
460 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 17, NO. 3, MAY 2018

GPS-Inspired Stretchable Self-Powered
Electronic Skin

Jinxin Zhang , Zijian Song, Hang Guo , Yu Song , Bocheng Yu, and Haixia Zhang

Abstract—Electronic skin has attracted much attention for
their profound implications for human/machine interaction and
medicine recently. To imitate the unique characteristics of skin,
the electronic skin is moving towards stretchable, multifunctional,
biodegradable, more sensitive and accurate. Here, we present a
novel stretchable self-powered electronic skin, to detect the touch
location in an analog method. Thanks to triboelectrification and
planar electrostatic induction, the generation of location signals
does not need an extra power supply. Inspired by Global Po-
sitioning System, the electronic skin has simple structure of a
single layer poly(dimethylsiloxane) (PDMS) substrate and three
carbon nanotube-PDMS (CNT-PDMS) composite electrodes,
which not only reduce the electrode amount but also make the
device stretchable. The less electrode number means the less fab-
rication cost, extra difficulties on electrode extraction, and in par-
ticular, less signal interference and data processing. Stretchability
extends the application scenarios of the electronic skin to the curvi-
linear surfaces, such as cylindrical surfaces and spherical surfaces.
Through special location method, the touch position can be read
out easily and directly with averaged error sums of ∼1 mm. This
new electronic skin takes a significant step forward in practical
application.

Index Terms—Electronic skin, stretchable electronics,
self-powered, touch sensor.

I. INTRODUCTION

A IMING at restoring the nature sense of skin to the peo-
ple with skin damage or artificial intelligence and en-

hancing the human/machine interaction, the electronic skin has
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developed with the progress in a variety of new materials, struc-
tures and sensing methods [1]–[5]. Many electronic skins have
the capability of detecting various sensation and transducing
them to electrical signals, including temperature, strain, pres-
sure, vibration, location, and humidity [6]–[9]. Such devices
usually exhibit flexible, transparent, multifunctional, or skin
like properties through the use of a diverse set of materials
including but not limited to composites materials [10], [11],
hydrogels [12], silicon nanomembranes [13], carbon nanotubes
[14], 2D materials [15], organic semiconductors [16], etc. Res-
olution enhancement, energy conservation, stretchability and
large area fabrication with low cost and high yield, however,
are still the key issues that should be further developed to im-
prove the performance of electronic skin and apply in reality [1],
[12], [17], [18].

In previous works, precise position sensors mainly rely on
the digital method that based on pixels [19], [20]. For digital
electronic skin, the number of the sensing units or electrodes
decides the resolution directly, which means that it is unavoid-
able to increase cost on electrodes, signal interference between
pixels and data processing when improving the resolution. The
analogue electronic skin could reduce measurement terminals
significantly with sustaining the high resolution at the same time
[12], [17]. Although flexible analog electronic skin can satisfy
many requirements generated by the development of electronic
skins, there is a problem that it can only work on flat surface
[17]. It’s crucial and indispensable to implement stretchable
materials and structures to fully mimic the sensory of skin and
expand applications.

For electronic skin based on capacitive or resistance system,
a voltage should be on for the all-time to detect the change
of the signal, which makes it a problem to supply power for
electronic skin conveniently, steadily, sustainably and cheaply
[12], [20]. The use of battery will increase the bulk, make it
difficult to realize miniaturization and portable, and cause a
serious problem of pollution [21]. Nanogenerators, such as tri-
boelectric nanogenerator (TENG) and piezoelectric nanogener-
ator (PENG) [22]–[25], providing a potential choice to realize
the self-powered system for its ability to transform mechani-
cal energy into electrical power through triboelectrification and
electrostatic induction or piezoelectricity. Many self-powered
sensing systems based on nanogenerator have been developed
in recent years, such as active mechanical sensors, environmen-
tal sensors and biomedical monitoring [26]–[34].

Here, we present an analogue electronic skin that can
conformably integrate with curvilinear surfaces and even

1536-125X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0001-6492-8519
https://orcid.org/0000-0003-0933-9011
https://orcid.org/0000-0002-4185-2256
https://orcid.org/0000-0003-4565-4123


ZHANG et al.: GPS-INSPIRED STRETCHABLE SELF-POWERED ELECTRONIC SKIN 461

Fig. 1. Structure of stretchable electronic skin. (a) Schematic diagram of
satellites used to location. (b) Schematic diagram of the stretchable electronic
skin. (c) Optical image of the stretchable electronic skin on the coordinate paper,
which shows excellent transparency. (d) SEM image of the microstructures on
PDMS film. Scale bar, 100 μm. (e) SEM image of the CNT-PDMS composite
electrode. Scale bar, 2 μm.

non-developable surface due to the intrinsic stretchable
characteristic of its components (that is, carbon nanotube and
poly(dimethylsiloxane) composite (CNT-PDMS) electrodes,
and microstructured PDMS film), and is self-powered based on
the conjunction of triboelectrification and electrostatic induc-
tion. Inspired by Global Positioning System (GPS), as shown in
Fig. 1(a), three satellites enable the positioning of the latitude
and longitude coordinates (except for altitude information) for a
location on Earth through GPS. Similarly, this analog electronic
skin only utilizes three-point electrodes to minimize the number
of electrical connections, reduce the terminal number, simplify
the structure, and avoid the complicated fabrication procedure
of the electrode [12], [17], [19], [20]. Based on the voltage
ratios of three electrodes, the touch position is still located with
millimeter precision resolution both on the flat and curvilinear
surfaces. What’s more, the signals used in positioning are
generated by the triboelectric mechanism, which makes the
electronic skin active and entirely self-powered.

II. RESULTS AND DISCUSSION

A. Fabrication and Working Principles

The electronic skin has only one-layer structure, which is mi-
crostructured PDMS film with a thickness of 105 μm, working as
the substrate and friction surface. Three CNT-PDMS composite
point electrodes are patterned on the PDMS surface, as shown
in Fig. 1(b). The distance between any two point electrodes is
5 cm, so three point electrodes form a regular triangle. So far, the
number of electrodes in our design is least. The less electrode
number means the less fabrication cost, further difficulties on
electrode extraction, and in particular, less signal interference
and data processing, which are indispensable for electronic skin
being integrated with more and more functions. When it comes
to fabrication, our device is suitable for fabricating in the large
area with low cost and high yield, just putting the electrodes

Fig. 2. Working principle and simulations of stretchable electronic skin.
(a) Equivalent circuit model of electronic skin. (b) Charge distribution when
finger contacts PDMS film and schematic diagram of the equivalent circuit
when the finger moves. (c) Amplitude-frequency characteristic of three elec-
trodes. In low-frequency region, the ratio of electrode voltages is dominated by
capacitances. And at high frequency, the ratio is 1. (d) Phase frequency char-
acteristic of three electrodes. With the increase of frequency, the phase shifts
of electrode voltages become different. (e) Waveforms of three electrode volt-
ages under the frequency of 5 Hz, the experiment frequency. (f) FES results of
voltage distribution under different touch location (surface charge location). (g)
FES result of the relationship between voltage amplitudes of the electrodes and
touch location. (h) Voltages output of one electrode when the distance between
the electrode and touch location increases from 1 cm to 4 cm. The positive
peak voltage is inversely proportional to the distance approximately. (i) FES
result of the relationship between normalized voltages points in a ternary dia-
gram and x coordinate. (j) Two-dimension projection of (i) in a ternary diagram.
(k) FES result of the relationship between normalized voltages points in a
ternary diagram and y coordinate. (l) Two-dimension projection of (k) in a
ternary diagram.

on the substrate directly and waiting for curing, no need for
photolithography. The remarkable transparency of PDMS film
enables clear observation of objects under the electronic skin.
Fig. 1(c) gives an example of a coordinate paper under the elec-
tronic skin. The microstructured PDMS film is fabricated to
enhance the triboelectric charge density when electronic skin
contact with other objects (Fig. 1(d)). The CNT-PDMS com-
posite is fabricated with the help of toluene and shows good
uniformity (Fig. 1(e)) [35]–[37]. Because CNT-PDMS compos-
ite is a conductive elastomer, the electronic skin is stretchable
and can be used on not only flat surface, but also curvilinear
surface, such as the non-developable spherical surface.

When our finger or other object contacts the PDMS film
surface, there are equal but opposite charges generated on the
finger and electronic skin surface, which is known as tribo-
electrification (Fig. 2(b)) [22], [23]. At this time, the electrical
field is confined in the space between finger and electronic skin
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surface. When the finger moves away from the electronic skin,
the negative charges on the PDMS film induce opposite charges
on the three electrodes, which is called electrostatic induction.
Because the distances between negative charges and electrodes
are different, the amounts of induced positive charges on three
electrodes are different (Fig. 2(b)). Therefore, different currents
will come from the ground to each electrode when the finger
moves away. Then, the charges on the electrodes will come back
to the ground when finger with positive charges approaches the
electronic skin. Therefore, different currents will flow back to
the ground. The whole process is shown in Fig. S1. Considering
the GPS positioning process, three point electrodes is enough
to define two degrees of freedom location through analyzing
the electrode voltages generated when finger departures or ap-
proaches the electronic skin.

After finger contacting the PDMS film, there will be some
negative charges on the PDMS film surface and equal positive
charge on the finger, the space between each electrode and neg-
ative charges on the PDMS film can be seen as a capacitor.
When the distance between the electrode and negative charge
on the PDMS film increases, the capacitance will decrease. The
equivalent circuit model is displayed in Fig. 2(a). To investigate
the relationship among electrodes’ voltage, we derive the ratio
among voltages under Kirchhoff’s law. The detail is presented
in the Note S1 and the result is shown as follow:

U̇1 : U̇2 : U̇3 = [C1R1 + jωC1R1(C2R2 + C3R3)

− ω2C1C2C3R1R2R3 ] : [C2R2 +jωC2R2(C1R1 +C3R3)

− ω2C1C2C3R1R2R3 ] : [C3R3 +jωC3R3(C2R2 +C1R1)

− ω2C1C2C3R1R2R3 ] (1)

Where, U̇1 , U̇2 and U̇3 are the phasor form and j is an imagi-
nary unit. The result indicates that the ratio of electrode voltages
depends on capacitance (C1 , C2 and C3), load resistance (R1 ,
R2 and R3) and frequency (ω).

According to the human body model [38], the human body is
equal to a capacitor of 100 pF (C0) and a resistor of 1.5 kΩ(R0)
connected in series. The capacitance between two points on a flat
surface is as small as 0.01-0.1 pF according to our measurement.
Therefore, C1 is set to 0.08 pF, C2 is set to 0.05 pF, C3 is set to
0.02 pF. Specific values of C1 , C2 , C3 are used to work as an
example to help analyze the equivalent circuit model, frequency
characteristics of the device and the relationship between ca-
pacitance and output voltage of electrodes. In fact, when touch
location or structure of the electronic skin changes, the C1 , C2 ,
C3 will change at the same time. It’s very challenging to measure
these capacities because the induced charges on the touch point
cannot be extracted through an electrode or wire. However, it
doesn’t affect our position approach. Through experiments and
calculation introduced below, the position sensitivity of the elec-
tronic skin stays at a high level no matter what surface the device
attached.

The input voltage source is sine wave (5V) and the resis-
tance of R1 , R2 and R3 are set to 100 MΩ. After analyzed by
simulation program with integrated circuit emphasis (SPICE),
frequency domain analysis results are provided. Amplitude

frequency characteristics and phase frequency characteristics
of three point electrodes are shown in Fig. 2(c) and (d),
respectively. In the low-frequency region (less than 10 kHz),
the voltage ratio among three electrodes stabilizes at 4.17: 2.57:
1, which is nearly to the radio of the three capacitance (4: 2.5:
1). When the capacitance becomes small, the equation can be
simplified as U̇1 : U̇2 : U̇3 ≈ C1 : C2 : C3 . When the frequency
is less than 100 Hz, the phase shifts of all electrode voltages are
about 90°. When frequency increases, the phase shifts of the
voltages become different, which will cause different signal de-
lay. Fig. 2(e) shows waveforms of U1 , U2 and U3 under the
condition that the frequency of the input signal set to 5 Hz,
which is equal to the frequency used in the experiment. We can
see the radio of three electrode voltage is as same as above and
all phase shifts are 90°.

Finite element simulation (FES) is used to calculate the volt-
age distributions with different touch locations. The results are
shown in Fig. 2(f) and (g). When touch point moves, the nega-
tive charges (low potential) location on the PDMS film surface
changes, voltages of all electrodes will change. In Fig. 2(f),
the voltage of electrode a decreases and the voltages of elec-
trodes b and c increase while touch point approaches electrode
a. Fig. 2(g) presents the relationship between voltages of three
electrodes and touch location (negative triboelectric charges re-
gion), the absolute value of open circuit voltage of one electrode
will decrease quickly when the touch point moves away from
the electrode, which can be explained by the equation:

U = −k
Q

r
(2)

The absolute value of voltage (U) is inversely proportional to
distance (r) between electrode and surface charges. Due to the
symmetry, the open circuit voltage follows the same rule in every
electrode. To verify the simulation, a vibration of 5 Hz is applied
to the electronic skin surface under different touch location
through a vibration generator system. The contact surface of the
vibrator is a round PET film whose diameter is 5 mm. When the
distance between the touch point and one electrode increases
from 1 cm to 4 cm, the positive peak voltage of the electrode
decrease from 1.68 V to 0.42 V (Fig. 2(h)), which shows similar
tendency as the simulation result.

Every different touch point will cause different three elec-
trodes’ voltages, which means different voltages ratio. There-
fore, it’s convenient to normalize three voltages and locate it
to a point in the ternary diagram. Fig. 2(i)-l display the FES
results of the relationships between x and y coordinates and the
normalized voltages ratio point in the ternary diagrams. They
all show monotonicity, which is especially significant for posi-
tioning. We set the midpoint of electrode b and c as the origin
of the coordinate, so the coordinate values of the electrode a,
b and c are (0, 5

√
3/2), (−2.5, 0) and (2.5, 0), respectively. To

locate the touch point, voltages of three electrodes generated by
the touch are transferred to a point in the ternary diagram firstly,
which is decided by the ratio of three voltages. Then the x and
y coordinates are read out through figures. For example, in one
test, the voltage of electrode c (Vc ) is equal to the sum of voltage
of the other two electrodes (Va + Vb ), and Va is similar to Vb ,
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Fig. 3. Calibration results of the stretchable electronic skin when applied
on the flat surface. (a) The relationship between normalized voltages point
in ternary diagram and x coordinate based on 18 uniformly distributed test
points. (b) Two-dimension projection of (a) in a ternary diagram. (c) Relation-
ship between normalized voltages point in ternary diagram and y coordinate.
(d) Two-dimension projection of (c) in a ternary diagram. (e) Fitting result of (a)
calculated by interpolation and fitting algorithms. (f) Two-dimension projection
of (e) in a ternary diagram. (g) Fitting result of (c) calculated by interpolation
and fitting algorithms. (h) Two-dimension projection of (g) in a ternary diagram.

the corresponding point in the ternary diagram is (0.25, 0.25,
0.5), we can read out the x coordinate of touch point is 2 ∼ 2.5
cm through Fig. 2(j), the projection of Fig. 2(i), and y coordinate
is 0 ∼ 0.5 cm through Fig. 2(l), the projection of Fig. 2(k). The
method is so easy that we don’t need complex data analysis if
we get accurate ternary diagrams, just read out the coordinates.

B. Positioning Process of Electronic Skin Applied
to Flat Surface

As a demonstration of the calibration process, 18 uniformly
distributed points are chosen as the calibration points to ob-
tain accurate ternary diagrams (Fig. S2). A vibration same as
above is applied to the electronic skin, the contact surface is
still a round PET film that is 5 mm in diameter, and the load
resistance between each electrode and a reference ground is
100 MΩ. Fig. 3(a)–(d) show the calibration results based on 18
test points, which display the same tendencies with simulation
results (Fig. 2(i)–(k). Because the region of x coordinate of 18
calibration points is from −2 to 2, the region of y coordinate
is from 0 to 2

√
3, some points on the electronic skin cannot be

located through these figures, such as point (−2.2, 0) or (0, 4).
Also, the resolution of the electronic skin is limited if we locate
point through these figures directly. Adding more calibration
points or performing interpolation can improve the resolution
the smart skin. Herein, we insert extra points to each calibration
ternary diagram through interpolation algorithm and then fit the
point array with surface equations (the details are available in
Note S2 and Note S3). After these process, the results are pre-
sented in Fig. 3(e)–(h), which are more suitable for positioning
the touch point.

The electronic skin shows good stability and significant res-
olution on the flat surface based on the fitting ternary diagrams.
15 points are chosen as the test points to verify the location
ability of electronic skin (Fig. S2). Fig. 4(a) presents the volt-
age waveforms of three electrodes when pressure is applied to
point (0.5, 1). The voltage of electrode c is the largest, and

Fig. 4. Location ability of the stretchable electronic skin on the flat surface.
(a) Voltage outputs of three electrodes when pressure applied to point (0.5, 1).
(b) Coordinate calculation results of every group of voltage waveforms in (a)
and (c). (c) Voltage outputs of three electrodes when pressure applied to point (0,
4). (d) One group of three electrode voltage outputs selected from (a) randomly.
(e) Transfer charges of three electrodes when pressure is applied to point (0, 4).
(f) One group of three electrode voltage outputs selected from (c) randomly. And
the location process. (g) The x coordinate calculated from the voltage outputs
in (d) with the help of calibration result. (h) The y coordinate calculated from
the voltage outputs in (d) with the help of calibration result.

voltage of electrode b is a little higher than the voltage of elec-
trode a, which is corresponding to the distance relationships
between touch point and each electrode. When touch point (0,
4) approaches electrode a, the voltage of electrode a is much
higher than voltages of the other two electrodes, and voltage
of electrode b is nearly equal to the voltage of electrode c
(Fig. 4(c)), which agrees with the symmetry. There are some
possible reasons for the variation of the output voltages. The
first is the instability of the power amplifier and vibration driver,
which may cause slight differences in the force applied to the
electronic skin surface, the different forces may cause different
outputs. The second is the electrostatic discharge (ESD) phe-
nomena [39], which has been discovered in the triboelectric
nanogenerator (TENG). In TENG, asymmetrical contact pairs
introduce an unstable state, which causes a continuous surface
charge increase and eventually the air breakdown, the output
voltages are influenced by this process. The reason we choose
positive peak voltages to locate is that they are more notable
and stable, which is obvious in Fig. 4(c). The voltage ratios of
data in Fig. 4(a) and (c) are gathered in point (0.287, 0.293,
0.420) and point (0.704, 0.149, 0.147), respectively (Fig. S3).
For each group of three voltages, a location point (red circle)
is calculated through ternary diagrams or fitting equations and
shown in Fig. 4(b). A group of three voltages is selected ran-
domly from Fig. 4(a) and presented in Fig. 4(d). The positive
peak voltages of electrode a, b and c are 0.691 V, 0.721 V and
1.035 V, respectively, which are then normalized and transferred
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to the point (0.28239, 0.29465, 0.42297) in ternary diagrams of
x and y coordinates. From Fig. 4(g), x coordinate corresponding
to the point is 0.5119, and from Fig. 4(h), y coordinate is 0.9445,
which are near to the touch point (0.5, 1) and the error sum of x
and y coordinates for this test is 0.564 mm. Because the points
electrodes located cannot be chosen as calibration points, there
must be some points between electrodes and calibration points,
whose coordinates are excluded from ternary diagrams, (0, 4) is
such a point. Fig. 4(f) presents a group of voltages selected from
Fig. 4(c) randomly. The positive peak voltages of electrodes a,
b and c are 2.555 V, 0.542 V and 0.544 V, respectively, which
are then inputted to the fitting equations to calculate the coordi-
nates. The result is (0.012, 4.017), and the error sum for this test
is 0.29 mm. Fig. S4 shows the average error sums of all 15 test
points based on 25 groups waveforms of each test, the whole
data can be found in Table S1. The maximum of error sum is
1.593 mm and the minimum is just 0.211 mm, which shows our
analog electronic skin has excellent positioning ability when
applied on the flat surface.

The induced charge on PDMS is the critical factor in deter-
mining sensitivity. We calculate the amounts of transfer charge
of three electrodes when pressure is applied to the point (0,
4) on the flat surface condition through integrating currents,
the result is shown in Fig. 4(e). Point (0, 4) is chosen because
the distance between the touch point and electrode b and c is
greatest and touch point is closest to electrode a, as shown in
Fig. 4(b), whose results are representative. For a certain induced
charges on the substrate after one touch, the farther the distance
between induced charges and electrode is, the fewer charges
will transfer between the electrode and ground according to the
attenuation of the electric potential of induced charges. In this
test, the mean transfer charges of the electrode a, b and c are
0.04187 nC, 0.00913 nC and 0.00907 nC, respectively. Accord-
ing to the electrostatic induction, the amount of charge induced
by triboelectrification should not less than 0.06007 nC in one
touch. However, influenced by electrostatic discharge, dielectric
materials and electromagnetic environment, the actual value of
the induced charge is difficult to calculate accurately. Theoreti-
cally, there is no limit of charge required for measurement. As
long as there is induced charge, output voltages will be gener-
ated on the electrodes. However, for the accuracy limitation of
the detection equipment and the interference of ambient noise,
the charge required for measurement in our experiment should
reach∼1 pC order, in which condition, the output voltages of the
electrode b and c reduce to several 10 mV (calculated by scale),
which is in the same order with the ambient noise. Microstruc-
ture and some chemistry methods could help to increase the
amount of induced charge through enhancing the contact areas.
It also cannot be ignored that the required induced charges could
decrease by improving the accuracy of the detection device or
testing in the environment with small ambient noise.

C. Positioning Process of Electronic Skin Applied to
Curvilinear Surface

To fully mimic the properties of skin, stretchability of the elec-
tronic skin is important and indispensable. Here, CNT-PDMS

Fig. 5. Location ability of the electronic skin on the cylindrical surface. (a) The
resistance of three electrodes when the electronic skin stretched in one direction
in different degrees. Fitting results of (b) x coordinate and (c) y coordinate after
calibration, interpolation and fitting processes. (d) Optical image of electronic
skin stretched 30% in one direction on the flat surface. (e) Voltage outputs of
three electrodes when pressure applied to point (0.5, 2). (f) Each blue dot’s
coordinates are calculated from a group output voltages of three electrodes
from (e), orange dot is the averaged result of all the groups, and the red dot’s
coordinates is the touch point.

composite is fabricated as the electrode material on its excellent
stretchability and conductivity. Therefore, the whole electronic
skin is stretchable and can conformably contact with a curvi-
linear surface. Fig. 5(a) compares the resistances of three elec-
trodes when electronic skin stretched in one direction in different
degrees, the whole process could be seen in Fig. S5. The resis-
tances of electrodes are still kept at 10 kΩ order. Because each
electrode is connected to the reference ground through oscillo-
scope’s probes with a load resistance of 100 MΩ, compared with
the fixed load resistor, the influence on output voltages of the
increase of the electrode resistance (∼10 kΩ) caused by strain
is negligible. Then, the electronic skin stretched 30% in one di-
rection is attached on a cylindrical surface (diameter = 7.5 cm),
which also has two degrees of freedom and thus is suitable
for our electronic skin to positioning. 18 uniformly distributed
points are chosen as the calibration points and the results of the
calibration and fitting after the same process introduced above
are shown in Fig. 5(b) and (c) and Note S4 in the supporting
information, which seems less smooth than Fig. 3(f) and (h), but
has the same tendency. The reasons are that the shape of three
electrodes has changed to an irregular triangle (Fig. 5(d)), and
the capacitances between induced charges on the touch point and
electrodes are influenced not only the distances but also the di-
electric materials. Fig. 5(e) shows the output voltage waveforms
when pressure is applied to point (0.5, 2), after normalizing the
voltage ratios of output data, the location results are displayed
in Fig. 5(f).

Besides cylindrical surface, the electronic skin could be at-
tached to the non-developable surface when it stretched in more
than one direction, such as spherical surface (Fig. 6(a)). The
stretchable electronic skin shows significant positioning abil-
ity when attached to the spherical glass surface for the first
time. The voltage distributions with different touch location are
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Fig. 6. Location ability of the stretchable electronic skin on the spherical sur-
face. (a) Optical image of the stretchable electronic skin on a spherical glass
surface, which shows excellent stretchability and transparency. (b) FES results
of voltage distribution under different touch location (surface charge location)
on spherical surface. (c) FES result of the relationship between voltage ampli-
tudes of the electrodes and touch location in the spherical coordinate system.
(d) Fitting result of the relationship between normalized voltages point in ternary
diagram and x coordinate. (e) Fitting result of the relationship between nor-
malized voltages point in ternary diagram and y coordinate. (f) Fitting result
of the relationship between normalized voltages point in ternary diagram and
z coordinate. (g) Voltage outputs of three electrodes when pressure applied
to spherical surface point (ϕ = 150◦ (x = −1.6970, y = 0.9798), z = 4.6).
(h) Coordinate calculation results (red ball) of every group of voltage wave-
forms in (g), blue ball is the position applied pressure. (i) Averaged error sums
calculated from six groups’ output voltages gathered in different days of the
electronic skin attached on flat, cylindrical and spherical surfaces, respectively.

calculated by FES (Fig. 6(b) and (c)). As same as the flat condi-
tion above, the voltage of electrode b decreases and the voltages
of electrodes a and c increase while touch point approaches elec-
trode b (Fig. 6(b)). Ignoring altitude, the position of the object
on Earth can be determined by three GPS satellites. Similarly,
for the radius of the sphere is defined (r = 5 cm), the points
on the spherical surface have only two degrees of freedom,
and the position can be determined by voltages of three elec-
trodes. Fig. 6(c) presents the relationship between voltages of
three electrodes and touch location characterized in the spher-
ical coordinate system (Fig. S6). There are three wave peaks
in Fig. 6(c), the absolute value of open circuit voltage of one
electrode will increase quickly when touch point (negative tri-
boelectric charges region) approaches electrodes. Although the
voltage distributions are influenced by glass sphere, not just
the distances between electrodes and touch point, and not as
regular as flat condition, they are still suitable to be used to
positioning for the obvious distinctions among voltages of three
electrodes for each touch. 19 points on the electronic skin are
chosen as calibration points (Table S2). In this case, the spherical

coordinate system is replaced by the spatial rectangular coor-
dinate system, the center of the spherical is set as the origin
(Fig. S6). After fitting, the results are shown in Fig. 6(d)–(f) and
Note S5 in the supporting information. Similar to Figs. 3(f), (h),
6(d) and (e) both show good monotonicity. In Fig. 6(f), from
edge to center, the color translates from violet to red, which
means z coordinate increases gradually, which is corresponding
to the tendency that the closer touch point approaches center of
electronic skin, the closer voltages of three electrodes become
to each other. To contact the spherical surface conformably, the
electronic skin must be stretched, so the distribution of three
electrodes are not geometrically symmetric absolutely. There-
fore, the ternary diagrams also are influenced, become irregular
and less symmetry. Fig. 6(g) presents the waveforms of three
electrodes when pressure applied to one test point (blue ball),
for each group of three voltages, a location result (red ball) is
calculated through ternary diagrams and shown in Fig. 6(h).
Fig. S7 chooses one group of three voltages from Fig. 6(g) and
explains the positioning process, the error sum is 0.433 mm,
which shows the significant location ability of the electronic
skin on the spherical surface.

In order to verify the stability of the device under different
conditions, six groups output voltages have been gathered in
different days, then the error sums are calculated and compared
with the averaged values, as shown in Fig. 6(i). All touch posi-
tions are located with millimeter precision resolution no matter
what the shapes of surfaces are. The difference in error sums is
according to the different sensitivities and accuracies when elec-
tronic skin applied on various surfaces. The sensitivity is highest
when electronic skin applied to the flat surface, then decreases
when applied to the cylindrical, and finally, is lowest when ap-
plied to the spherical surface, which is also displayed obviously
when we compare the calibration and fitting results under dif-
ferent conditions (Figs. 3(f), (h), 5(b) and (c) and 6(d)–(f)). The
fitting result of the flat surface is smoother than the curvilinear
surface. The smoothness of the surface could be seen relevant
to the sensitivity and accuracy.

Another advantage of this electronic skin is that there is no
limitation of the substrate. Except for PDMS, we also test Solaris
(Smooth-on, Macungie, Pennsylvania, PA, USA), a stretchable
and transparent silica gel, as the substrate. There is no mi-
crostructure on the surface and the distance between electrodes
increase to 10 cm, the electronic skin still works well (Fig. S8).
Because the voltage is inversely proportional to the distance be-
tween electrode and surface charges approximately, the voltage
will become more and more difficult to detect when the distance
between electrode and touch point increases. Compared with all
other electronic skin, this design is low-cost and simple fabri-
cation with high yield, which makes it promising to be used in
practice.

III. CONCLUSION

In summary, we introduced a new generation stretchable,
transparent and self-powered analog electronic skin based on
stretchable CNT-PDMS composite electrodes, which is low-cost
and easy to fabricate in large scale. The design enables many
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different materials to be used as the substrate with no limitation
to intrinsically stretchable materials and triboelectric-favorable
materials, which not only extends the applicability of this smart
skin from the flat surface to any curvilinear surfaces but also pro-
vides ways to realize self-powered position sensing. Inspired by
GPS, the configuration with minimum three electrodes simpli-
fies the testing and fabrication processes. Except for the excel-
lent performance when applied to the flat surface, the electronic
skin also can be attached to cylindrical and spherical surfaces
and give accuracy location. Based on triboelectrification and
planar electrostatic induction, the electronic skin is entirely self-
powered. For the simple structure and excellent properties, the
electronic skin could be integrated with other functions, such as
pressure and touch area detection, shows enormous potential in
human/machine interaction and artificial intelligence.

APPENDIX

The Supporting Information is available.
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