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ABSTRACT: Stretchable strain sensors with well-controlled sensitivity and
stretchability are crucial for applications ranging from large deformation
monitoring to subtle vibration detection. Here, based on single-metal material
on the elastomer and one-pot evaporation fabrication method, we realize
controlled strain sensor performance via a novel programable cracking
technology. Specifically, through elastomeric substrate surface chemistry
modification, the microcrack generation and morphology evolution of the strain
sensing layer is controlled. This process allows for fine tunability of the cracked
film morphology, resulting in strain sensing devices with a sensitivity gauge factor
of over 10 000 and stretchability up to 100%. Devices with a frequency response
up to 5.2 Hz and stability higher than 1000 cycles are reported. The reported
strain sensors, tracking both subtle and drastic mechanical deformations, are
demonstrated in healthcare devices, human−machine interaction, and smart-
home applications.
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1. INTRODUCTION

Stretchable strain sensors that enable the real-time analysis of
mechanical deformations are motivated by the emerging
demand for wearable devices and artificial intelligence.1−14

Different applications require sensors with different and well-
defined characteristics including stretchability and sensitivity.
Specifically, for applications such as hand gesture recognition,
sports monitoring, and home automation, strain sensors with
high stretchability and moderate sensitivity are highly desired
for stable and reliable signal output. On the contrary, for subtle
vibration detection, sensitive electronic skin, and weak
physiological signal monitoring, high sensitivity is essential
for the sensors to capture subtle signals.
To meet these requirements, efforts have been made to

achieve strain sensors with high stretchability or high
sensitivity. Highly stretchable sensors have been realized in
some systems, such as carbon nanotube film strain
sensors,15−17 silver nanowire-elastomer nanocomposite strain
sensors,18 fiber-shaped strain sensors,19 and capacitive-type
strain sensors,20 but their sensitivity is not high enough for
further applications in small deformation detection. Strain
sensors with high sensitivity can also be achieved by
intentionally generating channel cracks on rigid metal films
to design highly sensitive electronic skins.21−23 Such cracked
systems can only function in a strain range of less than 10%.
Microcrack-based strain sensors with improved stretchability
by replacing the metal film with composite materials have been
reported.24−26 However, most microcracked sensors structured

on composite materials sacrifice their high sensitivity at a small
strain range (<10%), which plays a critical role in capturing
abundant signals of weak activities (such as wrist pulse, throat
vibration, etc.). Therefore, the development of multifunctional
strain sensors with highly tunable stretchability and sensitivity
based on a simple material system and efficient approach is
highly desired yet not reported.
Motivated by the tradeoffs between sensitivity and

stretchability of the existing strain sensing devices, here we
present highly tunable strain sensors based on a programmed
crack evolution process. Specifically, by adjusting the surface
wettability of the elastomer underneath, which support the
gold (Au) strain sensing layer, we can generate a wide range of
cracking morphologies (from cracked domains to cut-through
cracks) within the Au layer. Tuning of cracking morphologies
in the metal layer allows for programming high stretchability
for the sensor with high-crack density of cracked domains
(over 100%) and high sensitivity for the sensor with low-crack
density of cut-through cracks (gauge factor (GF) > 10 000).
These strain sensors with well-defined sensitivity and
stretchability are fabricated by adjusting the substrate surface
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chemistry and made from a single-metal sensing material
evaporated from one pot, which greatly simplifies the
fabrication process while maintaining the sensor multi-
functionality. In addition to simple fabrication, our sensors
exhibit high tunability, good sensitivity, high stretchability,
cyclic stability, and fast dynamic response. We also
demonstrate a wide spectrum of practical applications of the
sensors, such as smart control of light-emitting diode (LED)
light intensity, hand gesture recognition, elbow bending,
bicycling monitoring, subtle physiological activity detection,
and sound vibration monitoring. The programmable cracking
technology reported here may serve as a powerful and general
strategy to design multifunctional and versatile soft electronics
systems.

2. RESULT AND DISCUSSIONS

2.1. Structural Design of Strain Sensors Based on
Programmed Au Crack Evolution. A conductive metal film
supported on an elastomer is investigated in this work. The
brittle metal film will crack when the underlying elastomer is
subjected to a tensile strain due to the different modulus
mismatch between the metal film and elastomer. The
emergence of the cracks in the metal film results in changes
in the film conductivity. First, poly(dimethylsiloxane) (PDMS)
precursor is spin-coated on a poly(ethylene naphthalate)
(PEN) carrier, followed by curing to form a thin and uniform
elastomer film (with a thickness of around 100 μm). This thin
elastomer layer with high softness provides a good conformal
factor to the human body and thus can improve the signal-to-

noise ratio (SNR) for physiological activity monitoring. Prior
to spin-coating, the PEN film is attached to a glass slide using a
Gel-Pak film for simpler handling and subsequently removed
for the metal deposition. Figure 1a is a schematic of the
fabrication process for the strain sensors. A film of 50 nm thick
Au is deposited directly on fresh PDMS (F-PDMS) or plasma-
treated PDMS (P-PDMS) using thermal evaporation. The F-
PDMS surface shows a relatively low surface energy with a
water contact angle around 97° (Figure 1b). Plasma treatment
increases the surface energy of P-PDMS as shown by the lower
water contact angle to below 5° (Figure 1e). The different
surface wettabilities of PDMS indicated by contrasting water
contact angles can affect the subsequent growth of the Au film.
The differences in the metal films can be seen easily from the
contrasting colors of the Au film-coated F-PDMS (Figure 1c)
and Au film-coated P-PDMS (Figure 1f). Compared with Au-
coated F-PDMS, which has a dark-brown color, the Au-coated
P-PDMS surface shows a more shiny and metallic color. These
visible color differences result from the variation in the particle
size of the Au film on the PDMS as a result of the different
surface chemistries. Upon the stretching of the F-PDMS
underneath, the Au film on F-PDMS breaks into plenty of
isolated microcracked domains (Figure 1d). In comparison,
the metal film on P-PDMS fractures into cut-through cracks
with a lower crack density when subjected to the same tensile
strain (Figure 1g). The crack morphology evolution in the
metal film deposited on PDMS with tunable surface energy
allows the corresponding sensors to achieve specific sensitivity
and stretchability. In this study, sensitivity is defined as gauge

Figure 1. Fabrication process and characterization of strain sensors based on programmed Au crack evolution. (a) Schematic for the fabrication
process of strain sensors. (b) Water contact angle image of fresh PDMS (F-PDMS). (c) Photo of the Au film deposited on F-PDMS. (d)
Microscope image of Au cracked domains on F-PDMS under a tensile strain of 100%. (e) Water contact angle image of plasma-treated PDMS (P-
PDMS) under 50 W for 120 S. (f) Photo of the Au film on P-PDMS. (g) Microscope image of Au cut-through cracks on P-PDMS under a tensile
strain of 5%. (h) Relative resistance changes of strain sensors structured on Au/F-PDMS and Au/P-PDMS with respect to the applied strain up to
120%. The white arrows in (d) and (g) show the direction of the applied strain.
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factor (GF) = ΔR/(R0ε), where ΔR is the change in electrical
resistance, R0 is the initial electrical resistance, and ε is the
tensile strain; stretchability (εlimit) is defined as the value of
tensile strain at which the crack sensors lose their conductivity.
The strain sensor with Au-coated F-PDMS can realize
stretchability over 100%. The sensitivity for the sensor can
be greatly enhanced (GF increases from 30 to over 10 000)
with the improved wettability of the P-PDMS surface (Figure
1h). Materials, fabrication techniques, working range, and
gauge factor of microcrack-based sensors reported in the
literature and in this paper are summarized in Table S1. The
sensors in this work are made from single-metal material on
the elastomer and fabricated by one-pot evaporation, could
function in strain range of up to 100%, and realize gauge factor
over 1000.
2.2. SEM and UV−vis Spectra Characterization of

Strain Sensors. Two typical types of strain sensors are further
characterized by scanning electron microscope (SEM). From
the SEM images at different magnifications in Figure 2a−c, the
Au film on unstretched F-PDMS already has visible cracked
domains before the stretching. On the other hand, the metal
film on unstretched P-PDMS displays a more uniform,
compact, and smoother surface (Figure 2d−f). This can be
understood through the capillary theory of heterogeneous
nucleation, which relates the substrate’s surface energy with
film growth modes.27,28 In this work, plasma exposure creates
dangling bonds at the surface of the P-PDMS, providing
activation energy for enhanced bonding between the metal film
and the substrate. This favors a layer growth mode, and as a
result, the deposited metal film on P-PDMS will exhibit a
smoother film compared to that of the F-PDMS, which prefers

an island growth mode and exhibits intrinsic cracks. When the
F-PDMS substrate is subject to a tensile strain, the metal film
with intrinsic cracked domains will continue to fracture into
isolated cracked domains. Cracked domains in the Au film on
F-PDMS are observed at a tensile strain of 10% (Figure 2g). As
a comparison, Figure 2h shows the distinguishing cut-through
cracks in the Au film supported on P-PDMS when subjected to
the same strain. We deposited 12 nm Au on F-PDMS and P-
PDMS and characterized transmittance using UV−vis spectra.
The transmittance peak of the Au film on the P-PDMS with
higher hydrophily exhibits a red shift and the Au film is more
transparent compared to that on F-PDMS with lower
hydrophily (Figure 2i). Red shift in the Au film on P-PDMS
is consistent with larger grain size in the Au film compared to
that on F-PDMS, which could also be clearly verified from
magnified SEM images in Figure 2c,f. The surface energy of
PDMS depicted as water contact angle (θc) could be further
finely controlled by adjusting the time of oxygen plasma
treatment (Tp) (Figure S1), which allows metal film
morphologies with more variability on PDMS. SEM images
and UV−vis spectra of Au films on P-PDMS with multiple θc
(97, 85, 75, 52°) in Figure S2 show the high tunability of the
technique. The schematic for metal film growth mode (i.e.,
island growth, layer growth, and combination growth) explains
the mechanism for the formation of different metal film
formation on PDMS with varied θc (Figure S2). The crack
density has a notable effect on sensor performances including
the stretchabilities and sensitivities. The crack morphologies of
Au films on PDMS with different θc (97, 85, 80, 52°) under a
tensile strain of 5% are investigated (Figure S3) and the crack
density in the Au film on PDMS with various θc are counted in

Figure 2. Characterization of strain sensors. (a−c) SEM images of the Au film on unstretched F-PDMS at various magnifications. (d−f) SEM
images of the Au film on unstretched P-PDMS at various magnifications. (g) SEM image of the Au film on F-PDMS at a tensile strain of 10%. (h)
SEM image of the Au film on P-PDMS at a tensile strain of 10%. (i) UV−vis spectra of the unstretched Au film on F-PDMS and P-PDMS.
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Figure S4. The cracking mechanism for different Au structures
on PDMS with varied θc is displayed in Figure S5. We
observed that in more compact Au film, deposited on P-
PDMS, a traversing crack is formed under applied strain after
breaking at the neck. However, for the Au film on F-PDMS
with intrinsic cracked domains, the tensile force will
redistribute and cannot propagate in a cut-through direction
when it meets the boundaries of cracked domains. In other
words, the tensile stress is concentrated on the intrinsic
cracked domains in the unstretched Au film on F-PDMS and
results in the further evolution of the original cracked domains.
The present mechanism for cracked-domain evolution in the
Au film with intrinsic cracks is consistent with the published
results for stretchable Au films and Au nanoparticle thin
film.29,30 This technique uses plasma treatment to tune the
surface energy of PDMS, which subsequently affects the
growth mode, intrinsic cracked domains, and particle size of
the Au film. This results in Au films with distinctive microcrack
morphologies and performances under strain. This mechanism
in this work is different from the microcracked sensors
structured on carbon composite/PDMS tuned by plasma
treatment,24,25 where the sensors need to be prestretched to a

critical straining (100%) and microcracks were generated
through stress transfer from exposed polymer substrates to the
composite thin films. Our tuning results are analogous to
adjusting the interaction force between the sensing metal and
the elastomer by introducing another metal film as an adhesive
layer prior to the deposition of a sensing metal film.22

However, in our technique, only one vacuum-deposited
material is required, which enables multifunctional devices
from one deposition process. Such one-step deposition greatly
simplifies the fabrication process and realizes energy savings.
The crack morphology evolutions are also investigated for
multiple sensors under increasing tensile strain (Figures S6 and
S7). Different materials and growth techniques are also
investigated in the work. Unlike the Au film, aluminum (Al)
film did not show differences with/without plasma treatment
and the devices structured on the Al film lost their conductivity
when subjected to a small strain <10%. Platinum (Pt) film was
reported to have cut-through cracks on fresh poly(urethane
acrylate) (PUA), which is also different from the Au film.21

Dissimilar to the Au film deposited by thermal evaporation in
our work, the Au film on F-PDMS grown by electron beam
evaporation was reported to have cut-through cracks.22

Figure 3. Sensor performance of tunable strain sensors. (a) Relative resistance changes of strain sensors tuned by different water contact angles of
PDMS versus the applied strain up to 120% (the left graph) and 4% (the right graph). (b) Corresponding gauge factors of strain sensors versus the
applied strain up to 120% (the left graph) and 10% (the right graph). (c, d) Schematic showing the mechanism for resistance changes of sensors
with Au cracked domains and Au cut-through cracks. (e−g) Performance of the sensor with cracked domains, constructed by the Au film on F-
PDMS with 97° water contact angle. (e) Frequency test under the tensile strain from 0 to 5%. (f) Reversible loading−unloading behavior for
various strains, from 2 to 40%. (g) Loading−unloading performance during a cyclic test for 1000 cycles under an applied strain of 50% at a
frequency of 0.2 Hz. (h−j) Performance of the sensor with cut-through cracks, structured by Au films on PDMS with 75° water contact angle. (h)
Frequency test under the tensile strain from 0 to 1.5%. (i) Reversible loading−unloading behavior for various strains, from 0.5 to 1.5%. (j)
Loading−unloading performance of the strain sensor during a cyclic test for 1000 cycles under an applied strain of 1% at a frequency of 1 Hz.
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2.3. Sensor Performance Characterization of Tunable
Strain Sensors. We further show that the strain sensing
performance can be programmed by modulating the surface
energy of the PDMS substrate. We investigate how sensitivity
and stretchability limit (εlimit) would be affected by the water
contact angle (θc) of PDMS. As displayed in Figure 3a, the
stretchability of the sensor is reduced with respect to increased
surface energy (i.e., decreased θc) of PDMS. The results show
that εlimit changes from over 120% at θc = 97°, to around 27%
at θc = 85°, 4.5% at θc = 80°, 1.5% at θc = 75°, 0.6% at θc = 52°
or lower. Sensor sensitivity is greatly improved with a higher
surface energy of PDMS, shown in Figure 3b. The developed
strain sensors achieve GFs over 30 (120% > ε > 27%), 60
(27% > ε > 4.5%), 200 (4.5% > ε > 1.5%), 600 (1.5% > ε >
0.3%), and 100 (0.3% > ε). The highest achieved GFs for our
sensor were over 10 000. The precise and wide-range tunability
of GFs from 30 to over 10 000 in the strain range from 0 to
120% is in contrast with previous reported cracked systems,
which allow a high sensitivity range (GF > 2000) but only with
a limited stretchability (εlimit < 5%).21,22 The initial resistance
of Au films on PDMS with varied θc is shown in Figure S8. The
statistical information for the sensors’ performances is
summarized in Figure S9 to show the uniformity and accuracy
of this method. To show the effects of the surface energy of
PDMS on the sensor performances clearly, maximum
stretchabilities and sensitivities of the sensors with respect to
the water contact angles of PDMS are summarized in Figure

S10. A schematic illustration is used to show the mechanism
for the resistance change of crack sensors upon stretching
(Figure 3c). As previously discussed, the metal film supported
on the F-PDMS with a low surface energy will break into many
isolated cracked domains upon stretching, and thus the metal
film could be equivalent to small resistors connected in parallel
and in series (Figure 3c). Some of the resistors will gradually
lose the connections at increasing strain, eliminating electrical
pathways for electrons. However, many of the connections
remain intact (i.e., the metal film is still conductive at a
comparably large strain). The metal film on the P-PDMS is
dominated by cut-through cracks with a low density at the
applied strain and can be regarded as being composed of
resistors connected in series (Figure 3d). The resistors will
disconnect easily and, as a result, the metal film will quickly
lose conductivity at a small strain, i.e., such strain sensors have
a smaller stretchability compared to the sensors based on the
metal film on F-PDMS.
The performance of well-defined strain sensors based on

cracked domains and cut-through cracks is thoroughly
characterized (Figure 3e−j). The strain sensing devices with
cracked domains are tested at frequencies of 0.2−1.4 Hz at the
applied strain of 5%, and sensors with cut-through cracks are
measured at 0.7−5.2 Hz at the applied strain of 1.5%. Both
kinds of sensors show an accurate response independent of the
test frequency, as displayed in Figure 3e,h separately.
Reversible loading−unloading behaviors for various strains

Figure 4. Application demonstrations of stretchable strain sensors with cracked domains. (a) LED light intensity is controlled by the strain sensor.
An LED is connected in series with the strain sensor under 2.6 V source voltage. (b) Recognition of hand gestures. (c) Signals from the elbow
bending at a certain angle. (d) Bicycling at different frequencies.
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are investigated and shown in Figure 3f,i. The strain ranges
applied are from 2 to 40% for the strain sensors with cracked
domains and 0.5−1.5% for the sensitive sensors with cut-
through cracks, demonstrating high tunability of this
technique. The sensor fabricated with Au films deposited on
plasma-treated PDMS for a different exposure time (15 s) is
tested at frequencies varying from 0.35−2.8 Hz and under
strains of 1−10% (Figure S11). The device response is
independent of frequency, and repeatability is demonstrated
across different applied strains. Cyclic stability of strain sensors
is the primary concern for reliable long-term use in practical
applications. A strain of 50% is repeatedly applied to the
cracked-domain sensor, and a strain of 1% is employed to the
cut-through crack sensor for 1000 cycles. The relative
resistance changes are recorded in Figure 3g,j, respectively.
The small images in Figure 3g,j show magnified signals for the
beginning and end of the cycling test. The devices show good
stability for 1000 cycles with slightly increased resistance,
which is very common in the reported results.22,29 The slight
increase in resistance results from the interfacial rearrangement
between the Au thin film and the PDMS substrate. Both kinds
of sensors are also investigated for stability at more cycles
(5000 cycles for cracked-domain sensor and 3000 cycles for

the cut-through cracked sensor), which are shown in Figures
S12 and S13.

2.4. Application Demonstrations of Stretchable
Strain Sensors with Cracked Domains. Because of their
high tunability, sensitivity, stretchability, good reliability, fast
response, and facile fabrication, programmed strain sensors can
be applied for a wide range of potential applications including
human−machine interaction and wearable devices. To
demonstrate the capabilities of sensors for monitoring large
deformations, several applications using stretchable sensors
with cracked domains are explored as follows. First, a
stretchable sensor with cracked domains is connected in series
to a light-emitting diode (LED). Powered with a source
voltage of 2.6 V, the sensor is able to adjust light intensity of
the LED with varying applied strains, demonstrating its
potential application in smart-home design. Initially, the strain
sensor exhibits a resistance of only tens of ohms and works as a
conducting wire when the LED is lit. As shown in Figure 4a,
the light intensity of LED is gradually attenuated with the
resistance upswing of the sensor upon an increasing strain.
Once exceeding a maximum stretchability limit, the sensor
switches to the OFF state that leads to the extinguishing of the
LED.

Figure 5. Applications of strain sensors with cut-through cracks for detecting subtle human physiological activities and sound vibrations. (a−f)
Detection of the wrist pulse signal from a male subject (a−c) and a female subject (d−f). (g−i) Cracked-domain strain sensor attached to a
loudspeaker diaphragm for sound recognition. (g) Image of a strain sensor attached to a loudspeaker. (h) Different tones of piano played from the
loudspeaker produce various wave functions, which were collected using the cracked-domain sensor. The multiple measurements show the good
repeatability of the sensor. (i) Measurement for sound waves of music playing.
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Another implemented example is mounting stretchable
sensors on different joints on the body, such as a finger,
elbow, or knee, to detect large body motions. Because the
sensor has good stretchability and can conform tightly and
comfortably to skin, kinesiology tape is a good candidate to
support the stretchable sensor in a wearable stretchable strain
sensing application. As shown in Figure 4b, five stretchable
sensors are attached to the fingers of a hand and can monitor
their response to different hand gestures. The hand gestures
(five poses shown) can be tracked and recognized well by
monitoring the relative resistance changes. To detect arm
bending, we mount the strain sensor on the elbow joint
(Figure 4c). The relative resistance change is uniform and
repeatable when the elbow is bent at a certain angle, and the
angles of the arm bending could be precisely determined in this
manner. The strain sensor is further mounted on the knee to
monitor the relative resistance change when bicycling at
different frequencies (Figure 4d). Distinct waveforms for slow
bicycling and fast bicycling can be observed, indicating high
sensitivity and quick response of the sensor.
2.5. Applications of Sensitive Strain Sensors with

Cut-Through Cracks. Strain sensors are further demon-
strated for monitoring weak strains, such as sensitive electronic
skin applications and sound vibrations. First, the sensitive
sensor with cut-through cracks is attached to the radial artery
on the wrist (Figure 5a) to detect pulse signals in situ and
monitor important physiological signals including systolic and
diastolic blood pressure as well as heart rate. The sensor shows
repeatable and regular pulse shapes during relaxation with a
frequency of 70 beats/min (Figure 5b). As presented in Figure
5c, the close-up of a single pulse peak clearly reveals typical
characteristics of the pulse waveform for a 30-year-old male,
the percussion wave (P-wave), tidal wave (T-wave), and
diastolic wave (D-wave),31,32 demonstrating the high sensi-
tivity of the sensor. Because females normally have weaker
physiological signals that are more elusive than male signals,
the sensor is also mounted on a female subject to show its
feasibility for use on multiple individuals (Figure 5d). It shows
a clear and repeatable pulse with a frequency of 90 beats/min
during relaxation in Figure 5e and the magnified cycle in
Figure 5f.
Sensitive crack sensors are also able to detect sound

vibrations, which are challenging to sense precisely due to
the high frequency and minute oscillation amplitude. To
demonstrate its feasibility as a sound detector, a cut-through
crack sensor is attached to the surface of the diaphragm of a
loudspeaker (Figure 5g). The resistance change is continuously
recorded as different musical tones from 220 to 523 Hz are
played (Figure 5h), showing the sensor could clearly recognize
each note with a well-distinguished and reproducible wave-
form. Time-dependent resistance variations are also measured
when the music of “Smooth Criminal” is played in Figure 5i.
The reliable recording of waveforms of subtle vibrations at
various frequencies demonstrates the high sensitivity and fast
dynamic response of our sensors.

3. CONCLUSIONS
In summary, a novel strategy of crack programming through
facile design to tune the sensitivity and stretchability of cracked
strain sensors is proposed. The growth and cracking
mechanism of the metal film on elastomer can be programmed
by tuning the surface chemistry of the PDMS substrate,
allowing for wide control over sensitivity and stretchability for

strain sensors. The cracked domain and cut-through crack
sensors can serve as a feasible solution for monitoring a wide
range of deformations, from large deformations including
smart control of LEDs, hand gesture recognition, elbow
bending, and bicycling monitoring, to weak deformation
signals including pulse monitoring and sound vibrations. The
strain sensors demonstrated in this work are fabricated with
simple methods, have high sensitivities, a wide range of
stretchabilities, fast response, and good reliability. These
qualities open up new avenues for regulating the sensitivity
and stretchability of future sensing devices and systems.

4. EXPERIMENTAL SECTION
4.1. Fabrication of Strain Sensor. One hundred twenty-five

micrometer-thick polyethylene naphthalate (PEN) film (Q65HA,
Teijin-DuPont) was attached to a glass slide using Gel-Pak and
employed as the carrier for holding the PDMS film. PDMS precursor
(Dow Corning Sylgard 184; by the weight ratio 10:1 of base and
cross-linker) was mixed, stirred, and degassed completely. PDMS
precursor was subsequently spin-coated on the PEN substrate at 500
r/min for 1 min with an acceleration of 200 r/min, and finally cured at
90 °C for 20 min. The PDMS film on the PEN substrate was detached
from the Gel-Pak and cleaned by Scotch Magic Tape before transfer
into the chamber for plasma treatment at 50 W for a specific time.
The fresh or plasma-treated PDMS film was transported into the
evaporation chamber for 50 nm thick Au deposition. Strain sensors
were then laser-cut into dumbbell-shaped structures to maintain
stable signals for characterization and measurements.

4.2. Characterization and Measurements. The sensor
assembly and characterization setup are shown in Figure S14. GaIn
alloy was used to maintain a stable conductivity at a large strain as it is
good as connector for measurements in this setup. The electrical
resistance signal of the sensor was measured by a custom setup based
on a Vernier caliper and a multimeter. Frequency response and cyclic
test were carried out by a custom-made setup on a computer-
controlled movable stage and Keithley 2400 Source Meter or Agilent
Semiconductor Device Analyzer (B1500A). Microscope images were
collected by an optical microscope (Eclipse 50i, Nikon). Scanning
electron microscope images were taken on a Zeiss Gemini SEM. UV−
vis transmittance spectrum was measured by UV-2600. Human
physiological signal monitoring was carried out with informed consent
under the approval of the University of California, Berkeley
Institutional Review Board, protocol ID number 2020-07-13450.
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