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Recently, skin sensors have obtained considerable attentions for potential applications in skin
prosthetics, healthcare monitoring, and humanoid robotics. In order to further extend the
practical applications, a dynamic broad range response with excellent sensitivity is important
for skin sensors in sensing pressure, which eventually simplify the sensing system devoid of
extra signal processing. On the other aspect, skin sensors with multifunctional sensing
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functionalities are highly desirable to satisfy various application requirements. Although
diversities of designed microstructures and functional materials have been adopted, achieving
skin sensor devices possessing high pressure sensitivity over wide range and multifunctional
sensing capabilities are still challenging. Herein, inspired by the microstructures of fingertip
skin, we demonstrate skin sensors possessing excellent sensitivity over a wide pressure range
and multifunctional sensing capabilities by the structural design of the sensing layer, with
surface hierarchical microstructures and inside porous structures. The fabricated skin sensor
device exhibits a superior sensitivity of 245 kPa-1 over a wide pressure range from 5 Pa to 120
kPa. For practical application demonstrations, the sensor devices are utilized to monitor subtle
wrist pulse and diverse human motions including finger bending, wrist bending, and feet
movement. Furthermore, this novel sensor device demonstrates potential applications in
recognizing textures and detecting environmental temperatures, which make an important
progress for constructing advanced electronic skin.

1. Introduction

In the past decade, flexible and stretchable skin sensors have attracted significant interest for
their potential applications in skin prosthetics,(i1-10) wearable health monitoring systems,[11-24]
and humanoid robotics.[25-28] Real-time monitoring physiological signals such as wrist pulse,
body temperature, and body motion can provide plentiful valuable information for disease
diagnosis and treatment.[11, 13, 151 As the potential applications of skin sensors, tremendous
works are being carried out in the development of high-performance skin sensors, including
pressure sensors, temperature sensors, and humidity sensors etc.;2-6) Particularly, skin-like
pressure sensors, converting the external force into electrical signal, have attracted
tremendous attention and the piezoresistive prototype has been intensively explored due to the
advantages of simple fabrication procedures and oversimplified signal acquisition. On one
hand, pressure sensors possessing high pressure sensitivity and wide linearity range are highly

required in health monitoring and artificial intelligence. For examples, a high sensitivity in
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subtle pressure range is desirable for wrist pulse monitoring and a high sensitivity in large
pressure range is necessary for robotic operations. On the other hand, multifunctional skin
sensor devices are highly desirable for e-skin application, which is required to sense the
external pressure, texture roughness, and temperature simultaneously. Despite the great efforts
in the development of such kind of multifunctional skin sensors, the complicated fabrication
procedures and the sophisticated device structures have hindered their practical applications.

With the advances in materials science and engineering, smart and functional materials with
nano/microstructures have been extensively used in fabrication of varieties of sensor devices
including pressure sensors,[29] strain sensors,[30] and gas sensors.[31] In particular, carbon-based
functional materials in the forms of nanotubes, s, 20] graphene,[2, 22] and graphene oxide(3] have
been broadly explored as conductive fillers or sensing elements in skin sensors as a result of
their outstanding features of light weight, low cost, high conductivity, and excellent
mechanical stability. Furthermore, a variety of microstructures, such as micro-pillars,
hemispheres, and triangular pyramid have been introduced in fabrication of skin sensors to
improve the performance of the skin sensors such as response time, detection limit, sensing
range, and sensitivity.[12,32-35] As an example, Cheng and co-workers demonstrated a pressure
sensor with mimosa-inspired microstructures, achieving a high sensitivity up to 50.17 kPa-1 in
the low pressure range of 0-70 Pa. However, the sensing range is below 1500 Pa and the
sensitivity decreases to 1.38 kPa-1 beyond 70 Pa, which confines the sensor to tiny pressure
detection.[36] Therefore, its applications in health monitoring and intelligent robotics are
limited. In another work reported by Zhang et al.,[37] the pressure sensor device has a wide
pressure sensing range of 0-100 kPa based on fingerprint-like graphene as the active layer and
a high sensitivity of up to 110 kPa-1 is realized in the subtle pressure range of 0-200 Pa.
Nevertheless, the sensitivity sharply decreases to 3 kPa-1 for the moderate pressure region
(0.2-15 kPa) and 0.26 kPa-1 for the large pressure region (15-75 kPa), respectively. Thus, great

challenges remain in the development of skin sensors by structural design to obtain a high
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sensitivity over broad pressure range. Additionally, skin sensors with multifunctional sensing
capabilities are intriguing for e-skin applications. Recently, obvious efforts have been paid in
developing multifunctional skin sensors based on microstructures. For example, by employing
the microstructured ferroelectric film, Ko and co-workers presented a flexible multifunctional
skin sensor which can detect the pressure, temperature, and vibration at the same time.
Meanwhile, their skin sensors have been demonstrated in detecting wrist pulses and the
effects of temperature to the wrist pulses.(sj However, the pressure sensor shows a high
sensitivity only in the subtle pressure region. Therefore, despite the impressive achievements,
skin sensors possessing high sensitivity over wide linear pressure range and multifunctional
sensing abilities for diverse stimuli, are still highly desirable to extend their practical
applications.

Varieties of functional materials and microstructures from nature have motivated researchers’
inspirations in material engineering, especially the hierarchical microstructures for bioinspired
artificial e-skin.[38-411 As the largest organ of human body, skin acts significant roles in
mediating human interactions with the surrounding environments. Particularly, the fingertip
skin, considered much more sensitive in sensing external stimuli than the other parts of human
skin, can sense pressure and temperature due to the special rige structures between the
epidermal and dermal layers, transmitting the stimuli from the environment to the sensory
receptors located in interlocked rige structures. Moreover, the microstructures on human
fingertip skin allow the fingertip a high sensitivity in distinguishing the texture roughness by
the friction signals between the fingertip skin and object. Actually, the randomly distributed
microstructures both underlying and on the surface of fingertip skin play important roles in
external stimulus perception. As far as we know, the fingertip skin inspired highly sensitive
skin sensors for sensing multiple external stimuli are quite deficient.

Herein, motivated by the epidermal microstructures from human fingertip skin, we report a

novel skin sensor based on conductive Graphite/polydimethylsiloxane (G/PDMS) foam films
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with hierarchical microstructures on the surface to detect external stimuli, including pressure,
texture roughness, and temperature signals. It is notable that the randomly distributed
microstructures on surface of sandpaper have a high similarity in topography with those of
human fingertip skin. By using sandpaper as the template to mimic the spinosum
microstructures on the fingertip skin and micro graphite sheets as the conductive fillers, skin
sensors with high sensitivity and wide sensing range both in pressure and temperature have
been achieved. Additionally, cubic sodium chloride (NaCl) templates are employed to obtain
the foam structures inside the G/PDMS film to further improve the sensitivity in sensing
pressures. Moreover, mimicking the stratum corneum of human fingertip skin, outside
microstructures on the substrate of the skin sensor are prepared using the sandpaper template
to recognize texture roughness. Based on the novel design of our skin sensor, its applications
for the detection of physiological signals (wrist pulse, finger bending, and wrist bending etc.),
texture roughness of papers, and environmental temperatures have been successfully

demonstrated.
2. Results and discussion

2.1. Fabrication of the skin sensors

Figure 1 depicts the schematic illustrations for the fabrication procedure of the skin sensors.
Firstly, the as prepared G/PDMS/NaCl composite ink was coated on the sandpaper template
by blading method, followed by covering another piece of sandpaper on the top. Secondly,
composite film with double-sided microstructures was obtained after thermal treatment and
removal of sandpaper templates. Dipping the composite film into hot water under an
ultrasonic bath for 2 hours, NaCl sacrificial templates were removed and the G/PDMS
composite film with both porous structures and surficial microstructures (denoted as
porous @microstructured) was obtained. Meanwhile, the composite film with only porous

structures (denoted as porous @planar) and composite film with only surficial microstructures
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(denoted as microstructured only) were prepared for the reference devices. The fabrication
procedures for these two films are similar with that of porous@microstructured composite
film by using different template combinations, and more detailed fabrication procedures are
illustrated in the experimental part. Thirdly, PDMS prepolymer was coated on the sandpaper
template followed by covering an indium tin oxide (ITO) coated polyethylene terephthalate
(PET) substrate on top with PET-side facing the PDMS to fabricate the outside
microstructures on the substrate. After solidified at 100 oC for 1 h, due to the better
attachment between PDMS and PET than that of PDMS and sandpaper, the sandpaper
template was easily peeled off and microstructures were formed on the PDMS film. Finally, a
sandwiched structure was used to construct the skin sensors by incorporating the porously
microstructured composite film between ITO/PET and ITO/PET/PDMS flexible substrates.
The scanning electron microscopy (SEM) images of sandpaper template (#120), G/PDMS
composite film, and NaCl sacrificial templates are depicted in Figure 2. As seen from Figure
2a and 2b, surface heights of the sandpaper template are randomly distributed and hierarchical
structures are found on the template. Figure 2d and 2e show the SEM images of G/PDMS
composite film with different magnifications. The surface morphology of the composite film
shows the randomly distributed ridges and hierarchically microstructured holes derived from
the hierarchical structures of the sandpaper. The diameters of the large and small holes are
found to be around 150 and 10 pm, respectively, and the sizes are constant with those of the
microhumps from the sandpaper. To obtain a low initial conductivity to minimize the power
consumption at standby state, and realize an enhanced sensitivity and flexibility of the skin
sensor, NaCl sacrificial templates were employed to obtain the porosity inner the composite
film. Figure 1f and 1g show the SEM images of NaCl particles and cross-sectional porous
sensing layer, respectively. It is notable that the diameters of porous structures inside the
sensing layer are similar with the template particles, indicating an effective approach to

realize sensing layers with rich porous structures. Meanwhile, surficial microstructured
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composite films without porous structures and planar composite films with porous structures
were prepared for the reference devices. The SEM image for micro-patterned PDMS layer is
depicted in Figure S2 (Supporting Information), showing a similar surface morphology with
that of the composite film, which proves that the sandpaper is an effective template in

preparing microstructures both on PDMS and G/PDMS composite films.

2.2. Performance of the skin sensor in sensing pressure
As mentioned above, by using different template combinations, three types of composite films

were prepared for skin sensors. The as prepared composite films were cut into 1 X1 cm2 in

size and sandwiched between top ITO/PET substrate and bottom ITO/PET/PDMS substrate,
and copper wires were affixed onto the ITO face as electrodes for external electrical
connections. In order to characterize the current responses of the skin sensors to external
pressures, a measurement system containing a motorized test stand connected with a force
gage, and a semiconductor parameter analyzer was used (Inset of Figure 3a). The pressures
loaded on the skin sensors were preciously controlled by the force gauge, and the current
signals were collected by the analyzer. To evaluate the pressure sensitivity, the relative current
variation of the composite film based skin sensors measured under a wide range of external
pressures is shown in Figure 3a. Notably, all skin sensors exhibit two linear segments but
differential slopes in the same pressure region for these three kinds of skin sensors. The
pressure sensitivity (S) can be defined as S= (Al/Lofr)/AP, generally utilized to assess the
performance of the skin sensors, where I and P are the current of the skin sensors and the
applied external pressure, respectively. For the skin sensor with the porous@planar G/PDMS
composite film, the estimated pressure sensitivity is 0.04 and 0.02 kPa-1 in the pressure range
of 0-100 kPa and 100-150 kPa, respectively. The relative low sensitivity is because of the
high initial conductivity due to the complete connection between the surfaces of the
composite film and the ITO electrodes. As seen from Figure 3a, compared to that of the
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porous @planar skin sensor, the device based on the sandpaper-templated without porous
microstructures exhibit an improved pressure sensitivity, 46 kPa-1 in the pressure range of 0-
120 kPa and 21 kPa-1 in the pressure range of 120-150 kPa, indicating the surficial
microstructures of the composite film acts a significant role in boosting up pressure sensitivity
of the skin sensor. It is notable that, among these three types of skin sensors, the device based
on porous @microstructured composite film shows the highest sensitivities, and the calculated
sensitivities are 245 kPa-1and 90 kPa-1, corresponding to the ranges of 0-120 kPa and 120-150
kPa, respectively. As verified above, the surficial microstructures on the composite film are
critical to obtain a high sensitivity. Additionally, compared with the device based on the
composite film with only surficial microstructures, the porous structures can further decrease
the initial conductivity of the composite film, which is beneficial to the improvement of
pressure sensitivity. The detailed discussion for the sensing mechanism will be presented later.
Overall, all the three types of skin sensors with G/PDMS composite films exhibit a wide
pressure sensing range of up to 150 kPa with varied sensitivities. The performance of our skin
sensor compared to the reported state-of-the-art pressure sensors has been listed in Table S1
(Supporting Information). As far as we know, especially for the pressure sensors based on the
porous @microstructured composite film, it is scarcely reported devices with such high
sensitivities in such wide linearity range. We suppose that a high sensitivity and a wide
linearity range are both crucial for the potential extensive applications in sensing subtle and
large pressures. Unless otherwise stated, the skin sensors are all based on the
porous @microstructured composite film.

To investigate the minimum detectable pressure of the skin sensors, as depicted in Figure 3b,
the current responses to pressure were measured by loading/unloading a small grain of red
bean (~50 mg, inset of Figure 3b). Notably, the skin sensor exhibits a quick response to the
subtle pressure variations (~5 Pa) generated by the loading and unloading of the red bean, and

the minimum detectable pressure is comparable to those of the previously reported state-of-
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the-art skin sensors.[10, 38-39) For example, reported by Shu and co-workers, a high-
performance skin sensor with gold nanowires coated tissue paper as the active layer shows a
minimum detectable pressure of 13 Pa.(14) Another work reported a skin sensor based on
PVDF@rGO nanofibers exhibits a limit of detection of 1.2 Pa.;3) Furthermore, to investigate
the response speed, the response and relaxation time of the skin sensor were estimated in the
process of loading/unloading the small grain of red bean, as depicted in Figure 3c. As shown
in Figure 3c, it is observed a response and relaxation time of 8 ms and 4 ms, respectively,
which even show better performance than those of human skin (~40 ms), indicating its fast
pressure response and potential application in e-skin. The greatly reduced hysteresis of the
response and relaxation time could be ascribed to the reduced viscoelastic effects of the
composite film compared with those of the pure PDMS film. The effects of loading frequency
should be considered for evaluating the performance of skin sensors. As depicted in Figure 3d
to 3f, frequency-dependent performance of the skin sensor under an applied force of 10 N
(~100 kPa) with three different loading frequencies (0.12, 0.20, and 1.10 Hz) has been further
investigated. Notably, the current responsive signals closely follow the loaded force, and no
obvious frequency dependence or delay is observed within the studied frequency range,
demonstrating the skin sensor based on the porous @microstructured G/PDMS is sensitive and
stable at different frequencies. To fully reveal the piezoresistive behavior of the skin sensor,
its current responses to different pressures under loading/unloading cycles were investigated
systematically. The cyclic current responses of the skin sensor to five different pressures are
shown in Figure 3g. It is notable that the patterns of every responsive cycle under different
pressures are highly identical, demonstrating the skin sensor has an excellent current
responsiveness to the applied cyclic pressures, and the current altitudes of the skin sensor rise
significantly with the increased external pressures. Interestingly, as shown in Figure 3g, the
skin sensor is turned off (the current almost drops to zero) when no external pressure is

applied, indicating that our presented skin sensor is a kind of energy-saving device with
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almost zero power consumption at standby state, which is different from other reported skin
sensors based on the conductive composite film or nanowire networks.[12, 141 Moreover, as
shown in Figure 3h, the skin sensor exhibits a robust durability in the process of
loading/unloading a huge pressure of 100 kPa up to 25 000 cycles. As we can see in the insets
of magnified view, there is no obvious degradation in current amplitude during the whole
process of 25 000 loading/unloading test cycles. The excellent durability is attributed to the
intrinsic stability of the graphite sheets and strong attachment between the graphite sheets and
the PDMS in the composite film.

Due to its excellent performance, our skin sensor possesses the abilities to detect varieties of
forces including press force, bending force, and twist force. Additionally, versatile potential
applications for detection of subtle physiological signals and human body motion activities
have been demonstrated. As shown in Figure 4a, once the skin sensor is pressed by human
finger, the contact area between the ITO electrodes and the microstructured composite film
will increase, and the pores inside the composite film will be simultaneously compressed to
induce more conductive pathways, leading to the increase of current correspondingly. After
removal of press force, the skin sensor was turned off immediately, further demonstrating that
our skin sensor possesses fast response speed and low-power consumption at standby state. In
addition to sensing the press force, the skin sensor has been demonstrated in detection of
bending force and twist force as shown in Figure 4b and 4c, respectively. To prove their
potential applications in humanoid robotics, the skin sensors were attached on five fingertips
of a rubber glove (Figure 4d) to monitor the holding and grasping the objects by robotics. Our
skin sensors could preciously detect the motion of every finger, and distinguished electrical
signals of each gesture (spreading five fingers, holding an aurilave, raising thumbs-up, and
holding a beaker) were measured to assess the hand gestures (Figure 4e). In addition, the skin
sensors were either attached on the outside of the index finger or human wrist to detect the

bending states of index finger and wrist, respectively. As shown in Figure 4f to 4h, once the
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index finger or wrist was bent, the conducting area between the electrode and composite film
was enlarged, and the current increased correspondingly. The current altitudes of the skin
sensor were also found to increase with the enlargement of bending angles. Additionally, in
order to imitate the sense of touch of human, as shown in Figure Sa, two skin sensors were
affixed to a robotic arm to detect the pressures applied on the objects in the process of
grasping and release. As depicted in Figure 5b and S5c, we notice that different current
altitudes are obtained when grasping objects with different weights, which means different
grasping feeling of the robot in the grasping processes of different objects. These results
further prove the potential applications of our skin sensor in industrial robotics.

As other application demonstrations, the skin sensor was affixed onto human heel to monitor
human feet motions. As depicted in Figures S3a and S3b (Supporting Information), the skin
sensor exhibits distinct signal intensities and shapes for walking and running, respectively. A
wave signal response with a flat peak was obtained for the normal walking state, and a
walking stride frequency of 90/min, while the stride frequency increased to 180/min, and
sharp peaks of enhanced signal intensities were observed for the running state. Wrist pulse
waveform, one of the important physiological signals, can reveal the health condition of the
cardiovascular system. To prove the health monitoring ability, our skin sensor was attached
onto the artery of human wrist using the medical tape to detect the pulse in real-time, as
shown in Figure S4a (Supporting Information). Owing to the high sensitivity and fast pressure
response speed, high resolution wrist pulse waveforms were collected by our skin sensor.
Figure S4b (Supporting Information) shows the collected pulse of the volunteer under normal
condition, exhibiting a calculated beat frequency of 79 bpm, which is in the healthy category
of adults. As shown in Figure S4c (Supporting Information), which is the enlarged view of a
wrist pulse picked from Figure S4b, three characteristic peaks named percussion waves, tidal
waves, and diastolic wave are observed clearly, indicating its promising potential in disease

diagnosis and real-time monitoring of human health.
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2.3. Recognition of texture roughness.

Notably, the human fingertip skin has the ability in distinguishing the texture roughness of the
objects. Due to the microstructures on the outer side of the flexible substrate, mimicking the
microstructures from fingertip skin, our skin sensor is able to detect the slight friction force
generated by the sliding of the skin sensor on the test objects to recognize the texture
roughness. The schematic diagrams of the device and sensing mechanism are illustrated in
Figure 6a to 6¢. As depicted in Figure 6b, very few connections between the microhumps and
ITO electrodes at the standby state. Figure 6¢ shows that the friction force from the sliding
process increased the conductive pathways, and the resistance of the device decreased
simultaneously. To confirm this effectiveness, printing paper and sandpapers with different
roughness (#800, #120) are chosen for the test. The SEM images of the printing paper, #800
sandpaper, and #120 sandpaper are depicted in Figure 6d-f. In the experiment, the skin sensor
was affixed onto the index finger, and the finger was brought to the surface of the papers and
moved from one side to the other. In this process, a gentle press force was applied on the
sensor and the whole touch-move action takes 10 seconds from start to end. As shown in
Figure 6g-i, due to the different friction forces generated in the sliding process with three
different roughness, distinct patterns were obtained when the skin sensor slides across these
three different surfaces. It is notable that, during the sliding process, the smooth printing paper
gives the smallest current fluctuation of 52%, the sandpaper (#800) with the medium
roughness gives an increased fluctuation of 240%, and the highest current fluctuation of 500%
is observed for the sandpaper (#120) which has the largest roughness, indicating our skin
sensor has the potential application for texture roughness recognition.

2.4. Detection of temperature

Temperature sensing is another vital characteristic of human skin. Thus, in order to mimic the
functions of human skin, developing skin sensor device with the capability to feel the

temperature is necessary. To demonstrate the ability of our device in detecting temperature,
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the sensor was attached on a hotplate and the temperature was well monitored by a
thermocouple meter. As shown in Figure 7a, the current versus voltage curves were collected
from 20 to 130 oC with a temperature interval of 10 oC. It is notable that the current decreases
with the increase of the temperatures, indicating the capability of our skin sensor for feeling
external temperatures. The reduced conductivity of the composite film is because of the
expansion of PDMS and thereby the reduced connections between neighboring micro graphite
sheets when increasing the temperature. As seen from the current-temperature curve in Figure
7b, the change of the current decreases linearly with the increase of the temperature, and an
estimated temperature sensitivity STemperare = -0.008 oC-1 is obtained for our skin sensor,
which is comparable with the previously reported temperature sensors.[42-43] The temperature
sensitivity Stemperawre, 1S defined as (Al/lo)/AT, where Al, lo, and AT are change of current,
initial current, and change of temperature, respectively. In another demonstration, a skin
sensor was attached on the outside of a beaker to measure the current responses to different
temperatures when the beaker was filled with cold water (4 oC), room-temperature (RT) water
(25 oC), and hot water (80 oC), respectively. As shown in Figure 7c, almost no obviously
current change was observed with filling room-temperature water, whereas notable current
increase and decrease were obtained when filling cold and hot water, respectively. Detectable
resolution is a vital characteristic of the temperature sensor, and a higher resolution means
more accuracy of the sensor device. As depicted in Figure S5 (see in Supporting Information),
our skin sensor shows a detectable resolution of 1 oC in sensing temperature, which is
comparable with the recent reported temperature sensors based on the composite films.[42] The
above testing results also demonstrate that our skin sensor can well mimic the functionality of
the fingertip skin in sensing temperature, indicating its potential application as artificial skin

for temperature detection.
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3. Conclusion

In conclusion, we present a simple and efficient approach to prepare the
porous @microstructured G/PDMS film for multifunctional skin sensors. Due to the unique
design, the novel skin sensor has the multiple capabilities to detect pressure, recognize the
texture roughness, and sense the temperature. The skin sensor exhibits an ultrahigh sensitivity
over a wide linearity range, a low limit of detection, a fast response speed, and a long-term
durability in sensing pressure. In addition, the skin sensor shows a high performance in
recognition of texture roughness and detection of temperature. The excellent sensing
properties of the skin sensors allow the detection of real-time subtle wrist pulses and large
motions including bending states of fingers and wrist, and walking states. Moreover, no costly
materials or sophisticated equipment are used during the whole fabrication process of the skin
sensors. We firmly believe this work could contribute significantly to advance the
development of high performance and cost-effective multifunctional skin sensors with

promising potential applications in medical diagnosis and artificial intelligence.

4. Experimental Section

Materials: The PDMS base ((Sylgard 184)) and curing agent were bought from Dow Corning
Co., Ltd. Graphite sheets were purchased from Beijing Jinglong Tetan Technology Co., Ltd.
The sodium chloride powder and ITO/PET substrate (thickness: ITO~100 nm and PET~100
um) were ordered from Sigma-Aldrich. Commercial available sandpapers with different
roughness (Flying Parrot Brand, Korea) were obtained from market.

Fabrication of microstructured PDMS substrate: Firstly, the PDMS base mixed thoroughly
with the curing agent at a base to curing agent weight ratio of 5:1 and placed in a gentle
vacuum condition at room temperature to remove the air bubbles generated during the
agitation process of mixture. The prepolymer was then coated on the sandpaper template

(#120) with a blading method followed by covering ITO/PET film on top. After that, the
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prepolymer was thermal annealed at 100 oC for 1 h in a vacuum oven and the one side
microstructured PDMS on ITO/PET (denoted as ITO/PET/PDMS) substrate was obtained
after removal of the template.

Fabrication of microstrcutured G/PDMS foams: The sandpaper (#120) and NaCl powders
were employed as the templates to obtain microstructures on the surface and pores inside of
the G/PDMS composite film, respectively. First, after the PDMS base and the curing agent
was thoroughly mixed, NaCl powder and graphite sheets were added into the prepolymer,
followed by a mechanical agitation for 20 min. Composite inks with different compositions
(mass ratio of PDMS, graphite and NaCl = 10:8:X, X=8 or 0) were prepared to fabricate the
composite films. Second, after removal of air bubbles generated in the process of mechanical
agitation, the composite ink was poured onto the sandpaper template and spread with a doctor
blade, followed by covering another piece of sandpaper on top to obtain composite films with
double-sided microstructures. In this process, two pieces of glass stripes with a thickness of 1
mm were used to control the thickness of the composite film. Third, the wet composite films
were solidified at 100 oC for 1 h under a gentle vacuum condition. After that, the sandpaper
templates were peeled off and the NaCl sacrificial templates were dipped into hot water and
dissolved after 2 h under sonication. Finally, porous@microstructured G/PDMS composite
film was obtained after drying the samples in a vacuum oven for 2 h. Additionally, for the
porous@planar and microstructured only G/PDMS composite films, the fabrication
procedures were similar with that of porous@microstructured one, but the sandpaper
templates were replaced with the PET substrates for porous@planar one and no NaCl
templates were employed for microstructured only one, respectively.

Fabrication of skin sensors: The as prepared composite films were cut into regular size (1 cm
x 1 c¢cm) and sandwiched between one ITO/PET substrate and another ITO/PET/PDMS
substrate, followed by attaching the copper wires onto the ITO films to complete the sensor

fabrication.
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Characterization of materials, composite film, and skin sensor: The morphology of graphite
sheets, templates, PDMS film, and the composite films were characterized using scanning
electron microscopy (SEM, 15 kV, JEOL, JSM-6490). The mechanical test was carried out
with a measurement system containing a motorized test stand connected with a force gauge
(Mark-10) and electrical signals were collected by a semiconductor parameter analyzer
(Agilent 4155C). For the collection of the wrist pulse waveform, the skin sensor was attached
to the wrist of a 30-year-old volunteer assisted by medical tape. For the finger bending and
wrist bending test, the skin sensors were affixed to the rubber glove using polyimide (PI)
tapes. To monitor the moving states of the volunteer, the skin sensor was attached the heel of
the volunteer in the whole process of test. For the temperature sensing, the temperature of skin
sensor was controlled with a hotplate (IKA) connected with a thermocouple meter.
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Figure 1. Schematic of the whole fabrication process for the multifunctional skin sensor with

G/PDMS composite film.
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Figure 2. a) and b) SEM images of the sandpaper template in different magnifications. ¢) and
d) SEM images of the G/PDMS film in different magnifications. e) SEM image of NaCl
template. f) SEM image of cross-sectional view of the G/PDMS composite film.

21



WILEY-VCH

3 0.8 0.8
o b C** Troparetioe
30k o Porous@microstructured z 20_5 20,5.
q 2 =
3 Response Relaxation 30 4 \ iy Vo 4_"\0,0'0’“
E time time E N ‘E .
N e 8ms @ 4ms
0 : | .. i o2 = 0.2
= = .,/ =3
°, O (.0 s000e O 0.0 a-0-0-9
1. 2 3 4 5 6 7 1.38 1.40 1.42 1.44 528 530 532
Pressure (kPa) Time (s) Time (s) Time (s)
1.5 1.5 12 12
d Frequency~0.12 Hz 12 e Frequency~0.2 Hz f 1.2{ Frequency~1.1 Hz
2 1.2 10 2 1.2 (10 2 1.0 10
- = 8
£ 09 8Z E 09 Z E 08 Z
- ~ Sm 6
T 06 ® 8 E oe BE IS P8
2 a5 2 45 2 04 ‘ 45
0.0 A\ L, 0 .0 A LV Mo 0.0 l 0
0 5 10 15 20 25 30 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s) Time (s)
g o1s hs
20 kPa T iy
2. §' 0.5
_ —_ S oo
E 0_10 E 1- N / § 1000 1001 1002 1003 1004 ??;10‘(2:)5 1007 1008 1009 1010 1011
- -
c <0 .
© 0.05 o R
S [ ™ =~ 05
s 10 kPa S 14 £ 00
0 5kPa o g 19990 19991 19992 19993 19994 19995 19996 19997 19998 19999 20000
0.00124%3 A 2 3 Time (s)
5 10 15 20 25 30 0 5000 10000 15000 20000 25000
Time (s) Time (s)

Figure 3. Mechanical property test of the skin sensor. a) Current responses of the skin sensors

based on three different G/PDMS composite films to continous pressure from 0 to 150 kPa.

Inset is the photograph of the test stand with force gauge. b) Current responses to

loading/unloading a red bean (~50 mg) on the skin sensor. Inset is the photograph of a red

bean on the skin sensor. ¢) Response time and relaxation time of the skin sensor estimated

from (b). d-f) Cyclic current responsse to 100 kPa at different frequencies, 0.12, 0.20, and

1.10 Hz, respectively. g) Cyclic current responses to diverse pressures. h) Long-term

durability test (25 000s) of the skin sensor at a pressure of 100 kPa. Inset: magnified view of

10 cycles for the early (1000 s) and end (20 000s) stages, respectively.
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Figure 4. a-c) Current responses to press, bending and twist forces, respectively. d)
Photograph of five skin sensors attached on the fingertips of a rubber glove. e) Current
responses to various hand motions. f) Real-time current signals in response to finger gesture
with different bending angles. g,h) Real-time cyclic test of wrist bending with bending angles
of 30 and 60, respectively.
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Figure 5. a) Photograph of two skin sensors attached on a robotic arm. Current responses of
the skin sensors to the applied pressure in the process of grasping and releasing b) a bottle~5 g

and c) a weight~50 g.
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Figure 6. a-c) Schematic illustration of the skin sensor for texture roughness recognization, in

which, (a) is the schematic diagram of the skin sensor, (b) and (c) showing the mechanism of

the skin sensor in recognizing texture roughness. d-f) SEM images of the surface morphology

of the test objects (printing paper, sandpaper #800, and sandpaper #120). g-i) Current signals

in response to various texture roughness.
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Figure 7. Characterization of the skin sensor in sensing temperature. a) /-V curves under

different temperatures. b) Relative current change vs. temperature. ¢) Current responses of the

skin sensor to water at 4 oC, 25 oC and 80 oC, respectively. The inset shows a skin sensor

affixed onto a beaker.
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Fingertip skin inspired skin sensors based on hierarchically structured conductive
graphite/polydimethylsiloxane (G/PDMS) foams show a high sensitivity in wide pressure
range. Furthermore, except sensing pressure, the skin sensor can distinguish the texture
roughness and temperature as well. The skin sensor has demonstrated the applications in
monitoring physiological signals, distinguishing papers with different texture roughness, and
indicating environmental temperatures.

Keyword: skin sensor, hierarchical structure, multifunctional sensing, healthcare monitoring,
temperature sensing
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Figure S1. a) Raman spectra and b) SEM image of graphite sheets.

Figure S2. SEM images of surface morphology of microstructured PDMS film displayed in

different magnifications.
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Figure S3. Current responses of the skin sensor to a) walking and b) running.
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Figure S4. a) The skin sensor attached to the artery of human wrist. b) Wrist pulses collected

in real time of a 29-year-old volunteer. ¢) Enlarged view of a wrist waveform picked from (b),
showing three characteristic peaks, P peak, T peak, and D peak.
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Figure SS5. Current-voltage curves of the skin sensor measured at different temperatures. The
skin sensor shows a temperature detection resolution < 1 oC.

Table S1. Comparasion of the performance of piezoresistive pressure sensors

No. Sensor type Respon Relaxatio LO Sensin Sensitivi Refere
se time n time D g ty nces
(ms) (ms) (Pa) range (kPa-1)
(kPa)
1 CNT/Cotton 18 24 2 20 14.4 1
2 Au NWs/Tissue 17 N/A 13 5 1.1 2
paper
3 SWNTs/PDMS 10 N/A 0.6 1.2 1.8 3
4 rGO/PDMS with 0.2 N/A 1.5 0.1 5.5 4
pyramid
microstructures
5 MXene/rGO 245 212 10 3.5 22.5 5
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6 Carbonized N/A N/A 3 2 100.3 6
melamine foams
7 Aligned carbon N/A N/A 0.6 0.3 19.8 7
nanotubes/Graphene
/PDMS
8 Wrinkled N/A N/A 2.2 14 28.3 8
graphene/Polyvinyl
alcohol nanowires
9 Polypyrrole hollow 47 N/A 0.8 0.03 133.1 9
sphere
10  Microstructured@po 8 4 5 120 245.2 This
rous G/PDMS work
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