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Abstract

In recent years, conductive hydrogels have become popular substrates for flexible sensors because of their good mechanical
properties, electrical conductivity, and biocompatibility. In this paper, the authors solved the key problem of complex
preparation technology of hydrogels and prepared conductive polyvinyl alcohol/silver nanoparticles (PVA/AgNPs) hydrogels
sensor with high tensile, high sensitivity, and high stability systems. They were prepared by a simple and efficient method of
doping AgNPs into the three-dimensional network of PVA hydrogels. The sensor had a large draw ratio of over 500% and
stability could be demonstrated by the consistency of electrical signals in 1000 cycles of stretching. The embedded AgNPs
enabled the hydrogels to obtain good sensing performance. The excellent performance of sensors was also reflected by the
sensing resolution of 0.5% deformation and the fast response time of 758 ms. The PVA/AgNPs hydrogel sensor was used for
common human behaviors, such as finger and wrist bending, swallowing, and nodding, which could transmit signals
sensitively and stably. Overall, the excellent performances of the PVA/AgNPs hydrogels made it possible to be used in flexible
wearable devices as sensors and help monitor human behavior.
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1. Introduction

Recently, flexible sensorst* have drawn huge attention due to
their application in human-motion monitoring,®**1 human-
machine interfacing,[***®1 soft robotics,**?d, and artificial
skin.?*271 In most cases, flexible sensing materials consist of
an elastic substratel?®? (e.g., polydimethylsiloxane, polylactic
acid, and polyurethane) and a conductive portiont®-2 (e.g.,
metal or carbon nanomaterials). The working mechanism of
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the flexible sensors is to convert external stimuli into electrical
signals. People can obtain useful information by collecting,
processing, and analyzing the frequency, amplitude, and
stability of electrical signals.**3 Sensors in human behavior
monitoring devices are usually fixed on each joint of the
human body. The motion of the joint will lead to the stretching,
compression, and torsion of the sensor, which will lead to the
change of electrical signal and realize the monitoring of
human behavior.®¥ However, the flexible sensors made of
those substrates have a strong rigidity, and they are not skin
free, these sensors cannot sense the stretching of the skin very
well. Even though these sensors are flexible and sensitive, they
are still difficult to use to monitor the skin behavior of subjects’
motors.B8 Therefore, finding soft and skin-free substrates is
the key to constructing flexible sensors for human motion
detection.

Hydrogels are considered an ideal material®-* because of
their cross-linked three-dimensional (3D) network structure,
which makes them stretchable and compressible. And they are
widely used as biological materials in medical devices due to

Eng. Sci., 2022, 18, 113-120 | 113


mailto:zhaofenghe@bupt.edu.cn

Research article

Engineered Science

their high biocompatibility, non-toxicity, swelling, and
biological bonding properties.[**4! In addition, as hydrogel
itself had hydrophilia and elastic modulus similar to that of
skin, it can better fit the skin rather than cause discomfort.[*
While ordinary hydrogels are non-conductive, cannot identify
human behavior through changes in electrical signals. To
make hydrogels have good electrical conductivity and
maintain their original excellent mechanical properties, we
can prepare conductive hydrogels by adding conductive
nanomaterials, ionic suspended substance groups, and salts in
the synthesis process.*#71 The conductivity is mainly
achieved by adding conductive filler to the elastic three-
dimensional network of hydrogel to form a conductive path.
In principle, the shape change of the conductive hydrogel
caused by human behavior will lead to the change of the
conductive path inside the hydrogel and the change of the
resistance of the hydrogel. However, many reported
conductive hydrogels to have to undergo a long preparation
process,® which is complex and is not conducive to the large-
scale preparation and application of hydrogels. Thus, it is of
great significance to construct an efficient and convenient
conductive hydrogel preparation system.

In this paper, conductive polyvinyl alcohol/silver
nanoparticles (PVA/AgNPs) hydrogel sensor was prepared by
a simple and efficient method of doping silver nanoparticles
(AgNPs)850 into the 3D network of polyvinyl alcohol (PVA)
hydrogels. Its biocompatibility was guaranteed because of the
two materials.®™ The PVA/AgNPs hydrogel sensor had a large
draw ratio which was over 500%. The sensor test results
showed that it could sensitively receive the electrical signal
changes caused by the behavior of the minimum 0.5% shape
variable. It also had stretch and release response times of 758
ms and 536 ms. It could still maintain the same resistance
change rate as the original after 1000 times of repeated
stretching, reflecting its high stability. Several kinds of sensing
tests in common human behaviors, such as finger and wrist
bending, swallowing, and nodding, suggest that the hydrogel
had good performance in practical behavior monitoring. Each
PVA/AgNPs hydrogel sensor costs just $1.17. In all, the
excellent performance of the PVA/AgNPs hydrogel sensor
could be used in flexible wearable devices as a flexible
sensor® to promote the development of monitoring human
behavior.

2. Experimental section

2.1 Materials

Polyvinyl alcohol (1750 + 50, PVA) was acquired from
Sinopharm Chemical Reagent Co., Ltd. Sodium dodecyl
sulfate (SDS, AR) was purchased from Aladdin. AgNPs
(diameter was 60-150 nm) were purchased from XFNANO,
INC. All aqueous solutions used ultrapure water and
chemicals were reagent grade without further purification.

2.2 Dispersion of AgNPs
Added AgNPs (0.3 g) to a container containing saturated SDS
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solution (7 ml) and placed the container in an ultrasonic
cleaner. After ultrasonic dispersion for 20 minutes, the AgNPs
were uniformly dispersed in the deionized water. A sign of
uniform dispersion was that AgNPs do not accumulate at the
bottom of the container.

2.3 Preparation of hydrogel sensor

The PVA (1 g) was placed in an ultrasound solution and stirred
at 90 °C for 2 h until the PVA was completely dissolved. When
the solution was cooled to room temperature, put it into a cold
trap at -50 °C to cross-link for 20 min. After thawing at room
temperature, the PVA/AgNPs hydrogel sensor was obtained
by repeating the freezing cross-linking and thawing process
three times.*%1 The whole preparation process were shown in
Fig. S1.

2.4 Characterization

The hydrogels were freeze-dried at -50°C in a vacuum for 7 h.
Then, the microstructures were observed by scanning electron
microscopy (FE-SEM, LEO-1530, Zeiss, Germany). X-ray
diffractometer (XRD, D/max 2500, Rigaku, Japan) with Cu
Ka radiation (A = 1.54178 A) and X-ray photoelectron
spectrometer (Escalab 250Xi) equipped with an Al Ka
radiation source (1487.6 e¢V) were used to characterize the
PVA/AgNPs hydrogel sensor.

2.5 Mechanical and electrical properties test
The tensile properties of hydrogels were measured by a
universal mechanical tester (Zwicki-Z1.0, ZwickRoell
GMbH&Co0.KG, Germany). The shapes of hydrogel samples
were rectangular (30 x 10 X 3 mm). The real-time resistance
of hydrogel sensors upon various deformations was obtained
by a combined instrument consisting of a computer-controlled
electrochemical workstation (CHI 660E, CH Instrument,
China) and a universal mechanical tester (Zwicki-Z1.0,
ZwickRoell GMbH&Co.KG, Germany) with a double silver
electrode system. The relative resistance change was defined
as:®l

AR/Ry (%) = (R- Ro)/Ro x 100% @))
We adopted the method of multiple measurements in the
calculation of young's modulus (E). Our experimental value
was directly given by the modulus test module in the
mechanical testing instrument, and its calculation formula was

E=n/e (2)
H=F/S 3)
E=AL/L 4
E =FL/SAL (5)

where 1 (kPa) was the force per unit area, F (N) was the force,
S (m?) was the cross-sectional area, ¢ was the relative
deformation under external force, AL (m) was the change in
length, and L (m) was the initial length. The tangent method
was selected for the test. The modulus data given by the
system were the tangent slope when the tensile amount was
0%, 25%, 50%, 75%, and 100%. The conductivity calculation
formula was:[
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R=U/=pL/S (©6)
o=1/p 7)
6 =IL/US (8)

where o (S/m) was the conductivity, p (€2/m) was resistivity, L
(m) was the length of the PVA/AgNPs hydrogel sensor, S (m?)
was the cross-sectional area of the PVA/AgNPs hydrogel
sensor, and U (V) and I (A) were the applied voltage and the
corresponding current which was available through the
electrochemical workstation, respectively. And the formula
for calculating GF wasf®6:57]

GF = (AR/R)/e )
3. Results and discussion
3.1 Physical characterization
To verify the doping of AgNPs in the three-dimensional pore
structure of the hydrogels, SEM (scanning electron
microscopy) images were taken to analyze the microstructure
of the hydrogels. The SEM images of the PVA hydrogel sensor
(Fig. 1a) showed that the surfaces of hydrogels are smooth.
When the silver nanoparticles were doped, they stuck firmly
to the surface of the hydrogels' microstructure in the form of
AgNPs aggregates about 3 um (Fig. 1b), which was
highlighted by red circles. Moreover, AgNPs were doped in
the 3D network structure could be explicitly revealed using
XRD (Fig. 1¢) and X-ray photoelectron spectroscopy (XPS)
(Fig. 1d). XRD showed the diffraction peaks of (111), (200),
(220), (311) and (222) crystal surfaces of AgNPs. XPS showed
the binding energies of Ag 3d electron orbitals, which were
consistent with those reported in other literature. The
conductive filler was added to the flexible substrate to prepare
flexible electronic materials. The conductivity mainly came
from the ionic conductivity of the filler.’8! Water was an
important part of the conductive network, which could explain
why the conductivity of conductive hydrogels became worse
after a water loss.

3.2 Mechanical and electrical properties
The conductivity of the conductive hydrogel was 0.02 S/m. As

a matter of fact, for conductive hydrogels, the following
mechanical properties were required to be flexible sensors,
such as strength, deformability, and durability.[5*6 We studied
the mechanical and electrical properties of the PVA/AgNPs
hydrogel sensor. Photos of several key nodes (0, 100%, 200%,
300%, 400%, and 500%) in the stretching process were shown
in Fig. 2a. The PVA/AgNPs hydrogel sensor had excellent
stretchability with a maximum form variable of 512%, and
breaking strength was 537.7 kPa (Fig. 2b). Such a high tensile
resistance made the PVA/AgNPs hydrogel sensor fully
adaptable to all kinds of deformation in human behavior
monitoring, which was generally difficult to exceed 100%. At
the same time, we measured young's modulus of hydrogels
with several tensile lengths (Fig. 2¢). The value increased with
the increase in tensile length. When the stretch length reached
100%, young's modulus was 167.6 kPa. Then, we measured
the water loss rate of the PVA/AgNPs hydrogel sensor without
stretching and at 150% stretch length (Fig. 2d). The results
showed that the water loss rate in the tensile state was higher.
At 150% tensile length for 80 min, the mass of hydrogels was
still 60% of the original.

For sensors, one of the most important properties was
sensitivity, also known as sensing limit.[3>62 Sensitivity
determined the suitability of the sensor. The PVA/AgNPs
hydrogel sensor had high sensitivity and could detect at least
0.5% deformation, corresponding to a 0.5% resistance change
rate (Fig. 2e). Perhaps the sensitivity could be higher, but its
measurement was limited by the precision of mechanical
testing instruments. Sensitivity was also one of the
performance indicators of the reaction sensor. The resistivity
change rate-strain curve® (Fig. S2a) and resistivity change
rate-stress curve (Fig. S2b) were given, and the gauge factor
(GF) value and sensitivity were calculated. GF value was 0.75,
the sensitivity was divided into two parts, 0.017 kPa!' at 0-22
kPa, and 0.008 kPa' at 22-115 kPa. The responsiveness of the
sensor was reflected by its response time under tensile and
relaxation mutation states. The internal structure of the sensor
would change dramatically when it was stretched, such as
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Fig. 1 (a) SEM image of the PVA hydrogel sensor. (b) SEM image of the PVA/AgNPs hydrogel sensor. (c) XRD pattern of the
PVA/AgNPs hydrogel sensor. (d) XPS peak-differentiation-imitating of Ag 3d.
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Fig. 2 Mechanical and electrical properties of the PVA/AgNPs hydrogel sensor under stretching. (a) Photos at the different tensile
lengths (0, 100%, 200%, 300%, 400%, and 500%). (b) Relationship between tensile length and stress (c¢) Young's modulus at different
lengths. (d) Water loss test. (¢) The resistance change rate (AR/R0) under several small shape variables. (f) The response time of the
sensor during 100% loading and unloading under stretching at a speed of 30 mm/s. (g) The AR/RO under various tensile strains (0,
25%, 50%, 75%, 100%, 125%, and 150%). (h) The AR/RO with different stretching frequencies (0.60Hz, 0.30Hz, and 0.15Hz) at the
strain of 150%. (i) The AR/RO from 0 to 100% tensile length for 1000 cycles with a speed of 20 mm/s.

local carrier concentration and conduction distance. These
changes made it impossible for the sensor to respond to the
measured changes immediately and took some time to respond.
And the lag time was the response time. Our hydrogel tensile
response time was 758 ms, while the stress release response
time was 536 ms, reflecting the quick response capability of
the hydrogel sensor (Fig. 2f). In addition, the PVA/AgNPs
hydrogel sensor showed excellent stability in both tensile
modes. In the first case, we selected different tensile lengths
(0, 25%, 50%, 75%, 100%, 125%, and 150%) at the same
stretching frequency which was 0.60Hz (Fig. 2g). The sensor
exhibited an almost linear variation and remains stable at these
tensile lengths. The second was the same amount of stretching
with different stretching frequencies (0.60Hz, 0.30Hz, and
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0.15Hz), and the tensile length was 150% (Fig. 2h). Although
the sensor had different stress recovery at different speeds, the
resistance change rate remained stable at around 120%. It was
very important for detecting complex motion quickly and in
time. Then, we continued the PVA/AgNPs hydrogel sensor at
100% tensile length, 1000 cycles of the cyclic tensile test (Fig.
2h). Although it was prone to structural changes caused by
water loss in the process of drawing, so far as the resistance
changes greatly, it still showed excellent repeatable tensile
properties in the test. This long-cycle test proved that
hydrogels could be applied to more practical situations.
The PVA/AgNPs hydrogel sensor was a piezoresistive sensor
based on the piezoresistive effect. It responded to strain mainly
by changing the resistance when being stretched. The more
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severe the strain was, the more the resistance changed. The
conductive mechanism of the doped sensor as described above
utilizes the ionic conductive mode of the conductive filler.
Moreover, the piezoresistive effect of composites was
generally considered to be determined by the relative change
of AgNPs content caused by the great difference of elastic
modulus between AgNPs and PVA hydrogel matrix.[5
However, the negative effect of the increase of the length on
the relative content of AgNPs was far greater than the positive
effect of the decrease of the cross-sectional area on the relative
content of AgNPs. Therefore, in general, the relative content
of AgNPs decreased and the composite resistivity increased,
leading to an increase in the sensor resistance.

We summarized and compared the mechanical and
electrical properties of the AgNPs hydrogel sensor with some
published hydrogels, and relevant data were presented in Table
S1.5664701 The sensing type of all sensors was piezoresistive.
Most of them took organic conductive materials or conductive
carbon materials as fillers and used the connections between
fibrous structures to construct conductive paths. Most of the
conductive types were electronic conductive. The AgNPs
hydrogel sensor prepared in this work mainly used the ionic
conductive form of metal filler in the 3D structure of PVA. The
conductive form would directly affect the conductivity of the
hydrogel, which was also the reason for the low conductivity
of the AgNPs hydrogel sensor. At the same time, it also
affected GF value to a certain extent. But the sensitivity of the
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AgNPs hydrogel sensor was comparable to other sensors in
the same range, and could even be applied to a larger pressure
range. In addition, the tensile properties of the AgNPs
hydrogel sensor were also good, and the 500% strain was
sufficient to meet almost all human behavior monitoring. The
low modulus also made it relatively easy for the sensor to
respond to stress. It was worth noting that the advantages of
the AgNPs hydrogel sensor also lay in the simplicity of
preparation and high reusability. The raw material could be
used without reprocessing, and such a preparation method was
suitable for most metal nanoparticles. And the high reuse
performance of 1000 times 100% strain stretching was much
higher than other sensors.

3.3 Human behavior monitoring applications

Due to the excellent performance of the PVA/AgNPs hydrogel
sensor in pressure sensing, to verify the feasibility of using it
as a wearable strain sensor to monitor a variety of human
behaviors, we recorded the electrical signals of four behaviors
to verify. First, the PVA/AgNPs hydrogel sensor was fixed at
the second joint of the index finger and real-time electrical
signals of different degrees of bending of the index finger
were recorded (Fig. 3a). Bending degrees were about 0, 30°,
and 60°, and 90°. The illustration was the actual bending. The
results showed that the differences in electrical signals with
different degrees of bending were obvious. Then we put the
PVA/AgNPs hydrogel sensor on the wrist and the bending of
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Fig. 3 Application scenario of the PVA/AgNPs hydrogel sensor. (a) The AR/R, for finger bending at different angles. (b) The AR/Ry
for wrist bending. (c) The AR/R¢ for making some swallowing. (d) The AR/R, for the nod.
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the wrist also caused the electrical signals to change without a
doubt (Fig. 3b). When the wrist maintained a posture for some
time, it could also be reflected in the electrical signal.
Furthermore, some minor behaviors could also cause
significant changes in hydrogel sensor electrical signals, such
as swallowing (Fig. 3c). We could clearly distinguish the
electrical signals of each swallowing action, and the electrical
signals of this action also had a high consistency. In particular,
because the PVA/AgNPs hydrogel sensor was made into long
strips, the compression process was relatively difficult to
achieve. However, in the monitoring process of nodding
behavior, we found that the resistance change rate was
negative and the electrical signals were also easily
distinguished (Fig. 3d). A negative value of the resistance
represented a decrease in the length of the hydrogel, which
corresponded to actual muscle contraction during nodding. In
this process, the PVA/AgNPs hydrogel sensor was glued to the
neck where meets the chin.

4. Conclusions

In summary, we prepared conductive the PVA/AgNPs
hydrogel sensor by a simple and efficient method of doping
AgNPs into the PVA hydrogels network. The PVA/AgNPs
hydrogel sensor had a large draw ratio of over 500%. The
hydrogels sensitively could receive the electrical signal
changes caused by the behavior of the minimum 0.5% shape
variable. Stretch and release response times were 758 ms and
536 ms, respectively. These properties suggested that
hydrogels could achieve rapid response to small behavioral
changes. Besides, the sensor had excellent repeatability and
stability. Its resistance change rate remained stable after 1000
cycles of stretching. The PVA/AgNPs hydrogel sensor showed
good performance in practical behavior monitoring. The
sensor could respond obviously to signal changes caused by
large movements such as finger and wrist bending, and small
movements like swallowing. The mechanical and sensing
properties supported it to be an excellent pressure resistance
sensor. Its low price will make it the potential for large-scale
production and commercial application.
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