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e flexible strain sensors based on
silver film wrinkles modulated by liquid PDMS
substrates†

Yifan Xu,a Miaogen Chen, *a Senjiang Yu*b and Hong Zhoua

Flexible strain sensors based on controllable surface microstructures in film-substrate systems can be

extensively applied in high-tech fields such as human–machine interfaces, electronic skins, and soft

robots. However, the rigid functional films are susceptible to structural destruction and interfacial failure

under large strains or high loading speeds, limiting the stability and durability of the sensors. Here we

report on a facile technique to prepare high-performance flexible strain sensors based on controllable

wrinkles by depositing silver films on liquid polydimethylsiloxane (PDMS) substrates. The silver atoms can

penetrate into the surface of liquid PDMS to form an interlocking layer during deposition, enhancing the

interfacial adhesion greatly. After deposition, the liquid PDMS is spontaneously solidified to stabilize the

film microstructures. The surface patterns are well modulated by changing film thickness, prepolymer-

to-crosslinker ratio of liquid PDMS, and strain value. The flexible strain sensors based on the silver film/

liquid PDMS system show high sensitivity (above 4000), wide sensing range (∼80%), quick response

speed (∼80 ms), and good stability (above 6000 cycles), and have a broad application prospect in the

fields of health monitoring and motion tracking.
1. Introduction

With the rapid development of modern science and technology
of the Internet of Things, wearable exible electronics has been
a research hotspot in the electronic and information industry.1–4

Wearable exible electronic devices can directly attach to
human skin or put on as clothes. They have the advantages of
lightness, thinness, exibility and being comfortable, and can
achieve various operation and monitoring applications such as
health monitoring, motion tracking, and human–machine
interaction.5–10 As an important component of the wearable
system, exible strain sensors have been the main research
direction for the development of future intelligent devices.11–18

The exible strain sensors can be realized by depositing or
coating functional units such as metal lms,19–22 conducting
polymers,10,13,15 and two-dimensional materials23,24 on so
substrates. Due to the exibility, bendability and stretchability
of the so substrates, the sensors can well t to the non-planar
human skins or other curved surfaces. The design of surface
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structures and lm microstructures is extremely important to
achieve high sensitivity and reliability of the exible strain
sensors.25,26 For examples, Ji et al. have prepared the exible
strain sensors based on V-shaped substrate groove/lm wrinkle
hierarchical arrays and have achieved high sensitivity and
a wide sensing range.21 Xiao et al. have obtained the exible
strain sensors with high durability, quick response and high
sensitivity based on ZnO nanowire/polystyrene hybridized
lms.27

Although various high performance exible strain sensors
have been realized by constructing the bilayer system
comprising of a rigid functional lm and a stretchable
substrate, the reliability and durability of such system are still
a big challenge. For the frequently-used exible substrates such
as polydimethylsiloxane (PDMS), silicone rubber (Ecoex), and
polyurethane (PU), the deposited or coated rigid lms are
susceptible to occurring interfacial failure and buckle delami-
nation due to the extreme mechanical mismatch between lms
and substrates.28,29 Furthermore, the plasticity or viscoelasticity
behaviors of the substrates may induce the instability of lm
microstructures and lead to performance degradation of the
sensors, especially in the situations of high loading frequency
and high strain.30 To solve or alleviate these issues, many
strategies have been developed by changing lm-substrate
materials and designing specic structures.31–33 Among these,
controlling substrate modulus is a promising solution. Yu et al.
showed that the metal lms deposited on elasticity-gradient
PDMS substrates form gradually varied surface patterns.34 Liu
RSC Adv., 2023, 13, 33697–33706 | 33697
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View Article Online
et al. reported that the gold lm deposited on a semi-
polymerized PDMS substrate forms an interlocking layer
between PDMS and gold, leading to signicant enhancement of
the stability of stretchable conductors.35

Inspired by the previous researches on tunable surface and
interfacial properties via substrate modulus, here we report on
the high-performance exible strain sensors based on silver
lm wrinkles modulated by liquid PDMS substrates. Through
substrate prestretching, silver lm deposition and subsequent
prestrain releasing, periodic lm wrinkles are achieved. The
wrinkle wavelength and amplitude are controllable by changing
lm thickness, prepolymer-to-crosslinker ratio of liquid PDMS,
and strain value. During lm deposition, the silver atoms can
penetrate into the surface of liquid PDMS to form an inter-
locking layer, improving the interfacial adhesion greatly. Aer
lm deposition, the liquid PDMS is spontaneously solidied to
stabilize the lm microstructures. The exible strain sensors
based on the silver lm/liquid PDMS system possess high
stability, high sensitivity, wide sensing range, and quick
response speed. Owing to the high comprehensive perfor-
mances, these exible strain sensors can be applied for moni-
toring human motion signals.

2. Experimental section
2.1. Preparation of substrates

Fig. 1 shows the schematic illustration of sample preparation.
The corresponding photographs of the sample during prepa-
ration are shown in Fig. S1 in the ESI.† The poly-
dimethylsiloxane (PDMS, Sylgard-184, Dow Corning) was used
as the exible substrates in this study. The prepolymer and
crosslinker with a mass ratio of 10 : 1 were mixed fully. Aer the
mixture was placed on a horizontal table for half an hour to
eliminate the bubbles completely, it was poured into a Petri
dish with the diameter of 90 mm and the depth of 16 mm. Then
the Petri dish was placed on a hot plate with 70 °C for 5 h to cure
the PDMS completely. The solidied PDMS (with the thickness
of about 1.2 mm) was cut into rectangular sheets with the size of
35 × 12 mm2, as shown in Fig. 1(a). Then liquid PDMS mixtures
Fig. 1 Schematic illustration of sample preparation. The experimental pr
sheet (a), spin-coating a liquid PDMS thin layer (b), uniaxial stretching (c
sulation (f).

33698 | RSC Adv., 2023, 13, 33697–33706
with different prepolymer-to-crosslinker ratios (e.g., 1 : 1, 2 : 1,
5 : 1, 10 : 1, 15 : 1, 20 : 1, 30 : 1 and 40 : 1) were spin-coated on the
solidied PDMS sheets with the rotation speed of 4000 rpm and
the rotation time of 30 s, as shown in Fig. 1(b). The thickness of
liquid PDMS layers was about 20 mm.

2.2. Film deposition

The cured PDMS sheets with liquid PDMS atop were mounted
on custom-designed uniaxial stretching devices and were
stretched to a uniform prestrain of 30%, 50% or 70%, as shown
in Fig. 1(c). Silver (Ag) lms were deposited on the liquid PDMS
surfaces by direct current magnetron sputtering at room
temperature, as shown in Fig. 1(d). The sputtering power was
45 W (250 V voltage and 0.167 A current) and the argon gas
pressure was 0.5 Pa. The deposition rate of Ag lms was about
0.75 nm s−1. The lm thickness was controlled by changing the
deposition time. During or aer deposition, the liquid PDMS is
spontaneously cured to form elastic polymer materials. Note
that the magnetron sputtering technique has obvious advan-
tages such as high lm quality, homogeneity and strong inter-
facial adhesion compared with some chemical methods. The
crystal structure of the Ag lm was performed by an X-ray
diffractometer (MinFlex600) and the Ag diffraction peaks can
be seen clearly as shown in Fig. S2 in the ESI.†

2.3. Prestrain releasing

Aer deposition, the prestrain was released slowly and surface
wrinkles formed, as shown in Fig. 1(e). The lm strain can be

calculated as 3 ¼ L� L0
L0

, where L0 and L were the initial and

nal lm lengths, respectively. The maximum lm strain was
about −23.1% when the prestrain was released completely. The
minus sign represented compressive strain. For simplicity, we
used the absolute value of strain in this study.

2.4. Preparation of sensors

Aer prestrain releasing, silver foils were attached to the Ag lm
surfaces at two sides of the samples, serving as the conducting
ocedure can be divided into six steps: preparation of a solidified PDMS
), silver film deposition (d), prestrain releasing (e), and device encap-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrodes of the sensors. Then liquid PDMS with 20 : 1 mass
ratio was spin-coated on the wrinkled Ag lm surfaces (also on
the electrodes) and then cured at 60 °C for 7 h, as shown in
Fig. 1(f). The encapsulated samples had comparatively stable
structures and properties.
2.5. Characterization

An optical microscope (Olympus BX41) was adopted to detect
the surface morphologies. A stylus proler (DektakXT, Bruker)
was adopted to measure the surface proles. An atomic force
microscope (AFM, JPKSPM) operated in tapping mode was used
to detect the three-dimensional features of wrinkle patterns.
The samples were cut by a blade along the loading direction and
the cross-sectional proles were detected by the optical micro-
scope. The electrical properties were measured and recorded by
a multimeter (SDM3065X).
3. Results and discussion
3.1. Morphological features

Fig. 2(a–c) shows the surface morphology and prole of the Ag
lm (h= 90 nm) deposited on the liquid (uncured) PDMS (20 : 1)
aer prestrain releasing. For comparison, the surface
morphology and prole of the Ag lm with the same thickness
on the solid (cured) PDMS with the same prepolymer-to-
crosslinker ratio are shown in Fig. 2(d–f). We nd that the Ag
lms on the liquid and solid PDMS both form periodical
wrinkles perpendicular to the loading direction. Obviously, the
Fig. 2 Morphological comparison of silver films on the liquid (upper)
micrographs. The bidirectional arrows represent the prestrain loading d
Corresponding AFM profiles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
wrinkle wavelength l and amplitude A on the liquid PDMS are
much larger than the values on the solid PDMS. The formation
and evolution of the wrinkle patterns will be discussed in the
next section in detail.

In the orthogonal direction, cracks form due to the Poisson's
effect-induced lateral stretching (see the black linear structures
parallel to the loading direction as shown in Fig. 2(d)).28,36 The
crack morphologies of Ag lms on the solid and liquid PDMS
substrates with different lm thicknesses and prepolymer-to-
crosslinker ratios are shown in Fig. S3 in the ESI.† The Ag
lm on the liquid PDMS possesses lesser cracks compared with
that on the solid PDMS. On the contrary, the cracks on the
liquid PDMS have larger widths compared with those on the
solid PDMS, as shown in Fig. S4 in the ESI.† According to the
fracture theory,37,38 the cracks generate when the elastic strain
energy exceeds the fracture energy of materials, i.e., 2ghe $ Gch
with e = hs2(1 − nf)/Ef. Here h is the lm thickness, s is the
tensile stress, Gc is the density of fracture energy (fracture
toughness), Ef is the Young's modulus of lm, g is a dimen-
sionless parameter, which is determined by fracture mode and
mismatch between the lm and substrate. Furthermore, the
spacing of cracks can be expressed as28,39

d ¼ 2hGc

Esð3� 3cÞ; (1)

where 3 is the tensile strain, 3c is the critical strain for crack
generation, and Es is the Young's modulus of substrate. In this
study, the lm thickness, fracture toughness and tensile strain
are all constant. The crack spacing is inversely proportional to
and solid (lower) PDMS substrates (30% prestrain). (a and d) Optical
irection. (b and e) Atomic force microscope (AFM) images. (c and f)

RSC Adv., 2023, 13, 33697–33706 | 33699

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06020a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 1
1:

16
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the Young's modulus of substrate. The equivalent Young's
modulus of the liquid PDMS is much smaller than that of
the solid PDMS, leading to the lesser cracks on the liquid
PDMS substrates. Furthermore, as the lm thickness increases,
the crack number decreases according to eqn (1), in good
agreement with the experimental observations (see Fig. S4 in
the ESI†).
3.2. In situ morphological evolution

Fig. 3(a) shows the in situmorphological evolution of the Ag lm
with h = 90 nm on the liquid PDMS substrate during the pre-
strain releasing process. Fig. 3(b) shows the evolution of proles
taken by a stylus proler. It is clear that the as-prepared Ag lm
is smooth and wrinkle-free. As a small compressive strain is
exerted, periodical wrinkles perpendicular to the loading
direction form. The wrinkles exhibit a regularly sinusoidal
prole with a well-dened wavelength and amplitude. As the
compressive strain increases, the wrinkles become more
prominent and the wrinkle amplitude increases greatly. To
further understand the morphological evolution of the Ag lm/
liquid PDMS system, we have measured the dependences of
wrinkle wavelength l and amplitude A on the compressive
strain 3, as shown in Fig. 3(c and d). We nd that the wrinkle
wavelength decreases while the amplitude increases steadily
with increasing compressive strain.

According to the continuous elastic theory, wrinkles form in
the lm-substrate system when the imposed compressive strain
exceeds a critical value, which is expressed as40

3c ¼ 1

4

�
3Es

�
1� nf

2
�

Efð1� ns2Þ
�2=3

; (2)
Fig. 3 (a) In situmorphological evolution of the silver film with h = 90 nm
20 : 1 by uniaxial compression. The data above the images represent the c
profiles under different compressive strains. (c and d) Evolutions of wrinkle
solid lines are fitted to the experimental data based on the finite deform

33700 | RSC Adv., 2023, 13, 33697–33706
where nf and ns are the Poisson's ratios of lm and substrate,
respectively. The critical wrinkling strain is determined by the
material parameters of the lm and substrate, and it is inde-
pendent of the lm thickness. For metal lm/PDMS systems,
the Young's modulus of lm (∼100 GPa) is 5 orders of magni-
tude larger than that of PDMS (∼1 MPa). Therefore the critical
wrinkling strain is very small for metal lm/PDMS systems,
which has been veried by a large number of previous
studies.40,41 The energy minimization of the lm-substrate
system leads to a balanced wrinkle conguration with the
wavelength and amplitude expressed as40,42

l0 ¼ 2ph

"
Efð1� ns

2Þ
3Es

�
1� nf 2

�
#1=3

: (3)

A0 ¼ h

�
3

3c
� 1

�1=2

: (4)

Note that the above equations are only suitable for small
strain condition (approaching to the critical wrinkling strain).
For large strain condition, the wrinkle wavelength and ampli-
tude should be modied according to the nite deformation
theory43

l ¼ l0

ð1þ 3Þð1þ xÞ1=3
; (5)

A ¼ A0

ð1þ 3Þ1=2ð1þ xÞ1=3
; (6)

where x = 53(1 + 3)/32. Fig. 3(c and d) shows that the theoretical
predications based on eqn (5) and (6) are in good agreement
with the experimental measurements.
on the liquid PDMS substrate with prepolymer-to-crosslinker ratio of
ompressive strain. Each image has a size of 220× 220 mm2. (b) Wrinkle
wavelength l (c) and amplitude A (d) with the compressive strain 3. The
ation theory.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.3. Dependence of lm thickness

Fig. 4(a) shows the surface morphologies of Ag lm/liquid
PDMS systems with different lm thicknesses aer prestrain
releasing. Fig. 4(b) shows the comparison of surface proles for
different lm thicknesses. Our experiment shows that thicker
Ag lms usually generate buckle-delaminations during the
strain loading as shown in Fig. S5 and S6 in the ESI.† For the
samples with h = 135 and 225 nm, sinusoidal wrinkle proles
rst form for small strains. When the compressive strain
increases, the localized instability mode starts to appear and the
wrinkles and buckle-delaminations coexist. The appearance of
buckle-delaminations can suppress the wrinkles nearby and
thus the wrinkle amplitude decreases (see Fig. S5 in the ESI†).
For the sample with h = 360 nm, the wrinkles are almost dis-
appeared and only buckle-delaminations exist when the strain
is large enough (see Fig. S6 in the ESI†). The buckle-
delaminations are originated from the weaker interface
between the lm and substrate. The coexistence and coevolu-
tion of wrinkles and buckle-delaminations have been exten-
sively investigated in the previous studies.44–47

Fig. 4(c and d) shows the dependences of wavelengths and
amplitudes of wrinkles and buckle-delaminations on the lm
thickness. We nd that the wrinkle wavelength increases
approximately linearly with the lm thickness. The delamina-
tion width is very close to the wrinkle wavelength for the
samples with h = 135 and 225 nm where the wrinkles and
buckle-delaminations are coexisted. For the sample with h =

360 nm, however, the buckle-delaminations are dominant
completely and the delamination width would be much larger
than the wrinkle wavelength (see Fig. S6 in the ESI†). On the
other hand, the wrinkle amplitude rst increases steadily with
the lm thickness. When the buckle-delaminations form, the
wrinkle amplitude decreases slightly. The amplitude of
Fig. 4 (a) Surface morphologies of silver films with different thicknesses
Surface profiles for different film thicknesses. (c and d) Evolutions of wav
with the film thickness h. The solid lines are linear fitting to the experim

© 2023 The Author(s). Published by the Royal Society of Chemistry
delaminations is much larger than that of wrinkles. For the
sample with h = 360 nm, the delamination amplitude can be
beyond 100 mmwhile the wrinkle amplitude decreases to nearly
zero by strain localization (see Fig. S6 in the ESI†). In our
experiment, the critical wrinkling strain, compressive strain
(∼23.1%), and material parameters of lm-substrate systems
are all constant. Based on eqn (3) and (5), the wrinkle wave-
length is only dependent on the lm thickness, i.e., l f h. This
theoretical predication is in good agreement with the experi-
mental measurement, as shown in Fig. 4(c). Furthermore, the
wrinkle amplitude is also directly proportional to the lm
thickness before the formation of buckle-delaminations, as
shown in Fig. 4(d).
3.4. Dependence of substrate modulus

Fig. 5(a) shows the surface morphologies of Ag lm/liquid
PDMS systems with different prepolymer-to-crosslinker ratios
aer prestrain releasing. Fig. 5(b) shows the comparison of
surface proles for different prepolymer-to-crosslinker ratios. It
shows that when the ratio is less than 30 : 1, sinusoidal wrinkle
proles can be observed. When the ratio is equal to 40 : 1,
however, localized surface structures appear. The in situ evolu-
tions of morphologies and proles of the Ag lm with h= 90 nm
on the liquid PDMS substrate (40 : 1) during prestrain releasing
are shown in Fig. S7 in the ESI.† The cross-sectional proles
(Fig. S8 in the ESI†) show that the PDMS substrate deformed
conformably with the Ag lm, indicating that such localized
structures are not buckle-delaminations, but are ridges.
According to the morphological phase diagram,47 the ridges
have the tendency to form in the case of large modulus ratio of
lm to substrate. It is well known that the elastic modulus of
PDMS is strongly dependent on the prepolymer-to-crosslinker
ratio. When the prepolymer-to-crosslinker ratio increases, the
on the liquid PDMS substrates (20 : 1) after prestrain releasing (30%). (b)
elength l (c) and amplitude A (d) of wrinkles and buckle-delaminations
ental data.

RSC Adv., 2023, 13, 33697–33706 | 33701
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Fig. 5 (a) Surfacemorphologies of silver films with h= 90 nm on the liquid PDMS substrates with different prepolymer-to-crosslinker ratios after
prestrain releasing (30%). (b) Surface profiles for different prepolymer-to-crosslinker ratios. (c and d) Evolutions of wavelength l (c) and amplitude
A (d) of wrinkles and ridges with the prepolymer-to-crosslinker ratio.
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modulus of PDMS decreases greatly. The PDMS with 40 : 1 ratio
is hard to be solidied due to the shortage of crosslinker. The
gel-like substrate is susceptible to deforming conformably with
the Ag lm to generate ridge patterns under a large compressive
strain.48,49

Fig. 5(c and d) shows the dependences of wavelengths and
amplitudes of wrinkles and ridges on the prepolymer-to-
crosslinker ratio. The wrinkle wavelength increases steadily
with the ratio below 30 : 1, as shown in Fig. 5(c). According to
eqn (3), the wrinkle wavelength is inversely proportional to the
substrate modulus. Because the substrate modulus decreases
with increasing prepolymer content, the wrinkle wavelength
increases with the prepolymer-to-crosslinker ratio. On the other
hand, the wrinkle amplitude can be expressed as Afl

ffiffi
3

p
. For

a given compressive strain, the amplitude is directly propor-
tional to the wavelength. That is, the wrinkle amplitude has the
same evolutional trend with the wrinkle wavelength, as shown
in Fig. 5(d). The previous studies showed that the ridges are
originated from individual wrinkle crests at high strains.50,51

The amplitude of ridges is much larger than that of wrinkles.
Furthermore, the wrinkle amplitude decreases aer ridge
formation due to the strain localization, as shown in Fig. 5(d).
According to the nite deformation theory, the wavelength of
ridges is somewhat smaller than that of wrinkles due to the
larger strain in the ridge region, as shown in Fig. 5(c).

3.5. Sensing properties

The above investigations show that various surface patterns
with different features and sizes can be obtained by changing
lm thickness, substrate modulus, and strain value. For appli-
cations as exible strain sensors, controllable and stable surface
structures under cyclic mechanical loading are required. Here
we select the lm thickness as 90 nm to avoid the formation of
33702 | RSC Adv., 2023, 13, 33697–33706
buckle-delaminations and adopt the prepolymer-to-crosslinker
ratio of liquid PDMS below 30 : 1 to avoid viscoelastic behav-
iors of the substrate. Aer encapsulation, the samples are
mounted onto the customized stretching devices for electrical
measurements. Fig. 6(a) shows the electrical properties under
strain loading for four samples: Ag lms on solid PDMS (10 : 1
and 20 : 1) and liquid PDMS (10 : 1 and 20 : 1) substrates. The
vertical coordinate represents relative resistance change with
DR = R − R0, where R and R0 are the electrical resistances at
a random strain and zero strain, respectively. We nd that the
liquid PDMS can greatly improve the measurement range of
sensors, which is dened as the strain range that the sensor can
output accurate and reliable signals. The sensing range of 20 : 1
PDMS is larger than that of 10 : 1 PDMS. Furthermore,
increasing prestrain can further improve the measurement
range of sensors, as shown in Fig. S9 in the ESI.† For the sample
prepared with 70% prestrain, the maximum sensing range can
be close to 80%. Note that although the larger prestrain leads to
a larger measurement range, the resistance change will be
relatively small in the small strain range. It is a contradiction
between large sensing range and high sensitivity for strain
sensors.

It is well known that the slope of electrical resistance curve
characterizes the gauge factor (GF) of sensors, which is
expressed as

sGF ¼ ðR� R0Þ=R0

3
¼ DR=R0

3
: (7)

Fig. 6(a) shows that the electrical resistance curve for the
sample of 20 : 1 liquid PDMS can be roughly divided into three
ranges according to the slope change: GF = 45.6 for 0–28%, GF
= 1302 for 28–32%, GF = 4125 for 32–36%. For the range far
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Sensor properties based on the Ag film/liquid PDMS systems with 30% prestrain. (a) Relative electrical resistance variation under strain
loading for the Ag films on solid PDMS (10 : 1 and 20 : 1) and liquid PDMS (10 : 1 and 20 : 1) substrates. (b) Response and relaxation behaviors under
10% strain loading and unloading. (c) Cyclic stretching/releasing test at different strain levels. (d) Cyclic stretching/releasing test at different
loading frequencies. (e) Durability of the strain sensor under more than 6000 cycles at 2.5% strain.
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below the prestrain, the strain is released by attening of
wrinkled surface and the Ag lm keeps intact. When the strain
approaches to or slightly exceeds the prestrain (30%), micro-
cracks form in the lm, leading to the quick rise of the electrical
resistance. Finally, macro cracks start to propagate in the lm,
forming channel cracks and blocking the electrical path, as
shown in Fig. S10 in the ESI.† The response speed is also an
important criterion for exible strain sensors. Fig. 6(b) shows
the response of electrical resistance for loading and unloading
of 10% strain. The response time (strain loading) and relaxation
time (strain unloading) are about 87 ms and 73 ms, respectively.
This exhibits the quick response of the sensors based on Ag
lm/liquid PDMS systems.

To verify the dynamic response of the sensors at different
strain levels, we have performed the stretching/releasing test in
the strain range of 0–25%, as shown in Fig. 6(c). A good stability
and reliability can be observed within the entire strain range.
We also performed the stretching/releasing test at different
loading frequencies, as shown in Fig. 6(d). It is clear that the
sensing properties are almost independent of the loading
frequency, showing a good response characteristics. Further-
more, the durability is an important factor for practical appli-
cations of exible strain sensors. We have performed the
stretching/releasing test at 2.5% strain for more than 6000
cycles, as shown in Fig. 6(e). The insets show the electrical
resistance curves in the early, middle and late stages. It is clear
that the electrical resistance curves have no obvious change and
the sensing properties keep stable during the entire process.
Fig. S11 in the ESI† shows that the morphologies and proles of
the wrinkles are almost unchanged during the cycling process.
In comparison, the surface morphologies and proles of the Ag
© 2023 The Author(s). Published by the Royal Society of Chemistry
lm/solid PDMS system change greatly and buckle delamina-
tions form only aer 500 cycles at 5% strain, as shown in
Fig. S12 in the ESI.† As a result, the electrical resistance curves
become much chaotic during the cycling process, as shown in
Fig. S13 in the ESI.† These results demonstrate that the sensors
based on the Ag lm/liquid PDMS system possess a good
durability and long serving life, far superior to the sensors
based on the Ag lm/solid PDMS system. The improvement of
the stability and durability for liquid PDMS case is attributed to
the formation of an interlocking layer and enhancement of
interfacial adhesion.
3.6. Practical application

The exible strain sensors can be applied to detect the human
motions including the strong physical motion and weak phys-
iological signal. We rst attach the sensor on the joint of an
index nger. When the index nger bends to different angles
(about 30°, 60° and 90°), the sensor responds to the motion
quickly and exhibits different electrical signals at different
bending angles, as shown in Fig. 7(a). When the sensor is
attached to the Adam's apple of a volunteer, it can detect the
swallowing behavior. Because the Adam's apple rst moves
upward and then moves downward during the swallowing
process, double-humped characteristic can be observed on the
electrical resistance curve, as shown in Fig. 7(b). When the
sensor is attached to the wrist of a volunteer, the electrical
resistance response exhibits a main peak and an accompanying
peak by wrist bending, as shown in Fig. 7(c). The main peak is
caused by the contraction of the exor carpi radialis tendon
during bending. When the wrist attens, the palmaris longus
RSC Adv., 2023, 13, 33697–33706 | 33703
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Fig. 7 Practical applications of the flexible strain sensors. (a) Electrical resistance variation by bending the index finger for different angles (about
30°, 60° and 90°). (b) Electrical resistance variation by swallowing. (c) Electrical resistance variation by bending the wrist. (d) Electrical resistance
variation by making a fist. (e) Electrical resistance variation by bending the upper arm. (f) Electrical resistance variation by standing and sitting
down.
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tendon contracts to control the motion of ngers, leading to the
formation of the accompanying peak. Similarly, when the
sensor is attached to the arm of a volunteer, it can detect the
relaxation and tension of the arm, as shown in Fig. 7(d).
Furthermore, the sensor can well detect the human motions
under large strains. For examples, when the sensor is attached
to the elbow joint or knee joint, the bending of elbow or knee
demonstrates a quick and stable electrical response, as shown
in Fig. 7(e and f).
4. Conclusions

In summary, exible strain sensors based on controllable silver
lm wrinkles modulated by liquid PDMS are described and
discussed in detail. It is found that the surface morphologies of
silver lms on the liquid PDMS substrates are strongly depen-
dent on the lm thickness, prepolymer-to-crosslinker ratio of
PDMS, and strain value. The in situ research shows that the
wrinkle wavelength decreases while the amplitude increases
steadily during the prestrain releasing process, in good agree-
ment with the predication of the nite deformation theory. The
wrinkle wavelength and amplitude increase linearly with the
lm thickness, whereas buckle delaminations form for thicker
lms. The wrinkle wavelength and amplitude also increase with
the prepolymer-to-crosslinker ratio of PDMS, while ridge
patterns form for the sample of 40 : 1 PDMS. By comparing the
samples prepared on the liquid and solid PDMS substrates, it
shows that the using of liquid PDMS enhances the interfacial
adhesion, alleviates the crack formation, and stabilizes the lm
microstructure signicantly. As a result, the exible strain
33704 | RSC Adv., 2023, 13, 33697–33706
sensors based on the silver lm/liquid PDMS system show high
comprehensive performances, including high sensitivity (above
4000), wide sensing range (∼80%, depending on the prestrain),
quick response speed (∼80 ms), and good stability (above 6000
cycles). This work provides a deep insight into the modulation
effect of liquid PDMS on the interfacial characteristic and
mechanical response of lm-substrate systems. The exible
strain sensors prepared by using liquid PDMS have a broad
application prospect in the elds of health monitoring, motion
tracking, and human–machine interaction.
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