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ABSTRACT: The development of triboelectric nanogenerators
(TENGsS) technology has advanced in recent years. However, TENG
performance is affected by the screened-ot.lt surface Fharge density owing Silicone APTES-Silicone
to the abundant free electrons and physical adhesion at the electrode- Elast

: 1 : Elastomer APTES C'astomer
tribomaterial interface. Furthermore, the demand for flexible and soft A = AR
electrodes is higher than that for stiff electrodes for patchable '

nanogenerators. This study introduces a chemically cross-linked (XL) E

Nanogenerators

2

graphene-based electrode with a silicone elastomer using hydrolyzed 3- cé? LbL As:fmbly
aminopropylenetriethoxysilanes. The conductive graphene-based multi- “N*
layered electrode was successfully assembled on a modified silicone PVA
elastomer using a cheap and eco-friendly layer-by-layer assembly
method. As a proof-of-concept, the droplet-driven TENG with the
chemically XL electrode of silicone elastomer exhibited an output power
of approximately 2-fold improvement owing to its higher surface charge density than without XL. This chemically XL electrode of
silicone elastomer film demonstrated remarkable stability and resistance to repeated mechanical deformations like bending and
stretching. Moreover, due to the chemical XL effects, it was used as a strain sensor to detect subtle motions and exhibited high
sensitivity. Thus, this cheap, convenient, and sustainable design approach can provide a platform for future multifunctional wearable
electronic devices.

B INTRODUCTION elastomeric films can withstand repeated mechanical deforma-
tions such as bending, twisting, and stretching.”~>’

This study introduces chemically cross-linked (XL) electro-
des with silicone elastomer films (polydimethylsiloxane
(PDMS) and dragon skin (DS)) to preserve the surface
charge density and improve the TENG and sensitivity
performances. We considered silicone elastomeric films
because of their high flexibility, softness, optical transparency,
biocompatibility, and ease of fabrication.””** However, the
hydrophobicity and the low surface energy of silicone
elastomers made it difficult to interact with other species.
Various methods, such as chemical and energy manipulation,

) . L . have been developed to manipulate the surface energy of
cost of tribomaterial (TM) fabrications and sustainable power 1 D28 P . &y
1215 . . 16,17 silicone elastomers. Here, we presented a quick and easy
sources. Furthermore, as stated in previous reports,

) ) method for surface modification by one-time dipping in a
several approaches have been tried to improve the performance hydrolyzed 3-aminopropylenetriethoxysilanes (APTES) solu-
of TENGs. However, the surface charge density screened out Yoy Propy Xy

still needs to be solved, caused by factors such as an abundance tion at room temperature. The chemical interaction between
of free interfacial electrons'®'®"” and physical adhesion at the
electrode—TM interface. Particularly, the latter still needs to be
taken into account. As a result, the electrical stability and
conductivity of electrodes adhering to TMs was impaired,
affecting TENG performances. In addition, attachable wearable
electronic devices require the substitution of stiff electrodes
with soft and stretchable elastomeric electrodes because

Technology is considerably improving the quality of our lives
through portable and wearable technological gadgets.' In this
regard, triboelectric nanogenerators (TENGs) have sparked
much attention as new mechanical energy scavenger that
generates electricity.”” TENGs have been successfully shown
in various applications with advantages such as high electrical
output power, high material selection, lightweight, and great
adaptability to varied applications.*~’

Despite the success of using a variety of coating processes to
create TENG devices,® ™" challenges still need to be solved
before these approaches can be commercialized, including the
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Figure 1. Schematic illustration of chemically cross-linked conductive silicone elastomer film fabrication.
S — 4.7 2.6
(@) e (b) PDMS® 1o pm vm vm
» 5
S~
. R3:0.295 ym 0.0 ym 0.0 ym
(d)A Cite ——PDMS ——DS
nlsr ;‘ DS
80 -0
e e © 2
o S 60 o €= >300%
O1o} = =0
= £ 40 ~
g§] ¢ 2
= s 20 ©0.02}
O, .| = — PDMS — DS =
»n 0.5 L =
a 300 400 500 600 700 800 ]
< Wavenumber (nm) 0.01
.
00F
: i . . . \ 0.00 . : : .
300 400 500 600 700 800 0 200 400 600 800
Wavenumber (nm) Strain (%)

Figure 2. (a) Optical microscopic images of PDMS and DS films, (b) 2D AFM surface morphologies of PDMS and DS films, (c) water contact
angles of PDMS and DS films at room temperature, (d) UV—vis light absorbance spectra of PDMS and DS films (the inset is the UV—vis light
transmittance spectra of PDMS and DS films), and (e) stress—strain curves of PDMS and DS films determined through the tensile test (inset:

tensile DS sample with a strain value of 300%).

silicone elastomer substrates and hydrolyzed APTES solution
containing amine-functional groups was confirmed using
attenuated total reflectance Fourier-transform infrared spec-
troscopy (ATR/FT-IR) and fluorescent labeling.

The conductive graphene-based multilayer electrode was
assembled on a modified silicone elastomer surface using
electrostatic interactions. Self-assembled electrodes were
fabricated based on poly(vinyl alcohol) (PVA), graphene
nanoplatelets (GNP), and polystyrene sulfonic acid (PSS;
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denoted as GL = [PVA/GNP-PSS],). To clarify, the newly
protonated amine groups in the APTES-modified silicone
elastomeric film chemically interacted with the first monolayer
of the negatively charged PVA moieties. Then, it was followed
by LbL self-assembly to form the GNP-PSS coating via H-
bonding.””~** The three BL GL electrode was selected and
coated owing to its thickness of ~30 nm and TENG output of
~4 puA and ~100 V.*!
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Figure 3. (a) ATR/FT-IR spectra of pristine PDMS and DS, (b) ATR/FT-IR spectra of PDMS and DS films functionalized with APTES, (c) top
view of fluorescence labeling of pristine PDMS and DS films, and (d) top view of fluorescence labeling of PDMS and DS films functionalized with

APTES (inset: cross sections of functionalized PDMS and DS films).

Water droplet-based TENG (W-TENG) was used to assess
the performance of silicone elastomer films with and without
chemical XL electrodes. Due to higher surface charge density,
the chemically XL silicone elastomer films exhibited higher W-
TENG performances than the uncross-linked silicone
elastomer films. This result confirmed the screened-out surface
charge density for physically attached TM, but chemically XL
TMs with electrodes maintained the surface charge density.
Furthermore, a strain sensor of the silicone elastomer films
with and without chemical XL electrodes was employed by
measuring their resistance change (AR/R,) under cyclic
stretching and releasing. As a result, the chemical XL electrode
silicone elastomers displayed less change in relative resistance
to the applied strain than the uncross-linked films. Moreover,
the conductive XL-PDMS film demonstrated a significant
output performance against repeated mechanical deformations
such as twisting, bending, and tapping. Therefore, we
presented straightforward, reproducible, and high-performance
chemically XL TMs with electrodes as a platform for future
wearable electronics.

B RESULTS AND DISCUSSION

Preparation and Characterization of Silicone Elas-
tomer Films. Due to its excellent flexibility, softness, optical
transparency, and biocompatibility, silicone elastomer film is a
promising material for wearable electronics.””** PDMS and DS
films were prepared using a straightforward casting procedure,
as illustrated in Figure 1. After successfully modifying a silicone
elastomer substrate with hydrolyzed APTES solution contain-
ing amine-functional groups, it chemically interacted with the
first monolayer of the negatively charged PVA moieties. Then,
an ultrathin 3 BL [PVA/GNP-PSS], electrode film was
fabricated via LbL self-assembly (Figure 1).*77*

The peeling tape test was performed to assess the
mechanical robustness of the conductive XL-silicone elastomer
surface. According to the scheme illustrated in Figure S1a, the
conductive XL-PDMS surface was considered for the tape
peeling test with cyclic adhesion and detachment operations by
the tape. A weight of 450 g was applied to the tape to provide
tight adhesion between the coated surface and the strong tape
(see the photograph of the tape peeling test in Figure S1b).
First, the tape was attached to the conductive XL-PDMS
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surface, and 450 g of weight was rolled on the sturdy tape while
it oscillated. Next, the strong tape was removed from the
conductive XL-PDMS surface. This adhesion and peeling
process was conducted for 100 cycles. After 100 cycles, a tiny
quantity of coated constituents peeled off. So, we performed a
single-electrode TENG test to ensure the film withstands its
performance by tapping with fingertips. A total of 38 green
LEDs were successfully lit up (Figure Slc and Supporting
Information Video S1) and exhibited a slight decrease in
output voltage (<5%) compared with before the peeling test
(Figure 1Sd). This result demonstrated good mechanical
stability of the chemically XL electrode silicone elastomer
layer.

The surface morphologies of silicone elastomers, PDMS,
and DS families were observed using optical microscopy, as
shown in Figure 2a. The PDMS film shows a rougher surface
than the DS film, whereas the surface of the DS film was
smoother and denser. Similarly, the 2D atomic force
microscope (AFM) images show the same surface features
(Figure 2b). In addition, the average surface roughness values
of DS and PDMS films were 0.097 and 0.295 um, respectively,
supporting that the DS coating was relatively smooth, as
observed from surface imaging.

The hydrophobicity of each silicone elastomer film was
observed by measuring the contact angle under 30% humidity
and using a 5 uL droplet of DI water at 27.5 °C for each
sample. As shown in Figure 2¢, the water contact angles of
PDMS and DS were 113.1° and 109.7°, respectively. The
PDMS film demonstrated a more hydrophobic surface than the
DS film due to its roughness.w’33 Furthermore, UV—vis light
spectral analysis of silicone elastomer films exhibited that the
PDMS film was more transparent than the DS film (Figure
2d). Additionally, to demonstrate the silicone elastomer film’s
stretching and deforming ability, the tensile stress—strain
relationship of the film was conducted using the ASTM D412
Type C standard test, as shown in Figure 2e. As the inset
demonstrates during elongation, DS film exhibited a higher
elongation at break than PDMS film, but the PDMS film
exhibited greater strength than the DS film. However, both
qualities are important for TENG performance and various
applications.”>*°
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Figure 4. (a) Schematic illustration of charge preserving mechanism of silicone elastomer films with and without chemically cross-linking electrode,
(b) TENG power generation mechanism of the water droplet mode (i—iv), and (c,d) output voltage and current of W-TENGs with and without

chemical cross-linking of conductive PDMS and DS films.

ATR/FT-IR spectra of PDMS and DS were performed with
and without APTES in order to verify the APTES
modifications. All characteristic peaks associated with silicone
elastomeric films were observed (Figure 3a and b). The
common signals appeared at 785 cm™" (Si-CHj;), 1079—1007
cm™! (Si—0-Si), 1259—785 cm™ (Si—CHj), and 2962 cm™!
(CH;). However, the modified silicone elastomer film
exhibited two characteristic peaks attributed to APTES
observed at 1629 cm™' (N—H bending) and 3375 cm™
(N—H stretching). Accordingly, it is assumed that the
hydrolyzed APTES molecules chemically interacted with the
silicone elastomer surface before undergoing a condensation
reaction to generate the grafted elastomer surface.””**~>"

The modified silicone elastomer surface was subjected to an
APTES interaction to fluorescence labeling using rhodamine B.
The fluorescence of functionalized surfaces is highly effective
and helpful for detecting surface APTES.”**’ As shown in
Figure 3c and d, the modified silicone elastomer strips
surpassed the intensity of the pristine silicone strips more
than twice, showing a significant concentration of APTES on
the modified silicone elastomer surface, evidence of a well-
functionalized surface. Additionally, the cross-sectional views
show the presence of APTES-treated silicone elastomer
surfaces (Figure 3d). Moreover, the UV—vis absorbance
spectra of functionalized PDMS and DS films also show an
increase in absorbance spectra owing to the presence of
APTES (Figure S2a). As a result, these surface alterations
facilitated a simple fabrication method by lowering surface
degradation and reversion, impeding charge coupling, and
enabling simple attachment of ultrathin films to the modified
surface.

Performance Analysis of Silicone Elastomer Films.
The surface charge density produced on the TM surface
dominates the output power of TENGs. However, the surface
charge density was screened out by factors such as the
abundance of free interfacial electrons and physical adhesion at
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the electrode—TM contact.'®'®'? Thus, as shown in Figure
4a,i, these screening issues can be avoided by employing
chemical XL electrodes with TMs. Thus, we propose that the
surface charge density of TENGs with chemically XL
electrodes with silicone elastomer films can be preserved and
increase the output power (Figure 4a)i), which can also
completely replace stiff electrodes.”’~>**

To demonstrate our concept, a W-TENG device was
employed to assess the performance of physical and chemical
XL electrode silicone elastomer films.*' As shown in Figure 4b,
water droplets continuously fall on the silicone elastomer
surfaces. The contact electrification between the water droplet
and the silicone elastomer surface created negative charges and
opposite charges on the bottom electrode (Figure 4b,i). First,
the induced charges were distributed to the bottom electrode
as the water droplet settled on the surface before spreading
over it. The droplet then came into contact with the top
electrode (Figure 4b,ii). Then, electrons flowed from the top
electrode to the bottom electrode until the potential difference
was balanced (Figure 4,iii). Once the droplet reached the
maximum limit, it contracted and got away from the film. As
the water droplet contracted, its spreading area shrank, so
opposite charges were induced on the bottom electrode to
balance the negative charges on the silicone elastomer surface,
resulting in opposite peak signals (Figure 4,iv). Steps i—iv were
repeated to generate the AC output power of the W-TENG
device. Based on this mechanism, the electrical output
performance of silicone elastomer films with and without a
chemical XL electrode was conducted under fixed working
conditions (i.e.,, a flow rate of 26 mL/min with tubing cross-
section of L/S 16 and contact area of 2 X 3 cm?).

As shown in Figure 4c and d, the chemically XL electrode
silicone elastomer films exhibited higher W-TENG perform-
ances in terms of voltage and current than the uncross-linked
silicone elastomer films. This increase in output power
occurred due to the enhanced surface charge density of
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Figure 5. (a,b) The strain sensor shows relative resistance changes during cyclic stretching and releasing with and without cross-linking of PDMS
and DS films with the electrode, respectively, and (c,d) relative resistance change and gage factor calculated from the equation of ke = AR/R, for
conductive cross-linked DS films under different strains of 15%, 20%, and 25%, respectively.
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Figure 6. (a) Charging capacitors with and without chemical cross-linking of PDMS and DS films with the electrode and (b) photographs and
output voltages of the conductive cross-linked PDMS-based TENG under twisting, bending, and tapping.

chemically XL electrode silicone elastomers. In contrast, the
physical adhesion condition created the gap between the TM
and electrode interface, yielding surface charge density
screened out and lowered results. In addition, the PDMS
films showed higher TENG output power than DS films, owing
to their surface morphology features such as a higher
roughness and contact angle (Figure 2).7

Subsequently, the strain sensor performance, AR/R,, with
and without chemical XL conductive silicone elastomer films
was measured during cyclic stretching and releasing of the
index finger. Figure Sa and b show that films without XL
display larger AR/R, values than those with chemical XL. The
PDMS and DS films coated without chemical XL demon-
strated an exponential increase in AR/R, due to the gap length
created by physical adhesion. Furthermore, because of the
lower sheet resistance and higher conductivity (Figure S2b),
the conductive XL-PDMS film exhibited a smaller change in
AR/R, than the XL-DS film. Nevertheless, owing to its more
significant elongation at break, the conductive XL-DS film was
selected for further analysis and attached to various body parts
(Figure 2d), exhibiting the improved capacity to withstand the
high strain.? As a result, significant signal changes were
observed under cyclic stimuli of stretching and releasing,
except a considerable strain was applied in the film attached to
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the knee and obtained a relatively higher AR/R value (Figure
S3 and Supporting Information Video $2).*

Furthermore, the effect of varying strains of 15%, 20%, and
25% was evaluated for conductive DS films (Figure Sc). As a
result of the strain applied, cracks appeared on the graphene
layer, as illustrated in Figure S4. The electrical resistance
increased due to the fracture, indicating a partial breakdown of
the electrical channels on the graphene layer.*”** Figure S4
showed that the size of the crack grew with the increasing
strain, leading to a larger AR/R, at higher strain (Figure 4c).
Likewise, the sensitivity of the sensors was compared using the
gauge factor, k, calculated from the equation of ke = AR/R,,
where &, AR, and R, represent the applied strain, resistance
change with strain, and initial resistance without strain,
respectively.”” At a lower strain of 15%, the DS film showed
lower sensitivity (k = 20), but at a strain of 25%, it showed
higher sensitivity (k = 39; Figure 5d). Inspired by this result,
we demonstrated this ultrathin conductive XL-DS film as a
mechanically responsive strain sensor of a topographic scanner.
As a topographic scanner, the XL-DS film was used to detect
the cylinders, as shown in a photographic image (Figure SS).
As a cylinder passed through the model scanner, the film was
bent and warped, resulting in a band of AR/R, signals (Figure
SSa). As more cylinders passed, the AR/R, signal band and

https://doi.org/10.1021/acsomega.3c00008
ACS Omega 2023, 8, 7135-7142


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00008/suppl_file/ao3c00008_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00008?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

bending angle also widened (Figure SSb and SSc, and
Supporting Information Video S3). Therefore, the chemically
XL conductive silicone elastomer films can be used as a flexible
wearable strain sensor to detect delicate motions.

To further provide the performance variation between
conductive silicone elastomer films with and without chemical
XL, we charged a 10 uF capacitor using a single-electrode
mode TENG after rectification. The test results exhibited that
the charging amount steadily increased initially, then the
increasing rate gradually decreased and finally stabilized. As
shown in Figure 6a, the chemically XL electrode silicone
elastomer film exhibited a higher charging capacity than
without chemically XL films. This result demonstrated that the
chemically XI. TM with the GL electrode helps to maintain the
charge density, thereby increasing the efficiency of the
nanogenerator.

Finally, we used chemically XL electrode PDMS film to
assess TENG performances under various forms of deforma-
tion, and Al film (80-um-thick) was used as a counter TM.
Energy harvesting occurred under repeated contact and
separation, as shown in Figure 6b, which exhibited 12, 18,
and 102 V for twisting, bending, and tapping, respectively.
Thus, the chemically XL electrode silicone elastomer film
could withstand high strain under repeated contact and
separation, which allowed for stable power generation even
when the device was highly deformed.

B CONCLUSIONS

In summary, the graphene-based electrode with silicone
elastomer films was successfully XL by a hydrolyzed APTES
solution. The graphene-based multilayer electrode was coated
on modified silicone elastomer films using a layer-by-layer
assembly method. The ATR/FT-IR spectral analysis and
fluorescence labeling confirmed the modified silicone elas-
tomer surface. The W-TENG with a chemically XL electrode
of silicone elastomer exhibited an output power of approx-
imately twice that without XL. Furthermore, this chemically
XL conductive silicone elastomer film exhibited remarkable
stability under repeated mechanical deformation and obtained
12, 18, and 102 V for twisting, bending, and tapping with
fingertips and charged capacitors in seconds. In addition, we
demonstrated these chemically XL films as a strain sensor to
detect subtle movement and exhibited high sensitivity.
Therefore, this improved performance and sensitivity of
conductive XL silicone elastomer film assembly approach can
be an excellent choice for wearable electronics in the future.

B EXPERIMENTAL SECTION

Preparation of Silicone Elastomer Films. A 10:1 weight
ratio was used to make PDMS elastomer films. First, the
mixture was manually mixed for 15 min. Next, the solution was
placed in a desiccator for 30 min to degas the trapped air.
After, the degassed liquid mixture was cast on the surface of
the PET substrate using a mold and the doctor’s blade
technique, placed in a vacuum desiccator for 30 min at room
temperature, and cured at 80 °C in a prepared oven for 4 h to
cast the elastomer. After cooling, the cured PDMS elastomer
film (0.5-mm-thick) was pulled out of the mold. On the other
hand, DS silicone films were prepared by combining part A and
part B at a ratio of 1:1 by weight in a mixing container and
vigorously mixing for 5 min. The subsequent steps were similar
to PDMS film preparation (Figure 1).
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Surface Treatment of Silicone Elastomers. The corona-
treated elastomer film disk was soaked in 1% v/v hydrolysis
APTES solution for 30 min at room temperature with
sonication. Then, the elastomer film was washed with DI
water and DCM to remove all physically absorbed APTES.

Fluorescent Labeling of Silicone Elastomer Films. A
0.005 mg/mL rhodamine B solution was prepared by
dissolving rhodamine B powder in DI water (2 mL). Next,
PDMS and DS elastomer strips (with and without XL) were
incubated in freshly produced rhodamine B solution for 36 h at
room temperature. Over the next 24 h, the strips were soaked
six times in 20 mL of DI water.

Characterization. An upright optical microscope (BX40,
Olympus Corporation) was used to examine the surface
morphology images of the thin films at a magnification of 20X.
A UV—vis—NIR spectrometer (DH-2000-BAL, Oceans
Optics) was used to investigate the light absorbance and
transmittance of each sample. An atomic force microscope
(AFM, Anton Paar) was used to determine the roughness of
the surface. Water contact angle measurements were
performed using a static angle instrument (SDS-TEZD10012,
Femtofab, Seongnam, Korea). An FT-IR spectrophotometer
(NICOLETiSS, Thermo Scientific) with 32 linear scans and 8
cm™! resolution was used for ATR/FT-IR analysis. Fluo-
rescence microscopy (DXS50, Olympus Corporation) was used
to examine the cross-sections and surfaces of rhodamine B
labeled strips. A universal testing machine (Autograph AGS-X,
Shimadzu) was used to measure the mechanical properties of
silicone elastomer films. Sheet resistance was measured using a
four-point probe (Pro4, Signatone, Gilroy, CA, USA) with a
0.4 mm probe tip diameter and 1.0 mm tip spacing. An
oscilloscope (TDS2012B, Tektronix) and a low noise current
preamplifier (SRS70, Stanford Research Systems) were used to
measure electrical output. A peristaltic pump with a Tygon
Non-DEHP tubing (L/S series, Masterflex) was used to
control the flow rate of water, and resistance changes during
stretching and releasing cycles were measured by a 51/2 digit
multimeter (344504, Keysight).
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