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Flexible strain sensors show great potential in the field of wearables and health monitoring. However,
the application of traditional strain sensors on flexible substrates is still limited, and the development of
sensors with high sensitivity, excellent stability and good durability is a current research focus. Aiming
at the limitation of traditional strain sensor in flexible materials, a flexible strain sensor based on Kirigami
structure is proposed. In this study, a Metallized Polyurethane Conductive Sponge (MPCS) was used as
the sensor substrate. In the preparation process, we used laser direct writing process to achieve the prep-
aration of highly accurate, patterned sensitive structures. In addition, the length parameter of rectangular
hollow structure is optimized by finite element analysis to improve the stability of the sensor. The expet-
imental data show that the prepared flexible strain sensor has a high strain range (130%), a maximum
sensitivity of (GF=1.184), a response/tecovery time of 168/186 ms, a good linearity, and a very good re-
peatability and stability during 2000 working cycles. The preparation method provides an effective means
for realizing high-performance flexible thin film sensors, and has broad application prospects in intelli-
gent wearable devices, human-computer interaction, health monitoring and other fields.
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1 Introduction

In the field of smart wearable devices and soft ro-
bots, flexible strain sensors have attracted much atten-
tion because of their high sensitivity, good adaptability
and comfort. These sensors can detect and respond to
small deformations, providing new solutions for hu-
man motion capture, health monitoring and human-
machine interfaces [1-3]. Flexible film sensor with its
excellent flexibility and ductility, can adapt to complex
environment and curved surface, greatly improve the
convenience and accuracy of measurement [4, 5]. At
its core are the unique properties of flexible substrates
and sensitive elements that are flexible, ductile, able to
withstand large deformations and maintain electrical
properties. Strain sensors based on polyurethane have
attracted attention for their flexibility, durability and
biocompatibility [6, 7]. Research has focused on im-
proving sensing performance and multifunctional in-
tegration, optimizing strain response by manipulating
microstructures, introducing micropores or nano-
fillers, and adding carbon black or metal nanoparticles
to enhance electrical conductivity and stability [8-11].

Zhang et al. [12] proposed a novel method for pre-

paring polydimethylsiloxane/graphene nanocompo-
site conductive materials, and successfully prepared a
sandwich type flexible strain sensor. Tests show that
the stress and strain of the sensor are linear, and the
measurement factor gradually decreases with the in-
crease of the graphene content, and the sensor shows
excellent stability. Iqra et al. [13] developed a low-cost
flexible piezoresistive strain sensor using reduced gra-
phene oxide and polydimethylsiloxane, which has a
flexible structure and a wide sensing range. Hand tests
show that the sensor can effectively detect joint move-
ment, demonstrating the ability to monitor muscle
movement. Yang et al. [14] prepared a highly sensitive
flexible composite pressure sensor with excellent sen-
sitivity, fast response time and cycle stability by using
a prestrain strategy. The sensor can detect the human
pulse and recognize the roughness of different sur-
faces, which provides strong support for improving
robotic hands and human wearable devices. Feng et al.
[15] used salt particle precipitation and mechanical
coating methods to fabricate porous graphene nano-
plates/polydimethylsiloxane flexible sensors for struc-
tural health monitoring. The sensor has the character-
istics of high sensitivity and fast response, showing
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great potential in the field of structural health moni-
toring.

Although a lot of efforts have been made in the
development of flexible sensors, it is still a big chal-
lenge to develop flexible sensors with large range,
lightweight, high sensitivity, high stability and long
working life [16-19]. Inspired by Kirigami [20-23], a
simple process for making flexible thin-film strain sen-
sor is proposed in this the present study. The com-
mercially available MPCS [24, 25] was used as the sen-
sitive element of the sensor. The material was polyu-
rethane sponge as the base material and nickel, copper
and other metals were deposited ionic on the base ma-
tetial by electrochemical method. Finally, it is prepared
by reduction treatment and has the characteristics of
good permeability, electrical conductivity, mechanical
stability and low modulus. Thanks to the primary de-
formation of the Kirigami structure and the secondary
deformation of the porous structure of the material it-
self, the sensor exhibits a large strain range (maximum
tensile 130%). Due to the secondary deformation of
the Kirigami structure and the porous material, the
sensor exhibits a large strain range, the maximal meas-
urement coefficient is 1.184, the response/recovery
time is short (168/186 ms), the tension limit can be
detected, the repeatability is good, more than 2000
working cycles.

2 Experimental

2.1 MPCS Sensor design

Fig. 1Rectangular hollow pattern inspired by Kirigami

Flexible film sensor with its unique flexibility and
ductility, can adapt to a variety of complex environ-
ments and surfaces, thus greatly improving the meas-
urement convenience. Inspired by Kirigami structure,
this paper presents a flexible thin-film sensor with
simple technology. Its pattern is shown in Fig. 1. The
Kirigami structure is characterized by the ability to
achieve complex deformation through fine cutting
and folding while maintaining the stability of the over-
all shape. This characteristic makes the Kirigami struc-
ture can be used as a sensitive element in the flexible
stress-strain sensor, and the structural deformation is
caused by the change of external stress, which is con-
verted into an electrical signal output. The sensor
makes use of the deformation sensitivity and good
flexibility of the Kirigami structure to achieve accurate
measurement of small stresses and strains. The sensor
adopts an axisymmetrically distributed rectangular
hollow pattern with a total length L of 20 mm, an
outer width Lo of 12 mm, and a thickness Lw; of 2 mm.

The sensitive structure is segmented into a unit
structure, as shown in Fig. 2. In the stretched state, it
can be approximately reduced to a hexagon. In order
to simplify the design, fixed the hollow rectangle width
Wi of its unit structure to 1 mm. Without considering
the ductility of the metallized polyurethane porous
material itself, the theoretical maximum tensile strain
length Ly of the Kirigami structure is as:

LY:LI_LJ:LI_(LO_LI)ZZLI_LO 1

Where:
Li... The outer width of the unit structure [mm),
L;... The length of the joint of the unit structure

[mm].

(—LJﬁl
7

Fig. 2 Front view of the unit structure of the sensor
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Then the elongation A of the sensor is as:
L, _2L -L
= WY = 7;4/ 0 )
o o

Where:
Wo...The outer width of the cell structure [mm)].

2.2 MPCS sensor simulation

The stress and strain of the sensor during tensile
process was determined by finite element analysis. For
MPCS materials, the Mooney-Rivlin two-parameter
hyperelastic model was used to conduct nonlinear
static simulation. The material parameters were shown

Tab. 1 Material parameters of MPCS

in TAB. 1, and the parameter values were obtained by
performing a quasi-static tensile test using the digital
push & pull tester.

By finite element simulation, one end of the sensor
is fixed and constrained, and the other end is stretched
in the z direction, and the displacement is 20%, 40%,
60%, 80% and 100% of the original length of the sen-
sot, respectively. The stress magnitude and distribu-
tion under different strain conditions are compared.
Set the L parameter to 7 mm, 8mm, 9 mm and 10 mm,
respectively. Fig. 3 shows the Von Mises stress nebu-
logram under different tensile states when the length
parameter of the hollowed rectangle is 8 mm.

Parameters Cio/Pa Co1/Pa
Value 3.60547x10¢ 5.52351 %104
Surface: von Mises stress (kPa) Stretch100%
600
Stretch 80%
Stretch 60% 500
Stretch 40%
3 ) Stretch 20% { 400
No stretch
300
200
100
y\f/v A
0
Fig. 3 Stress nebulae of a sensor with a rectangle length parameter of 8 mm
Fig. 4 shows the strain and stress relationship of os L
the sensor with different length parameters of the hol-
low rectangle obtained by the finite element simula- 05|
tion software. As can be seen from the figure, under
the same strain degree, the longer the length parame- b p
ter of the hollow rectangle, the smaller the tension it Zosl
is subjected to; In other words, for stress measure- =
ment, if you want to improve the stress sensitivity of 02|
the sensor, you need to increase the length of the hol-
low rectangle as much as possible. Through compari- Gr
son, it is found that the stress distribution is generally o L
more uniform when the length parameter of the hol- s ! ! s s s
0 20 40 60 80 100

lowed rectangle is 8 mm and 9 mm. Only when the
hollowed rectangle is under large strain, there are a few
stress concentration phenomena inside and outside
the edge of the hollowed rectangle. Theoretically, this
kind of design has a longer service life. Considering
the stress sensitivity, service life and convenient meas-
urement, the length parameter of the hollow rectangle
is determined to be 8 mm.

Strain(%)

Fig. 4 Strain and stress relationship of sensors with different
rectangle lengths during tensile
2.3 MPCS sensor fabrication

The main materials and equipment used for sensor
fabrication and testing are shown in TAB. 2.
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Tab. 2 Information about the main materials and equipment

Materials and equipment

Brands and specifications

Manufacturers

Conductive silver paste 2mm

Shenzhen Aodingchang, China

Copper foil tape

K-818

Zhuhai Kingsname, China

Laser marking machine Mileqi, 0.06mm Shenzhen Biaozhi, China

Digital push & pull tester HG-LU-5 Wuhan Huagong, China

Oven HP-50 Yueqing Handpi, China

Linear displacement platform 101-1SB Shaoxing Huyue, China
Conductive silver paste M-4143PD Physik Instrumente, Germany

The manufacturing process of the sensor is shown
in Fig. 5. First, the MPCS film is patterned by laser
marking machine, laser direct writing technology can
easily obtain the designed structural pattern samples.
The sample was then washed with anhydrous ethanol
ultrasonic for 20 minutes, and then baked in a drying

Laser

MPCS

—)

Base material

Patterned cutting processing

Wire Copper foil

& -

Mounting electrode lead

i

Apply conductive silver paste

oven at 150 °C for 30 minutes. Conductive silver paste
were coated on both sides of the pole and left to dry
at room temperature for 5 hours. copper was then af-
fixed to the pole foil, and finally solder the wire to the
copper foil strip with an electric iron to lead out the
electrode.

- & - =f

Hollow structure Ultrasonic cleaning

l‘—f
S
L

Drying

>

Fig. 5 Strain and stress relationship of sensors with different rectangle lengths during tensile

3 Results and discussion
3.1 Characterization

The sensor is installed on the linear displacement
platform shown in Fig. 6 to test the working perfor-
mance of the MPCS strain sensor. Fig. 7~Fig. 9 shows
the initial state of the sensor, the state diagram of the
sensor when the sensor is stretched by 50%, and the
state diagram when the sensor is stretched by 100%,
respectively. Observe the size of the displacement and
record the change of its resistance value. Repeat the
experiment 5 times to take the average value as the
data. Interestingly, the sensor is different from the
general type of stress-strain sensor, and its resistance
variation trend is: with the increase of tensile displace-
ment, the overall resistance decreases in the range. At

very low strain (0~8%), the resistance of the sensor
increases very briefly during the tensile process, which
is due to the existence of micro-cracks in the conduc-
tive skeleton of the sensor; When the strain exceeds
8%, the resistance value of the sensor begins to decline
rapidly, until the tensile value is about 30%, the decline
trend begins to slow down, and the maximum tensile
value is close to 95%, which is due to the shrinkage
phenomenon of the conductive skeleton due to the
Poisson effect during the tensile process, and the skel-
eton produces different degrees of conductive contact,
thus making the resistance decline. When the strain
exceeds 95%, the resistance value of the sensor starts
to remain basically unchanged and then increases very
slowly. After continuing to stretch more than 110%,
the resistance value begins to increase rapidly. At this
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time, the conductive skeleton micro-crack has obvious
expansion phenomenon, which occupies a dominant
position. The results of many tests show that the max-
imum strain ratio of the sensor is about 130%, and the
monotonic decline range of the resistance value is

about 8% ~95%.

(\

\\

Fig. 6 Sensor tensile performance measurement device

Fig. 7 Initial state of the sensor

GF

Fig. 8 Sensor strain 50%

Fig. 9Sensor strain 100%

3.2 Measurement of MPCS sensor

Fig. 10 shows the relationship between the re-
sistance change rate of the sensor and the tensile strain.
The sensitivity of the sensor is quantitatively ex-
pressed by calculating the ratio of resistance change
rate to strain, which is calculated by:

_DR/R, _(R-R,)/R, _(R-R,)/R, 3)

£ AL/ L,

Where:

AR...The amount of change in resistance of the
sensor [Q)],

Ro...The initial resistance value of the sensor [€)],

R...The immediate resistance value of the sensor
after the strain [QY],

AL...The amount of change in the length of the
sensor [mm],

Lo...The initial length of the sensor [mm],

L...The immediate length of the sensor after the
strain [mm)].

As can be seen from the figure, in the medium-low
strain part of the sensor (8%~30%), GF is 1.184, and
R? is 0.963; while in the high-strain part (30%~95%),

(L-1,)/1,

the sensitivity is decreased, GF is 0.24, but the coeffi-
cient of determination is still maintained at a high level
of R? is 0.966. This series of data shows the perfor-
mance of the sensor under different strain degrees, in-
dicating that the sensor presents a good linear output
on the whole.

Fig. 11 shows the output waveform of the sensor
in multiple working periods under different tensile
strain degrees and shows the resistance change rate
curve of the sensor output when the sensor is
stretched from 10% to 80%. During the working pe-
riod, the output consistency is good, the waveform re-
peatability of multiple periods is good, and the sensor
shows good working stability.
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Fig. 10 The relative resistance change rate of the sensor -
Strain relationship
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Fig. 11 The relative resistance change rate of the sensor under
periodic load - time relationship
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Fig. 12 The response/ recovery time of the sensor

As shown in Fig. 12, the response time of the sen-
sor is about 168 ms and the recovery time is about 186
ms under the condition of 50% tensile strain degree

and 60 mm/s loading/release speed. When the load is
withdrawn, the resistance value of the sensor can be
quickly restored to the initial value.

Fig. 13 shows the output waveform of the sensor
under 50% tensile strain for 2000 working cycles. It
can be seen that during the working period, the output
amplitude of the sensor remains stable, and the wave-
form repeatability of multiple cycles is good, and the
sensor shows good working stability. The waveforms
of the resistance relative change rate of the 991~1000
and 1991~2000 test cycles were intercepted during the
test process. Through careful analysis of the waveform
data of these specific cycles, it can be found that the
range of the resistance relative change amplitude de-
creased slightly in the later test cycles. After further
analysis, it is believed that this change may be due to
the fatigue of the sensor in the process of repeated
stretching for a long time, resulting in a slight positive
drift of the initial resistance value with the tensile fa-
tigue. This drift means that the resistance value of the
sensor gradually increases over time, which affects the
stability of its output to a certain extent.

-0.3
-0.25

0.2
& -0.15

-0.05

0.05 —_—
0 500 /1000 15007 2000

aie =" 7 Cycles .-~
-0.3 -0.3
-0.25 -0.25
-0.2 H -0.2 H
=015 = -0.15
2 2
S -0.1 S -0.1
-0.05 -0.05
0 0
oosb— oS i
990 992 994 99 998 1000 1990 1992 1994 1996 1998 2000
Cycles Cycles
Fig. 13 The sensor performs 2000 load) release tests at 50%
strain

3.3 Typical application

As shown in Fig. 14, the sensor is mounted on the
left index finger of human body, and the two ends are
tixed with medical tape, which has a good adaptation
effect to the bending deformation of fingers. In order
to avoid the rise of resistance in the initial phase of the
sensor, a pre-stretch of about 10% is set when fixed.
A voltage divider circuit is constructed by connecting
sensors in series with a constant resistance, and a con-
stant voltage source is used for power supply. The dig-
ital storage oscilloscope is used to record the voltage
output of the sensor, and the resistance change rate of
the sensor can be further calculated. Fig. 15 shows the
response of the sensor to the finger bending Angle. It
can be seen that as the degree of finger bending in-
creases, the resistance change rate of the sensor also
increases in response.
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Fig. 14 The sensor tests the bending Angle of the index finger
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Fig. 15 The sensor responds to different bending angles of the
finger

4 Conclusions

Inspired by traditional Kirigami structure, an inno-
vative flexible strain sensor design is proposed in this
study. Kirigami structure is known for its fine patterns
and excellent scalability, which provide a unique per-
spective for the development of new strain sensors
with high sensitivity and excellent scalability. The
combination of the Kirigami structure and the porous
MPCS material enables the sensor to have extremely
low modulus and stiffness, reducing the impact on the
measured object, and extending the working range of
the sensor with the help of the secondary deformation
of the porous structure. The operating range of the
sensor is 130%, and the sensitivity is 1.184 (8% ~
30%), 0.245 (30% ~95%). At a strain degree level of
50% and a speed of 60 mm/s, the response/recovery
time of the sensor is about 168/186 ms. The sensor
shows excellent cycle stability, and the prepared sen-
sor has certain application value. This study provides
a low cost and simple process method for the prepa-
ration of flexible strain sensor.
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