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1. Introduction

Flexible or soft electronics and optoelec-
tronics, including displays, various physical, 
biopotential and biochemical sensors, and 
energy harvesters, have been developed 
for wearable augmented intelligence on 
human body in health monitoring, rehabili-
tation, and human–machine interaction.[1–5]  
To be light, soft, conformal, and thus imper-
ceptible, these devices were fabricated on 
ultrathin polymer supporting films. For 
diverse device applications, choices of the 
supporting film materials need to accom-
modate different requirements in terms 
of mechanical properties (e.g., Young’s 
modulus, elasticity), biomedical compli-
ance, optical transparency, and cost.[6,7] 
Direct lamination of very thin plastic foil 
(e.g., polyethylene terephthalate (PET)) on 
a rigid carrier substrate is a popularly used 
method for fabrication of such devices,[8,9] 
but the available types of plastic foils are 
limited and it is also challenging to achieve 
tight contact free of bubbles over the whole 
large area. The other way to form the thin 
supporting layers is through vacuum evap-

oration (e.g., parylene)[10,11] or solution coating, followed by a 
delamination process.[12–14] The solution coating based approach 
without needing vacuum equipment is more preferred for its 
scalability towards large area production, and adaptability to uti-
lizing different polymer materials. However, to obtain uniform 
films, the solution needs to have proper wetting properties on 
the carrier substrate surface for the coating process, while during 
lamination, the adhesion strength between the formed film and 
the carrier substrate must be minimized.[12] Currently, for flex-
ible display manufacturing, laser is used to assist delamination 
of formed polyimide film from the glass carrier substrate by 
reducing the adhesion, which, however, requires high cost equip-
ment and maintaining.[15,16] Several facile approaches using 
soluble separation layer were also developed, but were limited to 
one certain polymer material, used harmful solvent, or needed 
long dissolving time when using high molecular weight polymer 
materials to achieve low tensile stress delamination.[17–21] It 
would be ideal to develop a generic and scalable approach being 
applicable to various polymer materials for processing ultrathin 
soft electronics with more design and integration flexibility.

Wearable intelligence on human body requires light and soft electronics 
built on ultrathin supporting films. It would be ideal to have a generic 
and scalable approach for processing such ultrathin electronics based 
on various materials to accommodate different design requirements. In 
this work, a solution based delamination approach is developed using 
sodium hydroxide (NaOH) treated cross-linked polymethylmethacrylate 
(c-PMMA) film as the separation layer to process ultrathin polymer films. 
The c-PMMA layer has resistance to various solvents for coating different 
polymer materials on top. Reaction of the c-PMMA surface with mixture 
of NaOH and water reduces adhesion between the polymer film and the 
carrier substrate. The polymer film is thus able to be delaminated with 
facile processes. The approach is applied to fabricate ultrathin flexible 
or stretchable transparent conductive films, and resistive strain sensors 
using different polymer materials. A new wrinkle structure capacitive 
pressure sensor is also realized by integrating different ultrathin polymer 
films, and presents higher or comparable sensitivity (2.76 kPa−1) compared 
to previous work but with a much lighter weight (<60 g m−2). Wearable 
systems using these sensors are finally built for real time measuring wrist 
pulse waves, and controlling all actions of a shooting computer game with 
only three fingers.
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In this work, a solution based delamination process is devel-
oped using sodium hydroxide (NaOH) treated cross-linked poly-
methylmethacrylate (c-PMMA) film as the separation layer. The 
c-PMMA layer has resistance to various solvents for coating 
different polymer materials on top. With water permeation into 
the separation layer from the edge, reaction of the c-PMMA sur-
face with the mixture of NaOH and water causes weak adhesion 
between the coated polymer film and the carrier substrate. As a 
result, the polymer film is able to be easily delaminated from the 
carrier substrate at near-zero tensile stress with facile processes. 
The approach is shown to be applicable for polymer materials of 
different mechanical properties, such as PMMA, polydimethyl-
siloxane (PDMS), poly(vinyl cinnamate) (PVC), and cross-linked 
polyvinyl-alcohol (c-PVA). Further, ultrathin flexible and stretch-
able transparent conductive films, and resistive strain sensors of 
low tensile force are fabricated using this approach. A new wrinkle 
structure capacitive pressure sensor is also developed by inte-
grating different ultrathin polymer films, and presents higher or 
comparable sensitivity performance compared to previous work 
but with a much lighter weight less than 60 g m−2. With high sen-
sitivity and fast response, the capacitive pressure sensor is dem-
onstrated for measuring the details of wrist pulse waves. Finally, 
a multisensor system composed of the resistive strain sensor 
and the capacitive pressure sensor is developed to control all the 
actions of a shooting computer game with only three fingers, 
proving potential for human–machine interaction applications.

2. Results and Discussion

2.1. Delamination Process

Figure 1a illustrates the developed approach for processing 
ultrathin polymer films using sodium hydroxide (NaOH) 

treated c-PMMA film as the separation layer. A mixture of 
PMMA and BBP-4 cross-linker with a ratio of 10:1 by weight 
was dissolved in propylene glycol methyl ether acetate 
(PGMEA) with a concentration of 60 mg mL−1.[22] The solution 
was spin coated on the oxygen plasma treated clean glass sub-
strate at 3000 rpm for 40 s, followed by irradiation for 15 min 
using a 365 nm wavelength UV light source with the power 
of 6000 mW cm−2 for crosslinking, and annealing at 150 °C for 
1 h to form the c-PMMA film. After oxygen plasma treatment 
for 10 min to modify the c-PMMA surface,[23] a NaOH solu-
tion with a concentration of 5 mg mL−1 in deionization water 
was spin coated onto the c-PMMA film and annealed at 100 °C 
for 10 min. Various polymer dielectric materials, including 
PMMA, PDMS, PVC, and c-PVA, can then be coated on top of 
the separation layer. For the PMMA case, a PMMA solution at 
a concentration of 150 mg mL−1 in PGMEA was spin coated at 
500 rpm for 40 s and then 1000 rpm for 40 s, followed by an 
annealing process at 150 °C for 1 h. For PDMS, a 10:1 mixture 
of PDMS elastomer (Sylgard 184, Dow Corning) to cross-linker 
was prepared and spin coated on NaOH layer at 4000 rpm for 
40 s, followed by an annealing process at 100 °C for 10 min. 
To obtain conductive films, as depicted in Figure S1 in the 
Supporting Information, before depositing the polymer layer, 
silver nanowire (AgNW) suspension (Nanjing XFNANO) with 
a concentration of 1 mg mL−1 in ethanol was spin coated twice 
on the NaOH layer at 600 rpm for 40 s, and annealed at 150 °C 
for 20 min.

After the sample being immersed in deionization water 
for a certain time, the formed thin polymer film was delami-
nated from the glass substrate as shown in Figure 1b. One 
side of the film was attached on a metal bar using adhesive 
tape, and the film was able to be delaminated from the glass 
substrate by rolling the metal bar. With water permeation into 
the separation layer from the edge, the c-PMMA surface was 
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Figure 1. a) Illustration of the developed approach for processing ultrathin polymer films using water dissolvable sodium hydroxide (NaOH) on a 
cross-linked polymethylmethacrylate (c-PMMA) film as the separation layer. b) Photo of delamination of the thin polymer film from the glass substrate 
using a metal bar as the roller. c) Experimental setup for measuring the real-time tensile stress during the delamination process. d) Comparison of the 
measured real-time tensile stress during the delamination process for the different samples. e) The fabricated AgNW/PDMS and AgNW/PMMA films 
(5 cm × 5 cm) on leaves, showing their transparency and lightness.
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hydrolyzed with NaOH aqueous solution through a reaction as 
given in Figure 1a to form hydrophilic PMAA.[24] The atomic 
force microscopy (AFM) images of the surface of the c-PMMA 
films after being soaked in the NaOH solution for different 
time in Figure S2 in the Supporting Information clearly show 
the change of the surface roughness, which further confirmed 
happening of the reaction. This reaction reduces the adhesion 
between the polymer film and the substrate surface, thus ena-
bling a delamination process at a very low tensile stress.

To find the optimal time for immersion in water, three 
PDMS samples based on the proposed separation layer struc-
ture were delaminated without immersion in water, and after 
immersion in water for 30 and 60 s, respectively. Samples 
without using a separation layer, and using only c-PMMA or 
NaOH as the separation layer were also fabricated for com-
parison. An experimental setup in Figure 1c was designed to 
measure the real-time tensile stress during the delamination 
process. Figure 1d compares the measured results of the dif-
ferent samples. After immersion in water for 60 s, the sample 
using the NaOH/c-PMMA separation layer presented a very low 
tensile stress of about 0.04 N during the delamination process, 
so that the above film can be easily delaminated without 
damage (Figure S3a, Supporting Information). For other sam-
ples without using a separation layer, or using only c-PMMA or 

NaOH as the separation layer, even after immersion in water 
for 2 min, there was still a tensile stress of about 1.3 N. Delami-
nation processes under such stress caused break of the films, 
as shown in Figure S3b,c in the Supporting Information. The 
measured sudden reduction of the tensile stress for these sam-
ples as shown in Figure 1d is also due to break of the films. The 
same approach was applied for fabricating other polymer films, 
including PMMA, PVC, and c-PVA with immersion in water 
for 2 min before lamination. As shown in Figure S4 in the Sup-
porting Information, based on the separation layer, all films 
during delamination exhibit very low tensile stress, proving the 
generality of this approach.

With the process mentioned above, about 2.4 µm thick 
AgNW/PMMA and about 24 µm thick AgNW/PDMS conduc-
tive films of 5 cm × 5 cm size were obtained. The films being 
placed on leaves were demonstrated with excellent transpar-
ency and very light weight (Figure 1e).

2.2. Properties of the Ultrathin Conductive Films

The fabricated AgNW/PMMA film presents much higher trans-
parency than that of commercial indium tin oxide (ITO)/PET 
films as seen in Figure 2a, especially in the short wavelength 
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Figure 2. a) Comparison of the transparency of the fabricated AgNW-PMMA film with that of a commercial ITO/PET film. b) Measured relative resist-
ance changes (ΔR/R0) for the AgNW-PMMA film and a commercial ITO/PET film. c) Measured ΔR/R0 for the AgNW-PMMA film and a commercial 
ITO/PET film for 3000 cycles of bending at a radius of 10 mm. d) Comparison of the transparency of the fabricated AgNW-PEDOT:PSS on ultrathin 
(about 24 µm) PDMS film and a thick (about 800 µm) PDMS film. e) Measured ΔR/R0 for the AgNW-PEDOT:PSS/PDMS film at different mechanical 
strain. f) Measured ΔR/R0 over time with stretching of 20% and relaxing for 3000 times.
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range (400–600 nm). With an average transmittance (T) of 92.5% 
and a sheet resistance (RS) of 32.1 Ω □−1, the AgNW/PMMA 
film also owns larger value of ΦTC (ΦTC = T10/RS, a commonly 
used figure of merit for transparent conductive films[25]) than 
previously reported ultrathin conductive films[9,10,17,26–30] (Table 
S1, Supporting Information). Figure 2b shows that the ultrathin 
AgNW/PMMA film can maintain unaffected electrical conduc-
tivity at a bending radius as small as 1 mm, while for the com-
mercial ITO/PET film, an abrupt resistance increase occurring at 
a bending radius of 6 mm. With a bending radius of 10 mm, the 
AgNW/PMMA film presents negligible resistance change after 
3000 cycles of bending (Figure 2c).

For the AgNW/PDMS film, an overcoating layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 
layer was deposited on the AgNWs to effectively suppress the 
protrusion of AgNWs from PDMS to increase the mechanical 
stability.[31] The AgNW-PEDOT:PSS/PDMS film shows no 
change of electrical conductivity after folding (Figure S5a, Sup-
porting Information). Such an ultrathin film presents nearly 
80% transparency over the visible light wavelength range as 
shown in Figure 2d. With a strain more than 20%, the film 
exhibits significant resistance change (Figure S5b, Supporting 
Information). Therefore, the relative resistance change (ΔR/R0) 
was measured at different mechanical strain up to 20%, as 
shown in Figure 2e, with a gauge factor (GF) of about 15. Com-
pared to the thicker film (about 800 µm), the ultrathin film 
structure requires much lower tensile force to induce the same 
mechanical strain (Figure S5b, Supporting Information). After 

stretching of 20% and relaxing for 3000 cycles, the conductivity 
remains unchanged as shown in Figure 2f, indicating good reli-
ability. With features of excellent transparency, low tensile force, 
high durability, and fast response, the AgNW-PEDOT:PSS/
PDMS thin film would be promising for fabricating unperceiv-
able and invisible strain sensors in wearable applications.

2.3. Ultralight Capacitive Pressure Sensor

In addition to strain sensors, pressure sensors are also popu-
larly used in various wearable applications. A new wrinkle 
structure capacitive pressure sensor was designed and fabri-
cated using the processed ultrathin PDMS, AgNW/PMMA, and 
AgNW-PEDOT:PSS/PDMS films, as depicted in Figure 3a. The 
AgNW/PMMA film was attached onto a prestretched PDMS 
film with the AgNW layer facing inward. Then the PDMS film 
was released to its initial status, forming wrinkle structures 
with the AgNW/PMMA film. The AgNW-PEDOT:PSS/PDMS 
film was then placed on top with the AgNW-PEDOT:PSS 
layer facing inward to form the capacitive structure pressure 
sensor. In Figure 3b, the top-view photoimage of the fabricated 
sensor device clearly presents the wrinkle structure. With the 
wrinkle structure, the dielectric layer becomes much easier 
to be deformed upon an applied pressure compared to bulk 
films.[37] The deformation induces reduction of the distance 
between the electrodes and also increase of effective dielectric 
constant of the dielectric layer, resulting in capacitance change 
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Figure 3. a) Illustration of the processes for fabricating the capacitive structure pressure sensor using the processed ultrathin PDMS, AgNW/PMMA, 
and AgNW-PEDOT:PSS/PDMS films. b) Top-view photoimage of the fabricated sensor device, showing the wrinkle structure. c) Measured relative 
capacitance changes (ΔC/C0) upon the applied pressure for the sensors fabricated with different prestretched ratios. d) Comparison of the sensitivity 
versus the weight of the fabricated device in this work with that of previously reported capacitive pressure sensors. e) Measured transient response of 
ΔC/C0 upon placement and removal of pressure of different levels. f) Measured transient response of ΔC/C0 upon a small weight of a 12 mg spider.
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as measure of the applied pressure. The measured relative 
capacitance changes (ΔC/C0) upon the applied pressure for the 
sensors fabricated with different prestretched ratios and their 
cross-sectional photoimages are shown in Figure 3c. With a 
higher prestretched ratio of the PDMS substrate, the height of 
the wrinkle structure of AgNWs/PMMA film increased from 
about 0.5–1 mm. The pressure sensitivity S is defined as S = 
δ(ΔC/C0)/δP, where C0 is the initial capacitance of the pressure 
sensor and ΔC is the capacitance change with the applied pres-
sure. The results show that higher sensitivity can be achieved 
with larger prestretching ratio attributed to the induced higher 
wrinkle structure. However, with larger prestretching ratio, 
the sensing performance uniformity of the fabricated devices 
become worse. Therefore, a prestretching ratio of 30% was used 
in the following studies. The fabricated sensors have a sensitivity 
of 2.76 kPa−1 at low pressure regime (0–100 Pa) and 1.56 kPa−1 
at a higher pressure regime (100–1000 Pa). The achieved high 
sensitivity with such a wrinkle structure can be attributed to 
both the low deformation resistance of the ultrathin AgNW/
PMMA film to reduce the thickness of the dielectric layer and 
the additional increase of the effective dielectric constant of 
the dielectric layer since the displaced volume under compres-
sion is air, which has a lower dielectric constant (ε = 1.0) than 

PMMA (ε ≈ 3.0). The sensitivity versus the weight of the device 
is compared to that of previously reported capacitive pressure 
sensors in Figure 3d.[32–44] It can be seen that the sensor has 
higher or comparable sensitivity performance compared to pre-
vious work but with a much lighter weight less than 60 g m−2. 
The sensor can be used to detect loads over a wide pressure 
range with fast response time of less than 150 ms (Figure 3e; 
Figure S6, Supporting Information). A small weight of a 12 mg 
spider is able to be detected by the pressure sensor with a thin 
glass slide (an area of 2 cm2) covering the surface. This corre-
sponds to a pressure of 0.6 Pa, indicating very low detection 
limit (Figure 3f). The sensor also exhibits excellent reliability by 
loading and unloading a pressure of 1 kPa on the sensor device 
for 1000 cycles (Figure S7, Supporting Information).

2.4. Wearable Applications

Attributed to the features of high sensitivity, low detection limit, 
and fast response, the fabricated wrinkle structure capacitive 
pressure sensor was used to measure the wrist pulse waves. As 
shown in Figure 4a, a simple implementation was carried out by 
placing the sensor on the radial artery of wrist, which was fixed 
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Figure 4. a) Experimental setup for measuring the wrist pulse using the fabricated pressure sensor. b) Measured real-time relative capacitance 
changes (ΔC/C0) over several pulse periods for two volunteers. c) Frequency domain results obtained by fast Fourier transformation (FFT) showing 
clear difference in the wrist pulse frequency for two volunteers. d) Results of one-period wrist pulse waveforms for the two volunteers showing the 
difference in the waveform shape.
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by a transparent adhesive tape. The sensor was connected to a 
self-designed data acquisition (DAQ) circuit board powered by a 
3.3 V Li-ion battery, as depicted in Figure S8 in the Supporting 
Information. A software developed in MATLAB was run in the 
computer to process and display the data on the screen, as shown 
in Figure 4a. Figure 4b shows recorded real-time relative capaci-
tance changes over several pulse periods for two volunteers. One 
volunteer has regular exercise (denoted as “exerciser”), and the 
other one often smokes (denoted as “smoker”). The measured 
wrist pulse frequencies for two volunteers are obviously dif-
ferent (≈60 beats min−1 for the exerciser and ≈75 beats min−1 
for the smoker). As shown by the frequency domain results 
obtained by fast Fourier transformation (FFT) in Figure 4c, the 
frequency locations of the peaks of the waveforms are consistent 
with the counted numbers of beats per minute described above. 
One-period wrist pulse waveforms were compared in Figure 4d 
to show the difference in the waveform shape. The smoker 
has wider frequency range and stronger the percussion wave 
(P-wave) than that for the exerciser. The wider frequency range 
of wrist pulse reflects a more irregular heart rhythm, which is 
associated with abnormal initiation of a wave of cardiac excita-
tion, abnormal propagation of a wave of cardiac excitation, or 
some combination of the two.[45] The stronger P-wave indicates 
that the smoker has a faster and greater momentum of blood 
ejection compared to that of the exerciser. Both abnormal phe-
nomena can be contributed to the nicotine of cigarettes, which 
acts as an adrenergic agonist, enhances local and systemic 
catecholamine release, and may also stimulate vasopressin 
release.[46,47] The above results demonstrate that the subtle dif-
ferences in wrist pulses can be identified with the pressure 
sensor, indicating its capability for wearable health monitoring.

To further verify the sensors for human–machine interac-
tion applications, the ultrathin strain sensors and the capacitive 
pressure sensors were worn on the thumb, index and middle 
fingers for controlling a small shooting game as shown in 
Figure 5a. The strain sensors measuring finger bending were 
used to control the shooting direction and angle. The pres-
sure sensor measuring tapping were used to trigger the fire. 
All the sensors were connected to the designed DAQ circuit 
board, which have both capacitive and resistive sensor inter-
faces, to collect data and transmit to the computer through the 
Bluetooth. The schematic of the circuit board is described in 
Figure S7 in the Supporting Information. Figure 5b shows the 
video snapshots of playing the game with only three fingers 
to control all the actions. The tank in the game was controlled 
to move to the right position by bending the index finger, and 
then the shooting angle was adjusted by bending the middle 
finger. The shooting was triggered by pressing the capacitive 
pressure sensor on the thumb. This simple application dem-
onstrates the potential of integration these sensors to form a 
wearable system for human–machine interaction.

3. Conclusion

The developed solution based delamination approach using 
NaOH treated cross-linked PMMA film as the separation layer 
is proved to be applicable for various polymer dielectric mate-
rials, including PMMA, PDMS, PVC, and c-PVA. By using dif-
ferent supporting films obtained with this approach, ultrathin 
flexible and stretchable transparent conductive films, and 
resistive strain sensors are fabricated. A new wrinkle structure 
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Figure 5. a) Photoimage of wearing the ultrathin strain sensors and the capacitive pressure sensors on the thumb, index and middle fingers with a 
data acquisition (DAQ) circuit board for controlling a small shooting game. b) Video snapshots of playing the game with only three fingers to control 
all the actions.
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capacitive pressure sensor is also developed by integrating 
different ultrathin polymer films, and presents higher or 
comparable sensitivity compared to previous work but with 
much lighter weight. With high sensitivity and fast response, 
the capacitive pressure sensor is demonstrated for meas-
uring the details of wrist pulse waves. Finally, a multisensor 
system composed of the resistive strain sensor and the capaci-
tive pressure sensor is developed to control all the actions 
of a shooting computer game with only three fingers. These 
results prove the generality of this approach for processing 
various ultrathin soft electronics with low cost and ease of 
customization to enable a wide range of wearable intelligence 
applications.

4. Experimental Section
Fabrication of Ultrathin Transparent Conductive Film: The mixture 

of PMMA and BBP-4 cross-linker with a ratio of 10:1 by weight was 
dissolved in PGMEA with a concentration of 60 mg mL−1. The solution 
was spin coated on the oxygen plasma treated clean glass substrate at 
3000 rpm for 40 s, followed by irradiation for 15 min using a 365 nm 
wavelength UV light source with the power of 6000 mW cm−2 for the 
crosslinking reactions, and annealed at 150 °C for 1 h to form the 
c-PMMA film. The surface of c-PMMA film was treated with oxygen 
plasma for 10 min, and then a NaOH solution with a concentration 
of 5 mg mL−1 in deionization water was spin coated onto the c-PMMA 
film and annealed at 100 °C for 10 min. The AgNW suspension 
(Nanjing XFNANO) with a concentration of 1 mg mL−1 in ethanol 
was spin coated twice on the NaOH layer at 600 rpm for 40 s, and 
annealed at 150 °C for 20 min. The PMMA, PDMS, PVC, or c-PVA 
solution was spin coated on the AgNW film, respectively. The PMMA 
(Sigma Aldrich) solution with a concentration of 150 mg mL−1 in 
PGMEA was spin coated at 500 rpm for 40 s and 1000 rpm for 40 s,  
followed by annealing at 150 °C for 1 h. A 10:1 mixture of PDMS 
elastomer (Sylgard 184, Dow Corning) to cross-linker was prepared and 
spin coated at 4000 rpm for 40 s, and annealed at 100 °C for 10 min. 
The PVC (Sigma Aldrich) solution with a concentration of 150 mg mL−1 
in chlorobenzene was spin coated at 500 rpm for 40 s and 1000 rpm for 
40 s, followed by annealing at 150 °C for 1 h. The PVA (Sigma Aldrich) 
and ammonium dichromate (Sigma Aldrich) as a cross-linking agent 
were mixed in deionized water (100 mg mL−1) at a mass ratio of 6:1, 
and then spin coated at 3000 rpm for 40 s, followed by a crosslinking 
process through ultraviolet exposure (wavelength of 365 nm) for 15 min 
and then annealed at 100 °C for 1 h. The films were immersed in the 
deionization water to separate the conductive films from the glass 
substrate. For the AgNW/PDMS film, a PEDOT:PSS layer was deposited 
by spin coating to increase the mechanical stability. The AgNW/PDMS 
film was transferred to the clean glass, and the neutral-pH PEDOT:PSS 
(Shanghai OE) was spin coated on the plasma treated AgNW-PDMS 
film at 1500 rpm for 40 s, then annealed at 100 °C for 30 min.

Fabrication of Capacitive Pressure Sensors: The lightweight capacitive 
pressure sensor was fabricated using the obtained ultrathin flexible 
and stretchable films. The AgNW-PMMA film was attached on 
the prestretched ultrathin PDMS film with the AgNW film facing inward, 
and then the PDMS film was released to its initial length to create the 
wrinkle structure of the AgNW-PMMA film. The AgNW-PEDOT:PSS/
PDMS film was covered on the AgNW-PMMA film with the AgNW-
PEDOT:PSS to facing inward to form the capacitive pressure sensor.

Characterization: The tensile stress of the delamination process of 
the ultrathin films was measured by a force gauge (HP-20, Handpi). 
Specular transmission (T) spectra were obtained using a UV/VIS/NIR 
spectrophotometer (UV-3100 PC, MAPADA). The sheet resistance 
(Rs) was measured using a 4-point probe system (ST-2258A, Suzhou 
JG). The surface roughness and topography were analyzed using an 
AFM (Nanonavi E-Sweep, Seiko). Capacitances of the flexible pressure 

sensors were measured by a WK6500B impedance analyzer with a 
10 kHz, 1 V amplitude AC signal. Informed consent of the participant 
(Sai Peng) involved in the sensor experiments had been obtained. 
Ethical Committee approval was not required for this study.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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