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Abstract: Wearable devices have great application potential in the next generation of smart portable electronics, especially in the fields of
medical monitoring, soft robotics, artificial intelligence, and human-machine interfaces. Piezoelectric flexible strain sensors are key
components of wearable devices. However, existing piezoelectric flexible strain sensors have certain limitations in weak signal monitoring
due to their large modulus and low sensitivity. To solve this problem, the concept of Kirigami (paper-cutting) was introduced in this study
to design the sensor structure. By comparing the Kirigami structures of different basic structures, the serpentine structure was determined
as the basic configuration of the sensor. The serpentine structure not only provides excellent tensile properties, but also significantly
improves the sensitivity of the sensor, which performs well in monitoring weak signals. On this basis, the adhesion properties of the flexible
sensor were analyzed and tested, and the optimal ratio of the substrate was selected for preparation. In addition, a low-cost and rapid
prototyping process for stretchable patches was established in this study. Using this technology, we prepared the sensor device and tested

its performance. Finally, we successfully developed a flexible sensor with a sensitivity of 0.128 mV /pe and verified its feasibility for wrist

joint motion monitoring applications. This result opens up new avenues for the recovery care of tenosynovitis patients after surgery.
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0 Introduction

Nowadays, millions of people around the world suffer

from joint inflammation

. Traditional joint treatment
methods use heavy and expensive equipment such as limb
protractors®, optical motion capture systems, and X-ray
films. Moreover, the assistance of professional medical
personnel is required. However, faced with limited medical
resources and the patient’s own mobility difficulties, it is
still a huge challenge to conduct simple and effective
evaluation of rehabilitation treatment. In recent years,
flexible and stretchable electronics have developed rapidly
in the fields of activity monitoring, medical rehabilitation
and remote communication, providing humans with a
healthy and convenient lifestyle”®. Among them, flexible
strain sensors have drawn great attention due to their ability
of monitoring human breathing, pulse beats, blood
pressure, and physical motion”’, which provide reliable
treatment basis and early warning methods for patients with
joint damage.

Flexible strain sensors can convert external stimulation

into electrical signals, the sensor is mainly divided into
resistive strain sensor, capacitive strain sensor, and
piezoelectric strain sensor. The resistance of resistive strain
sensors will change under the action of force since slippage
or breakage between conductive materials will arise.
However, for resistive strain sensor, smaller strain change
causes slight change in resistance value. Moreover, the
temperature compensation is required when ambient
temperature changes. The capacitance of capacitive sensor
will change under external pressure. It can be easily affected
by the external electromagnetic environment. Piezoelectric
sensors have been widely used owing to their advantages of
wide frequency band, high sensitivity, high signal-to-noise
ratio, simple structure, reliable operation and light weight.
With the piezoelectric effect, a strain sensor based on a
single ZnO nanowire was fabricated. It was reported that
the gauge factor is 200 times higher than that of a
commercial strain sensor. However, It can only withstand
small strains'®. Although researchers have made a lot of
efforts in the development of ceramic-based flexible

piezoelectric sensors, their inherent hard and brittle
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properties make them unsuitable for use in health
monitoring. A key challenge in making stretchable
piezoelectric devices is the fabrication process. An
annealing process is required for most of ceramic-based
piezoelectric materials”. In addition, directly depositing
and patterning brittle solid piezoelectric materials onto
flexible substrates is challenging. The more complex the
pattern of the device, the higher the production cost.
Moreover, the photolithography-based fabrication process
for these devices is complex, costly, and time-consuming.

Compared to solid piezoelectric materials, piezoelectric
polymers such as polyvinylidene fluoride (PVDF) , have
mechanical strength, and biocompatibility. In addition,
they have lower manufacturing and engineering
requirements than solid piezoelectric materials. Despite
their low piezoelectric coefficients, they can be used in
human medical applications that require high sensitivity and
low power. A key challenge in manufacturing stretchable
piezoelectric devices, such as strain sensors, pressure

sensors, and energy harvesters'’'"

, 18 the manufacturing
process. Since piezoelectric polymers can be solution
processed, various manufacturing techniques such as spin

coating“ﬂ [13]

, electrospinning™', and inkjet printing can be
applied, which makes devices based on piezoelectric
polymers with high mechanical strength possible. For
example, researchers invented a skin-conformal
piezoelectric generator made of PVDF copolymer.
Polyvinylidene fluoride trifluoroethylene (PVDF-TrFE)
was cast on a composite of carbon nanotubes (CNTs) ,
which was then covered with graphene nanosheets. The
device has a stretchability of up to 30%, which is
comparable to that of human skin*. However, the modulus
of straight PVDF is relatively large (~3.6 GPa) , and its

application in human health monitoring may result in poor

e
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wearing comfort or even monitoring failure. To solving this
problem, we proposed the cut-and-paste technique.
Combined with the concept of Kirigami technology, a
stretchable strain sensor with ultrasensitive and ultra-low
modulus was developed. In addition, good monitoring
results were obtained by attaching the sensor to wrist joint,
indicating that through novel structural features, it is
possible for PVDF to achieve truly bio-integrated, self-
powered devices for bio-integrated applications”'”. This
will pave the way for providing personalized telemedicine
rehabilitation services.

1 Principle and design

1.1 Piezoelectric principle

Piezoelectric strain sensors have fast response speed,

2% The response

low hysteresis, and excellent stability'
characteristics of piezoelectric strain sensors are mainly
effect. When a

piezoelectric material is subjected to a certain pressure,

derived from the piezoelectric
polarization occurs inside it, resulting in opposite
charges on its two opposite surfaces. The piezoelectric
constitutive equation is usually used to describe the
coupling relationship between the forces applied to the
sensor and electrical signals™™.

D=¢"XE+d-T, S=d" XE+sT, (1)
where the variables in the formula above are all in tensor
form, D 1s the electric displacement vector, E is the
electric field tensor, T is the stress tensor, S is the strain
tensor, d is the piezoelectric strain tensor, d' is its

T is the dielectric constant tensor

transposed matrix, e
under constant stress, and s* is the compliance tensor

under constant electric field.
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Fig. 1 Schematic diagram of charge generated by stretchable piezoelectric sensor during the cyclic stretching. (a—b) The strain
sensor is in the stretching stage; (c) The sensor is stretched to the maximum strain; (d) The sensor is released; (e) The output

voltage signal during the stretching process

When strain is transferred from the wrist joint to the
strain sensor, the strain-induced charge signal can be

obtained from the flexible piezoelectric strain sensor. Fig.1
shows the change in surface charge generated by the sensor



LI Tengteng, et al. / Ultrasensitive stretchable patches for joint motion monitoring 287

under cyclic stretching. When the flexible piezoelectric
strain sensor is stretched, the induced charge on the top
electrode decreases, and the current flows from the top
electrode to the bottom electrode, and the voltage begins to
increase (Fig. 1(a) &. Fig. 1(b)). When the sensor is
stretched to the maximum strain, the current in this circuit
is zero and the voltage is maximum (Fig.1(c)). On the
contrary, when the sensor is released, the voltage
decreases (Fig.1(d)).

1.2 Design of stretchable sensor

Since the skin is flexible and easily deformable,
stretchable piezoelectric strain sensors should be flexible
enough to facilitate the transfer of micro-strain of the skin to
the sensor. However, the PVDF film has a large modulus
and cannot meet the requirements of wearable devices for
comfort and softness. As a traditional paper-cutting art,
Kirigami has developed into a manufacturing framework
that can give hard and difficult-to-stretch functional
materials higher stretchability and bendability. The design
concept of the Kirigami provides a platform for
heterogeneous integration of electronic devices with
different functions. This solution has paved the way for the
of flexible

metamaterials, physiological signal monitoring sensors and

construction of the next generation
intelligent soft robots. Therefore, in order to construct
sensors with less restrictions on biological tissues, we
proposed to use the Kirigami concept to design the
stretchable sensor. Rectangular, circular, and serpentine
structures were used as the basic units of Kirigami
structures. To avoid the sensor’ s performance degradation
due to excessive local stress during the stretching, the local
strain of devices with different basic structures was
compared under the same overall strain.

Fig.2 shows finite element analysis (FEA) results of
local strain for three different structures (rectangular,
circular, and serpentine) .
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Fig. 2 FEA results of local strain with three different sensors
(rectangular, circular, and serpentine)

In order to ensure the reliability of the results, the
overall size and duty cycle of the three different

structures are the same. It can be concluded that under
the same overall strain, the local strain of sensor with
serpentine structure is the smallest. Therefore, the
sensor with a serpentine structure is chosen to ensure
that the device will not be damaged due to stress

concentration during the monitoring process.
2 Experiment

2.1 Adhesion performance test of substrate

It is important to select a suitable elastomer substrate for
flexible sensors. One reason is that substrate can isolate the
interference of pollutants in the environment and increase
the durability of the sensor. Furthermore, flexible substrate
can prevent the functional layer from direct contact with the
skin, avoiding leakage current. Polydimethylsiloxane
(PDMS) has the characteristics of good mechanical
flexibility, stretchability and biocompatibility. Here, it was
selected as the substrate of the stretchable piezoelectric
strain sensor.

As a wearable sensor, the device should maintain good
adhesion to the skin. In order to explore the effect of
different mixing ratios (A:B=5:1, 10:1, and 15:1, where
A is poly (dimethyl-methylvinylsiloxane) and B is poly
(dimethyl-methylhydrogenosiloxane)) on the adhesion
performance of the device and test the peeling force of the
device, we adopted the standard 90-degree peeling test
method to measure the peeling force of the prepared
elastomer sample (14 mm > 10 mm 0.1 mm) attached to
the human forearm. The top surface of the elastomer is
attached to a thin polyimide (100 pm thick) to prevent the
elastomer from stretching along the peeling direction, as
shown in Fig.3 (a).
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Fig. 3 Device adhesion test. (a) Schematic diagram of peeling
force test; (b) PDMS materials with mixing ratios of 5:1, 10:1,
and 15:1; (c¢) Optical images of PDMS encapsulation material
with a mixing ratio of 15:1 at 0% (I) and 65% (II) strain
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The sample to be tested was laminated to the forearm,
and a tensile tester (ESM303, Mark-10) was used to clamp
one end of the sample, pull and peel, and record the peeling
force. The peeling force curve with different peeling
displacements can be obtained. It is worth mentioning that
the peeling energy can be determined by integrating the
peeling force over the sample length.

The PDMS with mixing ratios of 5 :1, 10 :1, and 15 :1
was selected for peeling experiments, and the
corresponding moduli of PDMS films are listed in Table 1.

Table 1 Moduli of PDMS films of various proportions

Materials Modulus/MPa
PDMS 5:1 1.64
PDMS 10:1 0.97
PDMS 15:1 0.31

Fig.3 (b) shows the relationship between the peeling
force and displacement of PDMS with different mixing
ratios (5:1, 10:1, and 15: 1). Under the same sample
length, the peeling force required for PDMS with a
mixing ratio of 15 : 1 is the largest, and the peeling force
required for PDMS with a mixing ratio of 10 : 1 is the
second largest. The integral of the peeling force curve on
the horizontal axis in Fig. 3 (b) represents the peeling
energy of the test sample. It can be seen that the peeling
energy of the PDMS encapsulation material with a
mixing ratio of 15 : 1 is the largest. PDMS with a mixing
ratio of 15 : 1 was selected as the packaging material of
the sensor. Fig. 3 (c¢) shows the optical images of the
PDMS film with a mixing ratio of 15 : 1 under 0% and
65% stretching states. It can be seen that PDMS does
not break under 65% stretching state and can be used as
a packaging material for wearable sensors.

2.2 Processing of sensor

We cut the PVDF film with 70 nm thick Cu electrodes on
both sides into 4 cm X 3 cm films for later use (Fig.4 (a)) .
Since the piezoelectric properties of the PVDF film are
easily affected by temperature, thermal processing (such
as infrared laser processing) is avoided and machining is
used to process the PVDF film. During the machining
process, PVDF film needs to be adhered to a temporary
base. Ultraviolet (UV) film can be degummed well after 2
min of UV lamp irradiation, Therefore, it was selected as
the temporary substrate during PVDF film processing.
Then, the PVDF film was patterned using a engraving
machine (Yitu pattern engraving machine) , and the entire
cutting process could be completed within 5 min (Fig.4(b)) .
After the functional layer was cut, functional material
together with the UV substrate was irradiated with a UV

lamp for 2 min (Fig.4 (c)) .

To ensure that the electrical signal generated by
PVDF can be stably transmitted to the data acquisition
card and signal processing circuit during the monitoring
process, 10 mm X4 mm Cu strips were used as the top
and bottom electrode leads of the sensor (Fig.4 (d,e)).
Firstly, we mixed the precursors A and B of PDMS at a
mass ratio of 15 :1, and used a magnetic stirrer to stir the
mixture for 5 min to ensure that the two precursors is
mixed evenly. Then, we put the fully stirred mixed
solution into a vacuum pump and evacuate it for 5 min.
The vacuum pump pressure was maintained at 107° Pa
and the valve of the vacuum pump was slowly opened to
fully remove the bubbles in the PDMS solution.
Afterwards, we poured the PDMS mixture into the Petri
dish, and then let the Petri dish stand in a vacuum
environment for 15 min to ensure that the PDMS
solution was spread flat on the functional layer. Finally,
the colloidal PDMS was baked in a vacuum oven at a
temperature of 50 °C for 24 h to completely solidify the
PDMS and the sensor was processed (Fig.4 (f)) .
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Fig. 4 Processing of flexible piezoelectric strain sensor.
(a) PVDF film; (b) Patterned film; (c) Irradiated film; (d) Cu
strip as top electrode lead; (e) Cu strips as top and bottom
electrode leads; (f) Solidified PDMS.

Fig.5 shows the images of the device at 0% and 25%
stretching states after processing. It can be seen that the

device remains intact at 25% stretching state.

(b) 25% strectching

Fig.5 Images of the sensor under 0% and 25% stretching
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2.3 Sensor’s performance test

In practical applications, flexible sensors are required
to have good electrical output characteristics, so that
they have good response and sensitivity during the
sensing process and ensure reliable signal capture. In
order to study the electrical output characteristics of the
serpentine sensor, when the sensor was uniaxially
stretched, the top electrode and the bottom electrode
were connected to a data acquisition device (DAQ,
NI—6225, National Instruments) to measure the output
voltage in the thickness direction of the PVDF film.
Thus, the output voltage of the device under different
displacements can be obtained. The relationship between
the displacement and stretching force of the sensor is
shown in Fig.6 (a). Fig.6 (b) shows the output voltage of
the serpentine - shaped structure under 3 mm tensile
displacement. Fig. 6 (c) shows the output voltage of the
sensor after 760 uniaxial stretch-release cycles when the
maximum stretching displacement of the device is
7.5 mm, indicating that the output voltage of the patch
which
confirms the robustness of the stretchable patch. The

remains stable during the stretching cycle,

output voltage - strain curves under different strains are
plotted as shown in Fig.6 (d). From the slope of the curve
in Fig.6(d), it can be seen that the strain sensitivity of the
sensoris 0.128 mV /pe.
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Fig. 6 Test results of sensor’s performance. (a) Relationship
between force and displacement; (b) Output voltage at 3 mm
displacement; (c) Output voltage after 760 cycles of stretching
at 7. 5 mm displacement; (d) Voltage-strain curve.

2.4 Wrist motion test

In order to measure the wrist joint movement, the sensor

was attached to the outside of the wrist, as shown in

Fig.7 (a) and (b). When the wrist moves in one direction,
the sensor is in a stretch-relax cycle. When the wrist moves
in two directions, the sensor is in a stretch-compression
cycle. The corresponding voltage output is shown in
Fig.7(c) and (d). It can be seen from that the output
voltage remains stable during multiple measurements,
proving that the developed device has the ability to measure
wrist joint movement.
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Fig. 7 Wrist motion test. (a-b) Schematic diagram of the
sensor attached to the wrist joint; (c) The output voltage of the
device when the wrist joint moves in one direction; (d) The
output voltage of the sensor when the wrist joint moves in two
directions.

3 Conclusions

In summary, we proposed a concept for preparing
flexible piezoelectric strain sensors. The bending strain
sensor adopts the Kirigami structure and the preparation
process adopts a simple cut-and-paste technique.
Through a simple and low-cost manufacturing method,
the stretchable strain sensor achieves high sensitivity.
When the sensor is attached to the wrist, it can well
distinguish between unidirectional and bidirectional
motions, showing its great application potential in
intelligent wearable devices for human-computer
interaction. In future research, the pressure of the sensor
on the skin should be studied to achieve the purpose of
non-sensing application. In addition, a fully flexible
signal conditioning circuit should be used to enhance the

wearing comfort of the patient.
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