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Self-powered sensing technologies have sparked a revolution in electric devices. Furthermore, ultrathin
characteristics are highly desirable for on-skin and wearable devices to achieve superior conformability
on complex 3-dimensional surfaces, which facilitates improved wearing comfort and detection accuracy.
However, developing self-powered sensors with ultrathin and conformal features without complicated
fabrication processes remains a formidable challenge. Herein, we present an ultrathin self-powered sensor
with high conformability, fabricated by a liquid-phase transferring approach. The sandwich-like sensor is
spin-coated layer by layer on a water-soluble substrate. Upon immersion in water and complete dissolution
of the sacrificial layer, the sensor can be transferred to a variety of surfaces with diverse morphologies.
The ultrathin sensor shows long-term stability. When the 45-pm-thick sensor is transferred to human
skin, robotic hands, insole, flat plates with fine bevels, cylinders, undulating surfaces, and leaf textures,
the fingerprint and surface details of the objects are vividly reflected on the sensor surface, attesting to
its exceptional conformability. Driven by the triboelectric effect, the self-powered sensor and its array
exhibit good sensitivity and rapid response time, enabling tactile sensing functions for pressure, material
species, surface roughness detection, and motion state. The proposed design strategies for ultrathin self-
powered sensors hold immense promises in wearable devices, robotics, and human-machine interfacing.
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Introduction

Wearable devices with intelligent and portable features facilitate
a more convenient and personalized lifestyle for users, pro-
mote health management, and enhance work efficiency [1-3].
However, the prevalent high power consumption of numerous
electronic devices poses a substantial concern in the contempo-
rary energy landscape. Furthermore, the disposal of discarded
batteries escalates the maintenance expenses of electronic equip-
ment and engenders environmental pollution [4]. Self-powered
sensing technologies offer a promising avenue for battery-free
devices by harnessing natural energy sources to sustain device
operation, thus mitigating the issue of short battery life and the
need for frequent battery replacements [5-9].

Various energy sources, including mechanical, light, ther-
mal, and moisture energy, can be converted into electricity by
piezoelectric, triboelectric, photovoltaic, thermoelectric, and
moisture-electric generation technologies [10-14]. Among these
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self-powered technologies, triboelectric nanogenerators (TENGs)
exhibit notable potential by capturing diverse mechanical energy
that can be transformed into electricity or electrical signals
via triboelectrification and electrostatic induction mechanisms
[15-17]. TENG-based systems hold promise across diverse
domains, including biomedicine, human-machine interaction,
environmental monitoring, and motion sensing [18-23]. More-
over, triboelectric sensors based on TENG offer distinct advan-
tages, including versatility of material selection, compactness,
flexibility, and low cost, rendering them particularly suitable
for self-powered wearable devices [24-26].

The triboelectric sensor, designed for self-powered wearable
device, can be strategically positioned on diverse body regions
to capture mechanical energy arising from motion, thereby gen-
erating electrical signals for sensing and monitoring [27-29].
Skin-attachable triboelectric sensors play a key role in acquiring
various information, which are required to be flexible, thin,
lightweight, and adaptable to various contours [30,31]. When
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the triboelectric sensors are in contact with the human epider-
mis or objects with concave-convex surfaces, the adaptability
of the sensors to the complex shapes can ensure the sensitivity
and accuracy of the sensing signals and enhance user comfort.
Consequently, there is a pressing need to explore key technolo-
gies for developing ultrathin self-powered sensors.
Triboelectric sensors are commonly structured with mul-
tiple layers comprising triboelectric film and electrode layers
[32,33]. To achieve thin films, several methods have been devel-
oped, including cast-molding, spin-coating, spraying, blade
coating, sputtering, electrospinning, and thermal evaporation
[34-39]. The spin-coating method is favored for its marked
advantages such as mild process conditions, simple operation,
wide material compatibility, thickness controllability, and cost-
effectiveness. Zhong et al. [40] presented a TENG-based pressure
sensor containing an ultrathin polydimethylsiloxane (PDMS)
layer, which was applied through spin-coating and then peeled
off from the substrate after curing. Wong et al. [35] combined
spin-coating, sputtering, and photolithography to obtain the
ultrathin tattoo-like TENGs with layer-by-layer structures
comprising PDMS, polyimide (PI), copper (Cu), PI, and liquid
bandage (LB), which could be tightly attached to skin through
the adhesive LB. However, it is difficult to completely and non-
destructively peel off the ultrathin sensors from solid substrates.
Additionally, the use of additional adhesives to attach the sen-
sors on the target may result in attenuation of the electrical
signal. Therefore, transferring techniques play an important
role in achieving ultrathin sensors with high performance.
Typically, ultrathin devices are transferred from the native
substrates to the target substrates through solid or liquid car-
riers [41]. Among these, the liquid-phase transferring method
has attracted increasing interest due to its simplicity and ver-
satility in achieving high conformability to diverse surfaces.
For instance, Liang et al. [42] employed polyvinylpyrrolidone
as a sacrificial layer to fabricate an ultrathin AGNW-PDMS
electrode by using a water-assisted transfer method, which
prevented it from loosening, detaching, and sliding across the
interface during the transfer process. Le Borgne et al. [43] dem-
onstrated the use of water-soluble polyvinyl alcohol (PVA) sub-
strates to transfer patterned films onto various 3-dimensional
(3D) objects via the water transfer process. Despite the achieve-
ments in attaining ultrathin structures and good shape-adapt-
ability with these few-layer films, the challenges associated with
simple controllable transfer and high conformability to com-
plex 3D surfaces. These issues are particularly relevant for
multilayer self-powered sensors with multifunctional sensing
capabilities, which persist and necessitate further attention.
Herein, we introduce an ultrathin self-powered sensor fab-
ricated using liquid-phase transferring technology, which is
capable of exceptional conformity to complex 3D surfaces. The
sensor is spin-coated layer by layer onto a substrate containing
the water-soluble polymer. After the sensor is immersed in
water, the sensor can be transferred and conform to various
surfaces, such as human skin, robotic hands, insole, flat plates
with fine bevels, cylinders, undulating surfaces, and leaf tex-
tures. The total thickness of the 3-layer sensor consisting of
PDMS and graphene-containing carbon paste is 45 pm. Operating
in single-electrode triboelectric mode, the sensor on different
surfaces can generate electrical signals under the external force
to achieve self-powered sensing and shows long-term stability.
The material types and surface roughness can be detected by
the sensor on the robotic hands. The ultrathin sensor on the
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insole can be used to monitor human motion state such as walk-
ing and running. The ultrathin sensor array can be designed in
2 X 2 pixels for pressure detection. This work offers promising
avenues for future advancements in flexible, ultrathin, and
wearable devices.

Results

Design and preparation of ultrathin sensors

To achieve the ultrathin and highly conformal self-powered
sensor for wearable devices, we introduce the liquid-transferring
method. As shown in Fig. 1A, the preparation process of the
ultrathin sensor involves a combination of spin-coating and
liquid-phase transferring techniques. A polyethylene tere-
phthalate (PET) film was adhered to a glass substrate. PVA,
PDMS, graphene-containing carbon paste, and PDMS were
spin-coated layer by layer. The device constructed by the multi-
layer film was fully immersed in deionized (DI) water. After
the PVA was completely dissolved, the device was detached
from the PET film and was suspended in water. Upon contact
with an object’s surface in water, the sensor could be trans-
ferred from the aqueous environment to the object’s surface.
Once water evaporated, the sensor could be seamlessly
affixed to the object. Eventually, the sandwich-like self-powered
sensor was composed of 2 PDMS layers encapsulating a con-
ductive electrode layer.

Due to the good electron affinity and nontoxicity, PDMS
was selected to fabricate the triboelectric and supporting layer
of the self-powered sensor. Graphene-containing carbon paste
functioned as the conductive electrode. Additionally, a layer of
water-soluble PVA, serving as a sacrificial layer, was spin-coated
between the sensor and the PET film to facilitate the separation
of the sensor from the PET substrate. In the spin-coating pro-
cess, hydrodynamic modeling is influenced by parameters such
as spin-coating time, angular velocity, fluid density, and viscos-
ity. By adjusting these parameters, the final thickness of the film
can be precisely controlled. In the transferring process, the
liquid-phase transferring method enables the sensor with high
conformability on object surfaces. During the transfer from
water to the object’s surface, the air gap between the sensor and
the object is filled with water molecules, and the sensor is
tightly fitted to the object under the tension of the liquid sur-
face. Subsequently, as water evaporates, the gap between the
sensor and the object’s surface diminishes, and external atmo-
spheric pressure facilitates the sensor securely attached to the
object’s surface.

The ultrathin sensor fabricated by liquid-phase transfer-
ring can be conformably attached to human skin (Fig. 1B).
Remarkably, benefiting from the flexible and ultrathin char-
acteristics, the fingerprint of the thumb is visible on the sen-
sor. The thickness of the sensor with a 3-layer structure is
45 pm (Fig. 1C). The resistance of the electrode, approxi-
mately 10 k€2, can be calculated from the slope of the current—
voltage curve (Fig. 1D). The as-fabricated sensor exhibited
ultrathin performance and could well conform to human
skin, making it possible for human sensing.

Electrical performances of sensors

The self-powered sensor based on TENG could convert mechani-
cal energy into electrical energy and signals during the contact—
separation process, attributed to the synergistic effects of
contact electrification and electrostatic induction. The working
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Fig. 1. Preparation and characterization of the ultrathin self-powered sensor. (A) Schematic illustration of the preparation process of the ultrathin sensor via the liquid-phase
transferring method. (B) Image of the ultrathin sensor attached to the skin. (C) Thickness of the ultrathin sensor with 2 PDMS layers and an electrode. (D) Current-voltage

curves of the electrode layer of the sensor.

mechanism of the triboelectric sensor in the single-electrode
mode is schematically depicted in Fig. 2A. PDMS and human
skin differ in their ability to capture electrons, and electrons on
the skin are captured by the PDMS surface when contact occurs.
Equal amounts of positive and negative charges are distributed
on the 2 surfaces, respectively. Owing to the equilibrium of elec-
tric potential, there is no flow of electrons from the external cir-
cuit (Fig. 2A-i). When the skin is lifted from the PDMS, the
electrode layer is positively charged due to electrostatic induction,
where the electric field formed by the negative charge on the
PDMS drives the electrons to flow through the external load to
ground (Fig. 2A-ii). After completing the separation process, the
positive charge on the electrode layer is balanced with the elec-
trons on the PDMS, resulting in no current flow (Fig. 2A-iii).
When the skin and PDMS come back close together, the electrons
at the ground end flow back into the electrode layer and there is
a current in the opposite direction (Fig. 2A-iv). During the
contact-separation cycle, a continuous alternating current (AC)
is generated.

The sensor (30 mm X 30 mm) was transferred to the poly-
methyl methacrylate substrate to test the output electrical
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performances. When an external force with a frequency of
2 Hz is applied, the open-circuit voltage (V,.) is about 18.6 V
(Fig. 2B). The short-circuit current (1) is 1.2 pA (Fig. 2C), and
the short-circuit charge (Q,.) is about 22 nC (Fig. 2D). In the
process of energy conversion, the internal circuit of TENG can
be equated to a low-frequency AC voltage source in series with
a capacitor, resulting in the large impedance. If the external
load resistance is small, the circuit can be regarded as a short
circuit due to the large internal impedance of TENG. At this
point, the voltage is close to zero, while the current reaches
maximum. When the resistance of the load circuit reaches
above 10° Q, which is much larger than that of the TENG, the
external circuit is equivalent to an open-circuit state. Therefore,
the voltage across the external load is maximized, while the
current tends to zero. In both states, the TENG provides too
little power to the load, and there is no optimal match between
the TENG and the external load. When the external load is
close to the internal resistance of the TENG, an optimal match
is achieved, and the output power reaches the peak value. As
the resistance increases, the voltage across the load gradually
becomes higher, and the current tends to decrease, which is in

Gz0zZ ‘T J8qo100 uo A1sieAiun a1uyeiA|od Buoy BuoH e Bloaausios: [ds//:sdny wouy papeojumoq


https://doi.org/10.34133/research.0785

Research

A (i) Contacted (ii) separating B 2
15F
; 10
;. J A (J
(=]
A
S st rJ
10}
1 -15}
- 1 2 3 4 5
Time (s)
(iv) Approaching (iii) Separated
Cc 1.5
1.0F
: < os)
k=
2 o0 J r‘J FJ fJ r_J FJ FJ fJ
fe- £ T
L = -0.5f
. . -1.0f
& 7 Skin «_~ PDMS ‘Conductlve layer e = .
0 1 2 3 4 5
Time (s)
25 20
D E 18| o—o—o—ag _so— 1.2 F&\1s.
20 . N o £ 1o}
= 14} 42 . 31
2 s} S 12} g3 085 E2
o o 10f = 10
o | EB_ /o/ \ er @ sf
5 S s / \ 143 = ¢
5F u u u 4 /o \ - g 4F
2 i i 2t
oJuu uu uu L o.o——sb/o ® 100 20-0—‘
0 1 2 3 4 5 : 1;0k 'TM 1TJM 1;0M TG 1_0.G -2 1_0.0k TM 1_0.M 18.0M TG 1_(;G

Time (s)

Resistance (Q)

Resistance (Q)

Fig. 2. Ultrathin sensor based on triboelectric effect. (A) Working mechanism of the triboelectric sensor. (B) V., (C) I, and (D) Q. of the sensor during contact-separation
at a frequency of 2 Hz. (E) Output voltage and current versus external load. (F) Power density versus resistance.

accordance with Ohm’s law (Fig. 2E). The peak value of the
power density is 18 mW m ™ at the external load of 80 MQ,
achieving an optimal match (Fig. 2F).

The electric performance of the ultrathin sensor related to
frequency was investigated. As the frequency rises from 1 to
3 Hz, the V_ and Q,  almost remain unchanged, while the I
gradually increases (Fig. 3A to C). Since there was no dynamic
process of charge transfer at the open-circuit condition, the
frequency had little influence on the voltage. In addition, the
voltage was affected by both the triboelectric charge density
and the distance between the 2 triboelectric layers. Under the
setting condition of contact electrification, the total charge
transferred remained constant. However, the higher frequency
accelerated the flow of electrons in the external circuit, leading
to the increase of current [44]. The characteristic of stable volt-
age output at different frequencies is in favor of electrical sens-
ing when the external forces are at irregular frequencies.
Moreover, during the extended contact-separation process,
the V. exhibits only minimal fluctuations over 4,000 cycles,
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indicating the good mechanical robustness and long-term sta-
bility of the sensor (Fig. 3D). The external force was applied
using a digital force gauge to precisely measure the response
time and sensitivity of the sensor. As illustrated in Fig. 3E, the
sensor exhibits a response time of 19 ms, defined as the voltage
rise from 10% to 90% of the peak voltage, and a recovery time
of 3 ms, corresponding to the voltage drop from 90% to 10%
of the peak voltage. These values demonstrate the sensor’s rapid
response behavior, enabling the sensor to accurately detect sig-
nals promptly upon the application of external force. As shown
in Fig. 3F, when the applied pressure increases, the output volt-
age correspondingly rises. An increase in pressure resulted in
a larger effective contact area, thereby boosting the voltage
response. Based on the proportional relationship between volt-
age and applied pressure, sensor sensitivity could be calculated
by the slope of the fitting curves (voltage versus pressure).
Between 10 and 40 kPa, the sensitivity is approximately 0.13 V
kPa™', validating the potential application of this sensor for
pressure detection and wearable technologies.
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output voltage over 4,000 cycles. (E) Response and recovery time of the sensor. (F) Output voltage versus pressure.

Conformability of sensors

The ultrathin and flexible features are essential to provide elec-
trical devices with conformability to form seamless contact on
complex 3D surfaces. As shown in Fig. 4, through the liquid-
phase transferring method, the as-fabricated sensor can be
tightly attached to various surfaces, including flat plates with
fine bevels (Fig. 4A), cylinder surface (Fig. 4D), undulating
surfaces (Fig. 4G), and leaf surface (Fig. 4]). Surface stripes are
visible on the device after the sensor is transferred to the object
surface. The 3-layered sensor is thin and flexible, which makes
it better for adhering to complex surfaces and different material
surfaces. When touching the sensor on a flat surface with the
index finger, the V,_of 1.1 V and I of 120 nA can be detected
(Fig. 4B and C). The sensor on different surfaces generates dif-
ferent magnitudes of electrical signals. On a curved surface,
the sensor generates the V. of 0.8 V and I of 65 nA (Fig. 4E
and F), while on an undulating surface, the V. 0f 0.3 V and I
of 30 nA can be generated (Fig. 4H and I). In addition, when
the sensor is attached to a leaf, it can generate the V. of 1.0 V
and I, of 75 nA (Fig. 4K and L). The electrical output of the
sensor depended on the actual contact area, leading to the dif-
ferences in output signals on various surfaces. The as-fabricated
sensor exhibited good conformability on a variety of different
complex surfaces, confirming its flexibility and excellent shape
adaptability and showing great potential for making new green
energy wearable sensors.

Self-powered sensing

The ultrathin, highly conformal sensor, which operated without
an external power source, was capable of being securely affixed
to the target body for tactile sensing. The sensors in a size of
10 mm X 10 mm are distributed on each of the 4 fingertips of
the robotic hand by the liquid-phase transferring method (Fig.
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5A). The 4 sensors were connected to a multi-channel oscil-
loscope with metal wires to collect voltage signals in real time.
The oscilloscope’s negative input was linked to the manipula-
tor’s ground (GND) to minimize electromagnetic interference
impact on the sensing signals during manipulation. The voltage
signal was selected to characterize the sensing performance,
due to its frequency-independent property. When the manipu-
lator grips a glass or polyethylene (PE) cup, the sensors make
contact with the objects and can generate corresponding elec-
trical signals (Fig. 5B). When contacting glass, the pulse volt-
ages generated by the 4 sensors on the manipulator are greater
than 1.3 V. Next, the manipulator is controlled to grasp a PE
cylinder, and the voltage is different from the electrical signal
generated by contacting the glass, with a maximum value of no
more than 0.7 V (Fig. 5C). The signal peaks that appeared in
the 4 fingers when grasping the same material varied slightly
due to different strengths. In addition, the polarity difference
between 2 contact materials greatly affected the electrical signal
output. According to the triboelectric series [45], the difference
in electronegativity between glass and PDMS is greater than
that between PE and PDMS, and the voltage signals are signifi-
cantly larger when contacting glass.

The ultrathin self-powered sensor could be utilized to detect
roughness. The sensor on the index finger touched the sand-
paper with different mesh number sizes (Fig. 5D). The V_ sig-
nal of 1.2, 2.0, and 2.5 V can be collected when the sensor is in
contact with the sandpapers of 100#, 500#, and 1,000#, respec-
tively (Fig. 5E). The lower mesh number represented the higher
roughness of the sandpaper. With increased surface roughness,
the effective area of contact between the sensor and surface
reduced, leading to a decrease in triboelectric charge density
and a subsequent reduction in the voltage signal. Touching
objects of different roughness resulted in noticeable differences
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Fig. 4. Conformability of the ultrathin sensor attached to different surfaces. (A) Image, (B) V,., and (C) I, of the sensor attached to a flat plate with fine bevels. (D) Image,
(E) V4, and (F) I, of the sensor attached to a cylinder surface. (G) Image, (H) V.., and (l) I, of the sensor attached to an undulating surface. (J) Image, (K) V,, and (L) /. of

the sensor attached to a leaf surface.

in voltage, which demonstrated the characteristics of roughness
recognition. Besides tactile sensing, the sensor (30 mm X
30 mm) could be transferred to an insole to monitor the
human motions (Fig. 5F). The V__reaches around 10 V during
walking (Fig. 5G) and 14 V during running (Fig. 5H). The
variation in V_ values across different human motion modes
can be attributed to the changes in the contact area between
human body and sensor. During running, the feet exert greater
force on the device, resulting in an increased contact area and
enhancing the V. Additionally, the higher motion frequency
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associated with running contributes to the observed differ-
ences in V. compared to walking.

The ultrathin and flexible sensor array in 2 X 2 pixels was
further designed and fabricated, with each pixel in a size of
5 mm X 5 mm (Fig. 5I and J). Through the liquid-phase trans-
ferring method, the sensor array could also be attached to the
finger. When the finger touched the board with raised dots,
electrical signals with differentiated characteristics could be
generated by sensing pixels. As shown in Fig. 5K, there is an
obvious pulse voltage signal in channel 1, and barely visible
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signal peaks in channel 2 to channel 4, indicating only one  into electrical signals during the contact and separation pro-
sensing pixel in contact with the raised dot. Based on the tri-  cess. Therefore, voltage signals were detected at the raised dot
boelectric sensing mode, mechanical stimuli were transformed ~ positions, and there was no change of electrical signals on the
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flat surface. Overall, the ultrathin and conformal sensor could
be integrated into the target body by liquid-phase transferring
method to endow the robot with tactile recognition to realize
self-powered sensing, including pressure sensing, material rec-
ognition, and roughness detection.

Compared with the previously reported ultrathin triboelec-
tric sensors, the as-fabricated self-powered sensors by liquid-
phase transferring exhibited a convenient preparation process,
relatively low thickness, superior conformability on multiple
complex shaped surfaces, good electrical sensing performances,
and abundant application scenarios (Table S1), making them
more competitive in wearable devices and human-machine
interfacing. Moreover, the presented 45-pm-thick ultrathin
multilayer self-powered sensor fabricated via a liquid-phase
transferring approach resolves the fundamental trade-oft
between ultrathin profiles and conformability on complex sur-
faces in flexible sensing technologies. Unlike conventional wet
transfer methods (e.g., PDMS stamp-assisted transfers requir-
ing > 100 pm thickness or 2D material transfers dependent on
high-temperature annealing), our innovation employs a water-
soluble substrate and spin-coated sandwich architecture, enabling
residue-free, mechanical-assistance-free direct transfer through
pure water dissolution. This strategy achieves both microscale
and macroscale conformability, especially vividly replicating
fingerprint-level textures. Leveraging triboelectric effects, the
sensor realizes multimodal sensing including pressure, material
species, surface roughness, and motion state without external
power, demonstrating a great advantage over conventional
battery-based sensors. The fabrication process eliminates vac-
uum deposition and high-temperature treatments, supporting
centimeter-scale production, thereby offering a groundbreak-
ing solution for wearable electronics and robotics with integrated
ultrathin design, universal conformability, and multifunctional
sensing capabilities.

Discussion

In summary, a liquid-phase transferring method was developed
to fabricate the flexible, ultrathin, and highly conformal self-
powered sensors in triboelectric mode. The thickness of the
entire sensor was 45 pm, which had a sandwich structure with
2 layers of PDMS (triboelectric and supporting layers) and a
layer of conductive graphene-containing carbon paste. The sen-
sor could generate electrical signals with the V. 0of 18.6 V, I, of
1.2 pA, Q. of 22 nC, and a power density of 18 mW m ™. The
ultrathin sensor demonstrated long-term stability over 4,000
contact-separation cycles. The ultrathin sensor showed out-
standing conformability on various complex 3D surfaces, includ-
ing human skin with fingerprints, robotic hands, insole, flat
plates with fine bevels, cylinders, undulating surfaces, and leaf
textures. The sensor’s electrical output was influenced by surface
morphologies, resulting from the different effective contact
areas. As a pressure sensor, the sensitivity was measured at 0.13 V
kPa~" within the pressure range of 10 to 40 kPa. The sensor
exhibited a rapid response time of 19 ms. Moreover, the sensor
and its array could be transferred to the target body, enabling
tactile sensing capabilities for pressure, material identification,
surface roughness, and motion state detection. This work dem-
onstrated the feasibility of the liquid-phase transferring approach
for realizing ultrathin and shape-adaptive self-powered sensors,
showing great prospects for applications in wearable technology,
robotics, and human-machine interfacing.
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Materials

PDMS (Sylgard 184) was acquired from Dow Corning Inc.
Carbon paste was provided by Shanghai Huzheng NANO
Technology Co., Ltd. PET films were purchased from Shenzhen
Zhongshi Biotechnology Co., Ltd. PVA (95%) is purchased from
Macklin. All chemical reagents were used directly without addi-
tional purification.

Preparation of ultrathin sensors by

liquid-phase transferring

Firstly, the PET film was cut to a size of 30 mm X 30 mm. PVA
solution was spin-coated onto the PET film and then heated in
an oven to evaporate the solvent, forming a PVA film layer. The
PDMS base and curing agent were combined in a 10:1 ratio.
Then, the PDMS precursor was degassed in a vacuum oven and
spin-coated on the PVA film, followed by curing at 55 °C for
2 h. Next, the carbon paste was spin-coated on the surface
of PDMS and heated at 50 °C for 10 min. Finally, the PDMS
precursor was spin-coated onto the top surface and cured at
55 °C for 1 h. The multilayer film was immersed in DI water.
After the PVA film was completely dissolved in water, the ultra-
thin sensor with a 3-layer structure was obtained. When an
object’s surface touches the sensor surface in the water, the
sensor can be transferred from the water. After evaporating the
water, the sensor could be conformably attached to the object.

Characterizations

The thickness was measured by a Dektak 3ST (Veeco) surface
profile testing instrument. The optical microscopic images were
recorded using a microscope (Cindbest, CB-M200). Current—
voltage curves were performed on a Keithley 2400 source meter.
The open-circuit voltage (V,), short-circuit current (I,.), and
short-circuit charge (Q,.) were measured by a LeCroy-62Xs Wave
Runner Oscilloscope, a low noise current amplifier (Stanford
Research System SR570), and an electrometer (Keithley 6514).
The force was measured by a digital force gauge (Sundoo,
SH-100).
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