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A B S T R A C T

Fingertip is the most sensitive region in human body due to the unique fingerprint patterns and interlocked
structure between epidermal-dermal, which amplify the tactile stimuli and enhance the sensitivity. Inspired by
the complicated anatomical structure, we fabricated a finger skin inspired e-skin system composed of fingerprint
inspired triboelectric generator (TENG), epidermal-dermal inspired hybrid porous microstructure (HPMS)
pressure sensor and subcutaneous fat inspired fabric based porous supercapacitor (FPSC). The TENG is re-
sponsible for detecting sliding direction and speed with the help of the four spiral electrodes, which adopt the
frequency rather than the amplitude to detect the signal to avoid interfere from the environment. The HPMS, on
the one hand, integrates the advantages from both the microstructure and porous structure to enhance the
sensitivity further. On the other hand, the sensitivity of HPMS sensor is tunable by designing the shape and
porosity of the HPMS, which is proved by theory, simulation and experiment. The FPSC, which can tolerate some
degree of compression, works to supply energy for the pressure sensor. In this way, the sensor system can work
independently without external battery. As a proof-of-concept demonstration, this sensor system has been used
to detect complex action including pressure and sliding. During this process, the pressure and sliding direction
and speed can be detected simultaneously without connecting to external energy source, showing its potential
application area in soft robot and wearable devices.

1. Introduction

Human skin is the largest organ covering the whole human body,
which not only provides a protection against external stimuli but also
takes charge of interacting with the outer environment [1]. Due to its
fantastic features, electronic skin (e-skin) is proposed to mimic the
properties of real human skin by transducing physical parameters such
as pressure, sliding, temperature and other physiological variables into
electronic signals, which open a new gate in many potential applica-
tions such as wearable devices [2,3], health monitoring [4,5], artificial
prosthetics [6] and smart robots [7].

From the physiological view, human skin can be briefly divided into
three layers—epidermis, dermis and subcutaneous layer [8]. Epidermis
and dermis, in which there exists four kinds of mechanoreceptors, are
mainly responsible for sensation of outer environment. According to the
speed of adaptation behavior, mechanoreceptors can be classified into
slowly adapting (SA) or fast adapting (FA). SA responds to sustained
touch and pressure while FA responds to dynamic touch and vibration

stimuli [9,10]. Subcutaneous layer is the layer where the fat together
with some blood vessels and nerves exists to supply energy for the skin
system. It is worth mentioning that there is a unique structure—-
fingerprint, which only exists on the fingertip, with complex surface
pattern to help enhance the sensitivity of human finger [9]. In this way,
fingertip is the most sensitive organs providing us plenty of informa-
tion.

Based on these physiological research results, scientists and en-
gineers have adopted various methods to mimic these properties of the
real skin. Resistance and capacitor sensor are two most common
transducers mimicking SA as they can maintain the signals from the
stimuli. Different from resistance and capacitor sensors, piezoelectric
sensor [11,12] and triboelectric generator (TENG) [13,14] are two ty-
pical sensing mechanisms only responding to dynamic stimuli, which
are very suitable for mimicking FA. Compared with piezoelectric
sensor, TENG is more favorable due to its feather that all the materials
have the triboelectric effect [15] while only some specific materials
have the piezoelectric effect. Various inspiring research works
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associated with TENG present its great potential in a lot of fields like
energy harvester [16], self-powered sensor [17] and blue energy [18].
Self-powered sensor, which can generates signal by itself without bat-
tery, brings a lot of advantages in the application and saves much en-
ergy. It is regraded as the promising technology and hoped to be ap-
plied in many application fields like Internet of things (IoT) [19],
implantable devices [20] and electronic skin [21].

In order to satisfy the requirement of both mechanical flexibility
and electrical conductivity of e-skin, different materials including
carbon nanotube [22,23], graphene [24–26], metal nanowire [27–29]
and conductive polymer [30] are widely studied. What's more, plenty of
microstructures (crack [3], wrinkle [31], micro-pyramid structure [32],
micro-hairy [4] and porous structure [33]) are also designed and fab-
ricated to enhance the performance of the devices. Besides the pressure
sensor, more functional sensors including sliding sensor [34], bending
sensor [22], temperature sensor [35] and chemical sensor [5] are also
be deeply explored.

Apart from fabricating the single sensor, stretchable energy devices
are also broadly investigated including flexible battery [36], solar cell
[37] and supercapacitors [38], which is aim to supply energy for the
stretchable sensor. Among them, supercapacitor (SC) is a promising
energy storage devices due to its high power density, long cycling life
and easy operation. Many materials like CNTs [39] and silver nanwires
[40] with different structures [41] or functions like self-healing [42]
are broadly explored. What's more, electronic system integrating SC
with other devices like pressure sensor, photodetector [43], electro-
chromic device [44] and so on is the emerging research field attracting
researchers from different backgrounds.

Currently, most research works focus on a single device, however,
human skin is a complex system with plenty of function including both
sensing element and power supply element, which should be included
into the e-skin system. What's more, it is important to manufacture
materials with tunable mechanical sensitivity, just like how human skin
adopts different sensory cells for different kinds of forces. Last but not
least, the structure of fingerprint should be exploited further as it is
necessary for human to detect sliding due to its unique pattern, which
can also be integrated into e-skin.

By mimicking diverse structures and functions of human skin
system, we present a finger skin inspired multifunctional e-skin system
integrating sliding sensing, pressure sensing and power supply element
together. This e-skin system is composed of three layers functioned as
sliding detection, pressure detection and energy supply, respectively.
Different from traditional sliding sensors, which usually adopt a sensor
array to detect sliding distance and direction, a fingerprint inspired
TENG is demonstrated to realize the detection of both sliding direction
and speed without external power. Furthermore, a hybrid porous mi-
crostructure (HPMS) is firstly proposed in this work, which not only
increases the sensitivity of pressure sensor but also provides a way to
obtain sensors with different sensitivities. At last, a fabric based porous
supercapacitor (FPSC) is fabricated to power the HPMS piezoresistor,
functioning like a subcutaneous fat to form an e-skin system. Fabric is
an ideal material due to its flexibility and porosity [45]. As proof of
concept, we demonstrate that our e-skin system can precisely perceive
daily movement including both sliding and pressure simultaneously
powered by its own energy element rather than external battery, which
demonstrates it potential application in robotics and wearable devices.

2. Experimental section

2.1. Fabrication of the CNT-PDMS

CNTs was purchased from Boyu Co.,China with length of 10 µm.
Firstly, 5 g CNTs were mixed with PDMS base (Dow Corning, Sylgard
184) at the mass fraction we needed. 20ml toluene was added into the
mixture of CNT and PDMS with volume ratio of 4:1 to make the CNT
disperse uniformly in PDMS. Then the mixture of these three materials

was stirred for 6 h using magnetic stirring apparatus. After CNTs was
well mixed into PDMS with the help of toluene, the mixture was poured
into an evaporating dish to evaporate residual toluene. The cross-
linking agent of PDMS can not be added until the toluene was thor-
oughly removed.

2.2. Fabrication of the fingerprint inspired TENG

The uncured CNT-PDMS and its cross-linking agent were shaped
using a 3D-printed Aluminum alloy mold with the spiral structure. Then
the CNT-PDMS together with the mold was baked at 70 °C for 2 h. After
the spiral CNT-PDMS was solidified, pure liquid PDMS was poured onto
the electrodes serving as a substrate and solidified with the CNT-PDMS
together. In this way, the substrate was bonded with the electrodes and
can be peel off together from the mold. The resistance of CNT-PDMS
can be modulated by controlling the mass ratio of CNT and PDMS.

2.3. Fabrication of the CNT-PDMS with hybrid porous microstructure

Aluminum alloy molds with different microstructures like cone and
pyramid were fabricated using 3D printer. The parameters including
the diameter of the cone, the side length of the pyramid, the height and
the side angle can be easily designed with the corresponding software.
Uncured CNT-PDMS was firstly mixed with soluble micro particles and
then the mixture was shaped into the mold mentioned above. In this
work, the soluble particles are sugar particles, which were obtained
with a commercial grinder. The size of the particles is in the range of
10–100 µm. With the similar method for fabricating spiral electrode,
the CNT-PDMS with different shapes can be fabricated. At last, the
sample containing sugar particles are immersed into water to remove
the micro particles.

2.4. Fabrication of fabric based porous supercapacitor

The general CNT/cotton fabric electrodes are fabricated by using
the drop-coating method. Firstly, the flexible cotton fabric (20 cm2 is
cleaned with ethanol and deionized water. Then, the CNT ink solution
is prepared by dispersing 100mg CNTs with 100mg sodium dodecyl
benzene sulfonate (SDBS) as a surfactant in 100ml deionized water.
After bath-sonicated for 4 h, the CNTs are dispersed uniformly. Then the
cotton fabric is drop-coated using the CNT ink solution and dried at
90℃. After 5 times of drop-dry process, the CNTs get saturated as the
active materials. For the electrolyte, 6 g phosphoric acid (H3PO4) is
mixed with 60ml deionized water and 6 g polyvinyl alcohol (PVA)
powder. The mixture is heated up to 85℃ under vigorous stirring until
the solution becomes clear. Coated with the PVA/H3PO4 gel electro-
lyte, a cellulose separator is assembled with two pieces of CNT/cotton
fabric electrodes. At last, the prepared solid state supercapacitor is left
in the fume hood at room temperature to fully vaporize the excess
water.

3. Results and discussion

3.1. Finger skin inspired multifunctional e-skin system

Fig. 1a schematically illustrates the anatomical structure of human
finger skin consisting of epidermis, dermis and subcutaneous fat. On the
epidermis, complex spiral-shaped fingerprint is the unique structure
responsible for enhancing the sensitivity of sliding detection. Between
epidermis and dermis, there exists a microstructure known to amplify
and efficiently transfer the tactile stimuli. At the bottom, a sub-
cutaneous fat layer is responsible for providing energy for human daily
activities. Inspired from all the features mentioned above, a three-layer
e-skin system, composed of a fingerprint inspired TENG responsible for
sliding detection, a epidermal-dermal inspired HPMS piezoresistor,
which is fabricated with carbon nanotube- polydimethylsiloxane (CNT-
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PDMS), responsible for pressure detection and a subcutaneous fat in-
spired FPSC responsible for energy supply, is demonstrated in Fig. 1b.

3.2. Fingerprint-inspired TENG for sliding detection

The fingerprint-inspired TENG consists of a PDMS substrate and
four CNT-PDMS spiral electrodes, each of which works as a single-
friction-surface TENG (STENG) [46], respectively (Fig. 2a). For con-
venience, four electrodes are marked in different colors, red (E1), black
(E2), green (E3) and blue (E4), respectively. The coin-sized dimension of
the sensor enable its broad integration in many fields. The small size
and thin thickness of the sensor enable that the device can be easily
attached on many non-planar surfaces. As a demonstration, the sensor
is covered on a finger of a robot hand. As it is fabricated with soft
materials, the sensor can be easily covered on the finger surfaces, which
broaden its application areas.

The pattern of electrodes is carefully designed to ensure no matter
which direction an external object sliding across the surface of the
sensor, each STENG can be activated one by one. Due to the specialized

pattern of electrodes, the response sequence of the four STENGs is de-
pendent on the sliding direction, which provide a way for direction
detection.

Working principle of this sensor is demonstrated as follows. When
an outer object contacts the sensor, a charge separation will be gener-
ated due to the contact electrification effect (Fig. 2b-c). Taking one
direction as example, when the outer object moves close to E1, much
more positive charges will be induced on E1 compared with the other
three electrodes due to the electrostatic induction effect. In this way, a
higher potential is produced on E1 shown in Fig. 2d. As the outer object
continues to move, E2 will induce more positive charges while the
number of positive charges on E1 decreases dramatically. So the po-
tential of E2 gets to the highest among the four electrodes (Fig. 2e), thus
generating a current flowing from the electrode to the ground. Then the
outer object goes on to move, E3 gets to the highest potential as shown
in Fig. 2f. Similar potential distribution can be inferred when the object
moves to E4 as shown in Fig. 2g. Finite element method (FEM) is also
carried out to verify the whole process.

As the outer object moves along -X direction as shown in Fig. 3a, all

Fig. 1. Human finger skin inspired multi-
functional e-skin system. a Structural and
functional characteristics of human finger skin
including fingerprint, epidermis, dermis and
subcutaneous fat. b Schematic illustration of
finger skin inspired e-skin system which con-
sists of a TENG for sliding detection, a HPMS
piezoresistor for pressure sensing and a super-
capacitor for energy supply.

Fig. 2. Fingerprint inspired TENG and its working principle. a Schematic diagram and photo of the device containing four spiral electrodes. b-c Process of contact
electrification. d-g Working principle of this device together with the simulation result indicating how the potential changes.
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of the voltages from 4 electrodes goes down until it definitely located
above the E1, where the voltage of E1 gets the lowest. As the object
continues to move along this direction, the voltage of E1 begins to in-
crease while the other three voltages from E2-E4 continue to decrease.
Similarly, the voltage of E2 reaches the lowest when the object moves
above E2. When the object moves to the center of the sensor, E3 and E4
get to the lowest voltages one after another. By detecting the order of
the four electrodes getting the lowest voltage, which is ‘1234’ in this
condition, the sliding direction can be inferred.

In the similar way, when the object moves along +X, +Y and –Y
directions, the corresponding voltage sequences are ‘3412’, ‘2341’ and
‘4123’, respectively, as shown in Fig. 3b-d. By increasing the number of
electrode in the sensor, the detectable directions can be increased from
four to more directions.

Besides the direction detection, the sensor can also be responsible
for displacement detection according to the number of voltage valleys
(N) and structural parameters of width of the electrode (w) and gap
between nearest two electrodes (g) by calculating N * (w+g). What's
more, the sliding speed can also be inferred from the displacement
calculated above and the time intervals (t) between two valleys.

In order to demonstrate the practical performance of this finger-
print-shaped sliding sensor, human finger is adopted as the moving
object to move across the sliding sensor and the test results from four
directions are demonstrated in Fig. 3e-h.

Fig. 3e demonstrates the movement of human finger along the –X
direction with sequence of ‘1234’. From the waveform, it can be in-
ferred that at the beginning of the movement, the speed is as fast as (w
+g)/t=2mm/0.4 s= 5mm/s due to the short time interval between
the valleys of E1 and E2. After the finger gets to E3, the speed is dra-
matically decease to (w+g)/t=2mm/2.3 s= 0.87mm/s. In this way,
this fingerprint-shaped STENG can not only tell the moving direction

but also reflect the moving details such as speed at some specific lo-
cation interval.

The movement of human finger along the +Y direction is demon-
strated in Fig. 3f. The speed in this direction is stable at 4mm/s. Similar
movements along +X and –Y directions are shown in Fig. 3g and h,
respectively. No matter in what direction, both the displacement and
speed can be calculated from analyzing the waveform. The output
voltage and current can be found in Supporting Information Fig. S7.

One of the most significant feature of this TENG based sliding sensor
is that it is dependent on the frequency rather than the amplitude of the
output, which provides an efficient way of sliding detection no matter
in what condition. Amplitude of TENG is usually affected by variable
environmental factors such as humidity. By utilizing frequency, the
output can reflect the characteristics of movement although the am-
plitude may be different. The peak-to-peak voltage in Fig. 3e is around
0.9 V while the value in Fig. 3f is only 0.6 V. This difference will not
affect the result of displacement and speed, which dramatically en-
hances the reliability of the sensor.

3.3. Epidermal-dermal inspired HPMS

The HPMS is the combination of the microstructure and porous
structure as shown in Fig. 4a, with corresponding SEM images shown in
Fig. 4b and c, in which the pores are observed to be distributed uni-
formly. The microstructure is beneficial for enhancing the sensitivity by
causing the non-uniform stress distribution during the pressure while
the porous structure, which increase the contact area during the pres-
sure, are usually utilized to enhance the sensitivity of the piezo-
resistance sensor. Both of the structures are explored broadly. This
hybrid structure in this work, which integrates the advantages from
these two classic structures, can further increase the sensitivity. Finite

Fig. 3. Simulation results and experiment tests showing how to detect sliding motion from different directions with this sensor and how to calculate movement speed.
a-d Simulation demonstrating how the voltages changes when the external object moves along different directions. e-f Real voltage can give obvious responses when
an outer object moves along different directions showing that TENG detect the sliding motion by frequency.
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element Method (FEM) are adopted to study the mechanical char-
acterizes.

The shape of microstructure is firstly studied. Fig. 4d and f shows
the compressibility of solid materials with different 3D shapes. In the
simulation, cone shape is taken as the basic shape. The size of bottom
and the height are kept as the constant, while the sidewall angle, α,

with respect to the base is varied. In this simulation, structures with
sidewall angles of 48°, 60° and 90°, respectively, are selected to com-
pare. From Fig. 4f, the smaller α is, meaning the sharper shape, the
compressibility slope is larger, which implies that under the same
pressure, cone with sharp angle has larger deformation.

When it comes to porosity, solid cube, porous cube 3×3 (each face

Fig. 4. Mechanical characterizes of HPMS. a Illustration of HPMS. b SEM image of a single HPMS. Scale bar: 1mm. c enlarged SEM image of the single HPMS
demonstrating its porous structure. Scale bar 100 µm d, f Simulation results showing stress-strain of microstructures with different sidewall angles. e, g Simulation
results showing stress-strain of materials with different porosities. h-i Simulation results showing stress-strain of HPMS. j Experiment data to prove the result from
simulation.
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with the pattern of 3×3) and porous cube 5×5 (each face with the
pattern of 5×5) are designed to study. From Fig. 4e and g, higher
porosity will cause the more deformation under the same pressure.
More pores, meaning more air space existing in the whole material,
decrease the effective Young's modulus. In other words, higher porosity
makes the material more ‘softer’.

For the HPMS, corresponding simulation results is demonstrated in
Fig. 4h and i, in which the porous structures are also simplified in the
simulation model. Porous Cone 4 is the cone with four pores in it and
Porous Cone 12 is the cone with twelve pores in it. All the pores have
the same size. The effective Young's modulus is adopted to describe the
relationship between the stress and strain by taking the shape and
porosity into account. From the simulation, Porous Cone 12 has the
smallest slope, meaning the smallest effective Young's modulus, which
also follow the same trend in porous cube. In order to verify this si-
mulation result, a micro solid cone sample, marded as Solid Cone, and
two kinds of porosity of HPMS are fabricate by mixing with soluble
micro particles at the mass ratio of 1:5 and 1:6, marked as Porous Cone
(1:5) and Porous Cone (1:6), respectively. The test result in Fig. 4j
shows that the solid cone sample has the largest effective Young's
modulus while the sample with highest porosity has the lowest effective
Young's modulus. In addition to the micro cone, pyramid with different
porosity are also studied. The SEM images, simulation results and
measurement results are shown in Supporting Information Fig. S1 and
Figure S2. Compared with the micro cone, the effective Young's mod-
ulus is higher. In order to better display the HPMS, horizontal SEM
images of these two kinds of HPMSs are demonstrated in Fig. S5.

After studying the mechanical characterizes of HPMS, piezo-
resistance can be better explored. The piezoresistance is measured by
detecting the contact resistance between a flat CNT-PDMS and HPMS
CNT-PDMS as shown in Fig. 5a. As cone is very easy to be compressed
into a frustum of cone, a model of frustum of cone is established to
study how the shape and porosity can affect the performance of the
pressure sensor. Under the perfect elasticity assumption, key para-
meters including the radius of bottom circle, r, the sidewall angle, α, the
radius of top circle before compression, r1, the height before compres-
sion, l, the radius of top circle after compression, r2, the height after
compression, l′ and the radius of the micro pore, rs, are defined shown
in Fig. 5b. The test instrument is shown in Fig. 5c. Among all the
parameters, r, α, l and rs can be defined by fabricating different 3D
printing molds and mixing different sizes of soluble micro particles. In
order to better analyze how the shape and porosity can influence the
performance of the device, the radius of bottom circle, r, and the height,
l, are taken as the constant. In this way, other key parameters can be
written as follows:

= − ⋅ ⋅r r l α2 cot1 (1)

= − ⋅ − ⋅r r l Δl α2 ( ) cot2 (2)

Where = − ′Δl l l is the changed height after compression. From the
formula, r1 is only associated with the side angle and the r2 is associated
with the side angle and the changed height.

The sensitivity of the device is defined as

=S ΔR R
P
/

e (3)

Where ΔR is the change in resistance cause by stress P and R is the
original resistance. According to the definition of resistance:

=R l
δS (4)

Where l is the length, S is the cross area and δ is conductivity. Here, the
conductivity can be modulated by the mixing different ratios of CNTs
and PDMS, which is kept as constant. so the sensitivity can be described
as

= +S Δl l
P

ΔS S
P

/ /
e

(5)

Where ΔS is the changed contact area after compression.
For a HPMS, ΔS is composed of two parts. One is the enlarged top

surface area, ΔS1 caused by compression due to the shape and the other
is the enlarged inner contact area, ΔS2, due to the porosity. In our
model, S, ΔS1 and ΔS2 can be expressed as:

=S πr1
2 (6)
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Where Vp is the volume of a single air pore, which is considered as a ball
and η is the relative density defined as =η ρ

ρ
*

s
. That is, the density of

HPMS CNT-PDMS, ρ*, divided by that of the solid form of CNT-PDMS,
ρs. The smaller the relative density is, the larger porosity the material
has. Sp is the contact area when the air pore are completely compressed.
So −ΔV η

V
(1 )

p
is the number of compressed air pores and ⋅

− SΔV η
V p
(1 )

p
is the

total changed areas caused by compressed porous structure.
After omitting higher order terms, sensitivity of the pressure sensor

is expressed as

⋅ − ⋅
+

⋅

− ⋅
+S

π η l
r

α
r l α E

~(
(1 )

4
2 cot

/ 2 cot
1) 1

e
s (9)

In this formula, =E
Δl l

P
1 / is reciprocal of Young's modulus, E.

Detailed calculation process is discussed in Supporting Information.
From the formula, the sensitivity is inverse proportional to the effective
Young's modulus, E, the sidewall angle, α, the size of micro space, rs and
the relative density, η. In this way, the sensitivity can be well tunable by
using all these parameters. Detailed calculation is demonstrated in
Supporting Information Fig. S3

Fig. 5d shows the performances of different samples, including Solid
Cone, Porous Cone (5:1) and Porous Cone (6:1). The sensitivity of these
three samples are 15.5 kPa−1, 22.4 kPa−1 and 35.7 kPa−1, respec-
tively. The measurement results is in conformity with the theory that
Porous Cone (6:1) with the largest porosity has the highest sensitivity.
The two sensitivity regions are caused by the porous structure, the ef-
fective Young's modulus of which also has two regions shown in Fig. 4j.
According to the formula of sensitivity, the performance of the device is
closely associated with the effective Young's modulus, thus producing
the two sensitivity regions.

What's more, the temporal resistance changes for different stimuli of
the strain sensor under cyclical pressure (Pressure: 0.1 N and 1 N) de-
monstrates its durability for sensing different pressures (Fig. 5e). In
addition, the response time of this sensor is very fast. In the contact
process, the response time is 107ms while in the separate process, the
response time is 80ms as show in Fig. 5f.

3.4. Subcutaneous fat inspired FPSC

The structure of the FPSC is schematically illustrated in Fig. 5g. The
electrode is a piece of CNT fabric, which is fabricated by simply dip-
coating method. PVA/H3PO4 is chosen as the solid electrolyte enabling
its stability under compression. A cellulose separator is assembled with
two pieces of functional layer consisting of CNT-fabric electrode and
PVA/H3PO4. The fabrication process has been explored by our group
before [47].

In order to evaluate the electrochemical performance of the FPSC,
the device is tested through cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), Nyquist plots, Ragone plots, and cycling sta-
bility using an electrochemical workstation. Fig. 5h demonstrates the
CV curves of the device with the scan rates ranging from 10mV/s to
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200mV/s at a stable potential window. The CV curves retain their
quasi- rectangular shape and are approximately symmetrical about the
zero-current line, indicating the ideal double-layer electrochemical
behavior. Other electrochemical characterizes are shown in Support
Information S4.

The FPSC was charged by a commercial current source( MAISHENG

DC power supply MS-155D) at first. Then the pressure sensor is series
connected with a reference resistance and both of them are powered by
the FPSC as shown in the inset of Fig. 5i. Under cyclic pressure, our
pressure can give stable response with the FPSC working as a power
supply, shown in Fig. 5i. As the pressure sensor can be powered by the
supercapacitor and TENG is a self-powered device, the whole sensor

Fig. 5. Piezoresistance of HPMS and its combination with the FPSC and TENG working as a system. a Schematic diagram of the pressure sensor. b Key geometric
parameters to describe the deformation of the microstructure. c Experiment equipment for piezoresistance test. d piezoresistance result demonstrating the re-
lationship of changed resistance and pressure. e The resistance changes under a repeated pressure. f Response time of the device. g Schematic illustration of the
structure of FPSC. h CV curves of FPSC. i The output of the pressure sensor powered by the FPSC. j A demonstration shows that the sensor system can detect complex
action powered by its own energy device. k the outputs from TENG and pressure sensor can reflect the complex action from j.
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system can work without external battery.

3.5. Simultaneous multiple stimuli sensing

This sensor system can detect pressure and sliding simultaneously.
Fig. 5j shows an operation of a combination action including both
pressure and sliding and Fig. 5k demonstrates the responses from the
TENG and pressure sensor. Detailed circuit diagram can be found in
Supporting Information Fig. S5. When the finger contact the sensor
system, TENG gives a response. Then the finger begins to slide and
pressure on this device, both the TENG and pressure sensor start to
work and reflect its dynamic pressure and sliding direction and speed at
the same. At last, the finger separates from the sensor system. There is a
slight pressure response, but the TENG give a clear signal. During this
whole process, there is no external power connected to the device, the
supercapacitor is responsible for supplying energy for the device.

4. Conclusion

By mimicking the structure and function of real skin, we present a
finger skin inspired e-skin system which can sense pressure and sliding
simultaneously without outer power source. The fingerprint inspired
TENG provides a self-powered method to detect sliding direction and
sliding speed in a digitalized way by analyzing the response order and
frequency of four spiral STENGs. What's more, a new HPMS conductive
elastomer is fabricated to detect pressure. The HPMS is a combination
of microstructure and porous structure and integrates the advantages
from both of them, thus further enhancing the sensitivity of the pressure
sensor. By designing different shapes of microstructures and porosities,
the sensitivity can be well modulated to adapt in different application
areas. In addition, a FPSC, which mimics the function of subcutaneous
fat, is fabricated to act as the power source of this sensor system. The
CNT-fabric based electrode and solid electrolyte enable the super-
capacitor to work stably under some degree of compression. As a de-
monstration, this system is used to detect complex action including
pressure and sliding. In this process, the pressure and sliding direction
and speed can measured simultaneously without connecting to external
energy source, showing its great potential in areas like wearable devices
and soft robot.
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