauge, HP5). The pressure sens-
ng tests were conducted by a high precision electronic universal
esting machine (CMT6103, MTS  Systems, China) with a software
ystem, and the durability test was determined by a movable stage
ZXT 050-300 MA06, China, Shanghai Zhengxin Optio-electrical
echnology Co. Ltd.).
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