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Piezoelectric strain sensor with high sensitivity and high
stretchability based on kirigami design cutting
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Wearable technology requires high-performance sensors with properties such as small size, flexibility, and wireless communication.
Stretchability, sensitivity, and tunability are crucial sensor properties; stretchability and sensitivity ensure user comfort and accurate
sensing performance, while tunability is essential for implementing sensors in diverse applications with different ranges of motion.
In this study, we developed a high performance kirigami piezoelectric strain sensor. Using finite element analysis, the sensing
performance was evaluated, and the kirigami patterns were optimized. The electromechanical properties of sensors with four
different kirigami patterns were analyzed. A sensor voltage measurement circuit was also designed, amplifying the output voltage
86.5 times by improving measurement accuracy. A piezoelectric kirigami sensor was constructed with a sensitivity of 9.86 V/cm?
and a stretchability of 320.8%, higher than those of previously reported kirigami piezoelectric strain sensors. Finally, the fabricated
sensor was successfully applied in a haptic glove for playing musical instruments.
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INTRODUCTION

Wearable sensors are becoming increasingly important in various
applications such as health monitoring and artificial reality (AR)/
virtual reality (VR) technology. Flexibility and stretchability are
required for human body applications, and the demand for such
sensors is increasing'. Additionally, it is crucial to optimize sensor
performance according to the target application because
different sensor properties, such as stretchability and sensitivity,
are required depending on the body part and application. For
example, a sensor attached to an elbow requires higher
stretchability than that required for a finger. Pulse sensing
requires higher sensitivity than detection of bending motion.
Therefore, it is essential to develop sensors with tunable sensing
performance.

The sensing mechanisms for stretchable sensors are piezo-
resistive?™5, piezocapacitive’®, and piezoelectric'®"'%, with the
piezoelectric mechanism being the most advantageous.
Piezoelectric-based sensors can accurately measure rapid strain
changes without latency. Unlike piezoresistive sensors, active
sensing is possible with piezoelectric sensors. The output voltage
produced with strain can be used as a power source for additional
functions such as wireless communication. Therefore, piezoelectric
materials are promising for strain sensing applications.

However, piezoelectric materials for strain sensing applications
have two drawbacks that limit their applications, primarily to
pressure sensors. First, the generated voltage dissipates to the
surroundings such that the voltage peak appears only for a short
duration when the strain is applied. This prevents utilization of
piezoelectric materials in strain sensing applications because it is
difficult to measure a transient output voltage. The voltage drop is
mainly due to the measurement circuit. In addition, the
measurement system cannot follow the rapid increase in voltage;
thus, it cannot fully measure the actual voltage generated by the
piezoelectric materials. Therefore, it is necessary to improve the

measurement circuit design of piezoelectric strain sensors.
Second, piezoelectric materials with high piezoelectric coefficient,
such as lead zirconate titanate (PZT), are rigid, fragile, and lack
biocompatibility. These characteristics render their use in applica-
tions related to the human body challenging.

Piezoelectric polymers have been studied to develop stretchable
sensors. Polyvinylidene (PVDF) is the most popular piezoelectric
polymer material owing to its high piezoelectric performance,
ductility, flexibility, and biocompatibility; however, it is still not
stretchable. Therefore, structural design is often studied to attain
stretchability’. Kirigami'®'®, honeycomb?®?2, and helical**~?*
structures, as well as metamaterials®® that enable stretching, have
been studied. Kirigami structures, or paper cutting patterns, have
more expansive design freedom than other approaches, making it
is easy to fabricate sensors with different performances. However,
existing studies on kirigami structures employed old-fashioned
fabrication methods, such as using a cutter knife'®?”?%, producing
sensors with limited applications?®—, low sensor performance?°32,
and low stretchability®33,

Here, a kirigami design was adopted to create a stretchable
sensor using a rigid PVDF film. A stretchable strain sensor with
tunable properties was fabricated using the kirigami design. The
pattern was designed using finite element analysis (FEA) to
achieve target performance. The FEA results also facilitate the
understanding of sensor property with stress distribution. In
addition, a measurement circuit was designed to measure the
actual voltage generated by the sensor. The output voltage peak
was maintained and can be used for strain sensing. The
electromechanical properties of the sensor with different kirigami
designs were analyzed. Sensor properties were evaluated and
compared for every pattern. It was found that a kirigami
piezoelectric strain sensor can achieve high levels of stretchability
and sensitivity. Finally, the sensor was successfully applied to a
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wearable sensor by implementing a haptic glove, and playing the
piano was demonstrated.

RESULTS
Strain sensor design and fabrication

Figure 1 shows the working mechanism of the kirigami piezo-
electric strain sensor. The piezoelectric film was cut using a
kirigami pattern, and the structural distortion of each cut segment
resulted in stretchability. As the fabricated sensor uses a piezo-
electric material, the generated output voltage can be measured
to detect the strain. The voltage decreases to zero when the strain
is removed. Typically, the voltage peak generated by the
piezoelectric materials cannot be measured because it disappears
within a short period of time. The output voltage can be measured
accurately and maintained for a certain period using the designed
circuit. This feature enables the usage of piezoelectric materials as
strain sensors. Figure 1a depicts a wearable sensor attached to the
fingers. The sensors stretch when the fingers are curled and return
to their original shape when they unfold. Thus, motion can be
detected by analyzing the output voltage. Figure 1b shows the
advantages of the kirigami piezoelectric strain sensor. Sensors
with different kirigami designs have different properties, including
stretchability, sensitivity, linearity, hysteresis, and durability. The
kirigami pattern can be designed to meet the requirements of the
target properties for different applications, and different sensing
properties can be achieved with different kirigami patterns to
target different body parts.

Figure 2 shows the design and fabrication of a kirigami
piezoelectric strain sensor. Figure 2a depicts the fabrication of the
sensor and its layered structure. A nanosecond ultraviolet (UV)
laser process was used to abate the film. The laser scanner
facilitates the ablation process for different designs, including a
fine structure with a micrometer scale. The polarized PVDF film
was coated with poly(3,4-ethylenedioxythiophene) (PEDOT),
carbon nanotubes (CNTs), and Ag electrodes on both sides.
Polyethylene terephthalate (PET) films increased the mechanical
properties and durability of the fabricated sensor. The PET
substrate was attached with an electrode coated PVDF film with
an adhesive layer (thickness: 10 um). The Young'’s modulus of the
adhesive layer was 0.02 GPa, which is lower than that of PET
(3GPa) and PVDF film (0.8 GPa). Therefore, the friction or slip
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Fig.2 Fabrication of kirigami patterns. a Laser cutting process and
layer structure of the sensor. b Kirigami patterns.
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occurring between the PVDF film and PET substrate was absorbed
by the adhesive layer. The cyclic test was conducted with and
without PET substrate to evaluate the zero-shifting phenomena.
The results can be found in Supplementary Information. Zero
shifting phenomena were observed in both cases, showing
that the substrate is not related to the phenomena. This is
because of the low-frequency noise induced by the heat from the
surroundings>*

Figure 2b shows the four kirigami patterns that were designed
and tested. Kirigami cuttings of 2-1-2-1 and 3-2-3-2 were called
serial and parallel patterns, respectively. Parallel patterns were
designed to increase the stress applied to the film. Eight and
sixteen segments (denoted as patterns S1 and S2, respectively)
were cut for the serial pattern. The distance between the
segments was 1.25 and 0.625mm for S1 and S2, respectively.
Eight segments were cut for the parallel pattern, which is denoted
as pattern P. The size and distance between cuts were determined
to meet the required size and stretchability based on the target
applications. The kirigami design variations were also tested. The
honeycomb structure was denoted as pattern H. Pattern H has the
Y-shape cut at the edge of the cut in a serial pattern, distributing
the stress concentration from point to line. Despite the different
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Fig. 3 Modeling of the kirigami patterns. a Finite element analysis of the kirigami pattern. b Structural distortion to attain stretchability of

pattern S, P, and H.

patterns, the overall size of the kirigami sensor was the same,
facilitating a fair comparison of the piezoelectric performance
under the same conditions.

Pattern design using FEM analysis

FEA was conducted to analyze the stress distribution of the PVDF
film under different strains. The results were used to correlate and
design the sensor properties with the stress distribution. Figure
3a shows the FEA results of patterns S1, S2, P, and H obtained
using Ansys software. It depicts the stretched state of the film as
well as the stress value when stretched to the maximum strain
depending on the pattern design. The maximum strain is
determined considering the durability of the strain sensor and
the limitation of the fabrication process. A longer cut can increase
the maximum strain; however, the smaller margin results in low
durability. The limitation of the fabrication process is detailed in
the Discussion. The details of the simulation are described in the
Methods section. The stretchability is attained by the structural
distortion of the segments. The segment is bent in the convex
and concave directions in patterns S and P, as shown in Fig. 3b.
However, pattern H has a different distortion mechanism than
patterns S and P. The segment is tilted by the line structure when
pattern H is stretched. The tilting of the segment hinged along
the dotted line in Fig. 3b for pattern H results in stretchability.
When the segment is under a bending motion, stress is applied in
the lateral direction. Therefore, the piezoelectric strain sensor is
operated in the ds; mode.

Patterns S1, S2, and P have distributed stress, whereas pattern H
has concentrated stress. The averaged stress applied on the
structure by von Mises criteria is 2.19 x 107,2.10 x 107, 1.87 x 107,
and 1.07 x 107 N/m? for patterns S2, P, S1, and H, respectively,
when the maximum strain is applied. Pattern S2 has a higher
stress because of its high stretchability. Pattern P has a higher
stress than other patterns when the same strain is applied. Thus,
pattern P has a higher sensitivity but lower durability than
patterns S1, S2, and H.

The stress is not distributed over the segment surface in pattern
H. Instead, it is concentrated on the line and edge of the cutting.
Therefore, pattern H will have a low stretchability compared to
patterns S1 and S2. However, even a small deformation triggers
the tilting of the large segment parts, and the stress is focused on
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a certain part of the pattern. This phenomenon can be compared
to a lever, where a small force can induce a large deformation.
Therefore, pattern H is expected to have a high sensitivity. In
addition, the sensor performance is highly linear because the
tilting motion is linear. We can easily predict and design the
electromechanical properties of the piezoelectric sensors with
different structures using FEA.

Electromechanical properties of the strain sensor

Figure 4 depicts the mechanical and electromechanical
properties of the fabricated strain sensor. Figure 4a shows
the stress—strain curve measured using a universal testing
system to analyze the mechanical properties of strain sensors
with different patterns. Three samples were tested, and the
average values of the measurements were plotted. The sample
was tested until the film was torn. However, only the data prior
to the plastic deformation were obtained and plotted because
the sensor could not be used after plastic deformation.
The maximum stretchability and Young’s modulus vary with
the different pattern designs. Pattern S2 exhibited the highest
stretchability (320.8%), whereas pattern P exhibited the lowest.
However, pattern P showed a larger Young’s modulus than the
other patterns. Figure 4b presents the output voltage as a
function of strain. For each pattern, three samples were tested
for five repeated stretching and releasing cycles, and the
measured data were averaged. Pattern P had the highest
output voltage (2.23 V) when 0.25 strain was applied. Patterns
S1 and P had higher output voltages than patterns S2 and H.
The output voltage is related to the applied stress when
stretched. The experimental results match with FEM analysis;
pattern S1 and P have high averaged stress; therefore, they
have high output voltage. Pattern H has the lowest average
stress; therefore, it has the lowest output voltage. Pattern S2,
however, has the highest stress but lower output voltage
compared to patterns S1 and P. This is because the output
voltage is calculated as

01d31 + 02d3; + 03d33 (1)

where, 0;, 05, and o3 are the stress applied on x, y, and z-axis ds;,
ds;, and ds3 are the piezoelectric coefficient in x, y, and z-axis
when the materials are polarized in z-axis direction. ds,, ds, and
ds3 values are 22, 2, and 35 pC/N for PVDF film. Von-Mises criteria
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Fig. 4 Mechanical and electromechanical properties of the fabricated strain sensor. a Stress—strain curve. b Output voltage with strain.
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Therefore, averaged stress analyzed with FEM results cannot
exactly predict the experimental values because different piezo-
electric coefficients along different axes are not considered. The
measured data were used to calculate the sensitivity of the strain
sensor, as discussed in the following section. Figure 4c shows the

51 values of the strain sensor for different kirigami patterns. d3; is
defined as

dQ d£A1
de dFA3 ’
where Q is the electric charge and F is the stress®®. A, and A; are
the cross-sectional areas in the x-and z-directions, respectively,
and ¢ is the applied strain. dQ/de can be obtained from the strain-
output voltage curve, as shown in Fig. 4b. de/dF can be obtained
from the stress—strain curve, as depicted in Fig. 4a. Therefore,
dQ/dF can be calculated based on the mechanical and electro-
mechanical properties of the sensor. The calculated data of
different patterns and the PVDF film in the bulk state were
compared. The comparison results showed that the piezoelectric
coefficient could be tailored using different kirigami pattern
designs. Pattern S1 had the highest d, value (35.34), whereas
pattern P had the lowest (14.32). The pattern S1 had a higher
d, value than the original PVDF film. The patterns S2 and H had
similar d3; values compared to the bulk poly(vinylidene fluoride-
co-trifluoroethylene) (PVDF-TrFE)3S.

&5, = dQ/dF * A /A = 3)

Circuit design

Figure 5 depicts the designed circuit for the piezoelectric strain
sensor. Typically, the data acquisition apparatus is directly
attached to the piezoelectric sensor, as shown in Fig. 5a. However,
when the sensor is stretched and released, the signal is not large
and clear because of the noise. The maximum output voltage was
approximately 0.02V. An op-amp with a voltage follower was
included to measure the sensor output accurately. It prevented
voltage loss due to the internal resistance of the measurement
circuit. Therefore, the output signal from the sensor could be
accurately measured. The signal was amplified and could be
differentiated from the noise. Usually, a parallel resistor in the
circuit drains the remaining voltage from the circuit. This resulted
in the dissipation of the voltage in a short time period, displayed
as the sharp peak in Fig. 5b. If the output signal is highly transient,
it is difficult to measure the sensor output. Therefore, the parallel
resistor is excluded from the circuit shown in Fig. 5c. The
maximum output voltage was measured as 1.73 V using this circuit
and remained stable for a certain period of time. If the strain is
maintained, the voltage is maintained for a certain period of time.
The slow voltage drop is due to charge loss caused by the internal
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resistance. The relaxation rate was 7.76 x 10~* V/sec. The dynamic
response of the sensor can be found in Supplementary Informa-
tion. Therefore, the improved circuit design enabled accurate and
consistent measurement of the output voltage from the piezo-
electric materials for strain sensor applications with a two-order
higher magnitude than the regular circuits. A detailed mathema-
tical analysis of the circuit showing the different graphs for
different circuit designs is in Supplementary Information.

Sensing properties of the strain sensor

The fabricated kirigami piezoelectric strain sensors were char-
acterized to evaluate their properties. The maximum stretchability,
sensitivity, linearity, hysteresis, and durability were measured and
compared. The maximum stretchability was measured immedi-
ately before the film began to tear. The sensitivity was defined as
dV/de. The sensor sensitivity was normalized to the sample area for
comparison to other studies. Figure 6a shows a comparison of the
stretchability and sensitivity of the kirigami piezoelectric strain
sensors with different patterns'®11:28293233 There exists a trade-
off relationship between stretchability and sensitivity. The
sensitivities of patterns P and H were 9.14 and 3.48V/cm?,
respectively. The highest stretchability (320.8%) was observed for
S2. Structural depolarization was conducted for pattern P to
improve the sensitivity further, as shown in Fig. 6b. Pattern P
attains stretchability using the concave and convex bending of
each segment, as discussed above. Different segment parts are
under tension and compression, as marked by red and blue,
respectively, in Fig. 6b. The output currents generated from
different segments have different directions, resulting in a lower
total output voltage. Therefore, thermal depolarization was
conducted for the segments with compression to remove the
piezoelectric performance. The thermal depolarization was con-
ducted by a laser process. The laser was not strong enough to cut
the film but raised the surface temperature to the Curie
temperature, removing the piezoelectric characteristics. This
process is described in detail in Methods. Pattern P shows
increased sensitivity of 9.86 V/cm? with structural depolarization.

The results were also compared to those of other studies in
which kirigami patterns were used in piezoelectric strain sensors.
The highest sensitivity of 6.57 V/cm? was obtained in the work of
Sun et al', whereas Zhou et al3? reported the highest
stretchability of 300%. This research successfully produced
kirigami piezoelectric sensors with a higher stretchability and
higher sensitivity than previously reported.

The linearity was calculated from the data in Fig. 4b. The output
voltage is proportional to the strain. The linearity value is defined
as the R-squared value obtained from the plot of the initial voltage
to the peak voltage versus strain. Figure 6¢ shows the linearity of
the sensors. The sensors showed high linearity for values ranging
from 0.9683 to 0.9824, with the exception of pattern S2. Pattern S2
had the lowest linearity of 0.7914. Pattern H had the highest
linearity among the samples, as expected from the FEM results. In
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addition, the hysteresis was calculated as the difference between
the initial and released voltages. The hysteresis can be analyzed
using the graph of output voltage vs. time. The data can be found
in the Supplementary Information. The output voltage increases as
the sensor is stretched but does not directly drop to the initial
voltage value when it is released, as shown in Fig. 1a. The output
voltage initially decreases linearly (known as the releasing region)

Published in partnership with Nanjing Tech University

to a certain voltage (known as the released voltage) and then
slowly decreases to the initial voltage. Therefore, the hysteresis
was evaluated from the difference between the initial and
released voltages. The releasing region was determined as the
time period when the voltage value is linearly related to the peak
voltage. The linear region was determined with an R-squared
value of 98%. Figure 6d shows the hysteresis of the sensors. Lower
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hysteresis values are desirable for strain sensor applications.
Pattern H has lower hysteresis compared to other patterns,
whereas pattern P has higher hysteresis. The hysteresis is affected
by the elastic—plastic region of the sample. If the stress is not
removed instantly, the voltage value exists until the stress is slowly
removed and the sample returns to its original shape. The yield
strength of a PVDF film is 50 MPa>’. As the material of pattern P is
subjected to a relatively higher stress, as shown in the FEM results
in Fig. 3, it is more likely to go through the elastic—plastic region,
explaining the high hysteresis.

The durability of the sensor was evaluated using a cyclic test.
The stretching and releasing motions were repeated for 1000
cycles for each pattern. The stretching motion (up to 50% of the
maximum stretchability) was performed for each pattern during
the cyclic test, and the results are shown in Fig. 6e. The output
voltage was measured when the sample was stretched with
repeated stretching and releasing motions. This was compared
with that of the initial cycle. Three samples were tested, and an
average value was plotted. Most of the designed sensors
exhibited a stable performance even after 1000 repeated
stretching tests, showing a decrease in performance ranging
from 63.74 to 82.23%. In addition to the output voltage value,
saturation is an important factor for sensor applications. If the
graph tends to saturate, the sensor exhibits reliable performance
even after an additional stretching test. The decreasing region
can be regarded as the sensor-aging region. The pattern S1 has
saturated trends with a voltage of 82.43 and 82.23% of the initial
value after 500 and 1000 cycles, respectively, corresponding to a
change of 0.20%. Pattern S2 also shows reliable performance.
However, pattern P exhibits a non-uniform trend, showing a
decrease of 8.63% from 500 to 1000 cycles.

Application to a VR haptic glove

Finally, the fabricated sensor was applied to a wireless haptic
glove for playing musical instruments using VR applications. The
advantage of the developed sensor is in its tunability and its
simple fabrication process. The ring and pinky fingers have a lower
strain compared to the index and middle fingers based on
physiology. In addition, the pinky finger tends to bend along with
the ring finger when it is completely bent. Therefore, a small

(@) (b)

Large strain Small strain

~— ~—
Index  Middle Ring Little
finger finger finger finger

Pattern S1 % % (C)
= % Pattern H

Ring finger bend
o g fing

movement of the pinky finger should be recognized to separate
the signal. If the movement characteristics of each body part were
ignored and the same sensor was applied, the stretchability and
sensitivity will not be appropriate for each body part, leading to
sensing errors. Therefore, the movement behavior, including the
range and force, was considered by selecting the appropriate
sensor performance, as shown in Fig. 7a. Pattern S1, which has a
high stretchability and reasonable sensitivity, was selected for the
index and middle fingers. A sensor with high sensitivity and
linearity is required to detect small movements of the finger for
the ring and pinky fingers. Durability is also required for stable
performance in real-world applications for an extended time.
Therefore, pattern H was chosen for the ring and pinky fingers.
The sensor was attached to the finger and connected to a printed
circuit board, as shown in Fig. 7b. The microprocessor, relay, and
Bluetooth module were connected, and the piano was successfully
played using these two sensor types. Figure 7c shows the output
voltage signal of the glove received by a PC via Bluetooth
communication with the movement of each finger while playing
music. Each finger movement was detected successfully, and a
musical note was played accordingly. The duration of the bent
state controlled the duration of the sound, and the speed of finger
movement controlled the volume. “Arirang” and “Amazing Grace”
musical notes were played successfully. A link to the video can be
found in the Supplementary Information. This approach can be
applied to other VR applications, such as drone controllers and VR
keyboards. It can also be extended to other body parts, such as
the neck and knee, using an appropriately designed sensor.

DISCUSSION

Different kirigami patterns show different sensing performances,
and the overall sensor properties were compared. Pattern
S1 showed good performance for most properties, particularly
for durability. However, it exhibited a low sensitivity. Pattern S2
demonstrated excellent stretchability and good durability,
whereas it had low sensitivity and linearity. Pattern P showed
good sensitivity and linearity. However, it lacked durability,
hysteresis, and stretchability. Pattern H exhibited high linearity
and sensitivity with good hysteresis and durability but lacked
stretchability.
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Fig. 7 Application to a VR haptic glove. a Sensor selection considering movement behavior of body and sensor performance. b Fabricated
haptic glove and description of the printed circuit board. ¢ Output voltage signal with the movement of each finger while playing a musical

instrument.
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Likewise, different kirigami patterns have different sensor
properties. The structural design determines the stress distribution
under the application of strain. The maximum output voltage and
the shape of the graph vary depending on the stress distribution
—higher stress results in a higher sensitivity. However, if the
maximum stress reaches the yield strength of the material, the
sensor exhibits a high hysteresis; moreover, the durability
decreases. Linearity is related to the type of structural deforma-
tion. If the deformation is linear with no curve structure
deformation, the linearity of the sensor increases.

The mechanical and electromechanical properties were
analyzed for different kirigami patterns. Based on our analysis,
a pattern with fewer or shorter length cuts has higher Young's
modulus and lower stretchability. For example, pattern S1 has a
lower stretchability than pattern S2 because it has fewer cuts. In
addition, pattern P has a lower stretchability than pattern S1
because its cuts are shorter. Electromechanical properties can
also be designed. Using FEA, it is easy to design and understand
the electromechanical properties of piezoelectric sensors with
different structures by analyzing the stress distribution. The
maximum strain, as well as the sensitivity, can be tuned by
changing the kirigami design.

To fabricate the sensor kirigami patterns, a laser process with a
laser beam diameter of 50 um was used. The laser process has
many advantages, such as precise cutting, curved cutting, design
flexibility, and fast fabrication. The cutting mechanism of the
nanosecond laser is based on heat damage. Therefore, heat
inevitably affects the periphery of the laser beam spot. If there
were too many cuts, the distance between the cuts is decreased,
and the ratio of the heat-affected zone occupying the whole
structure is increased. The Curie temperature of the PVDF film
was 120°C, which is not high. The process temperature could
reach up to 120°C during the cutting process, and the
piezoelectric performance of the materials could be lost,
resulting in low sensing performance. In addition, if the fraction
of the cutting area is increased, the mechanical properties of the
film are degraded, leading to low durability. This behavior
explains why the number of cuts in the single pattern was tested
until 16, whereas a higher number of cuts could further increase
the stretchability.

In summary, a stretchable piezoelectric strain sensor was
developed by introducing a kirigami pattern to achieve stretch-
ability in a rigid PVDF film. In addition, a circuit was designed to
measure the output voltage of the piezoelectric strain sensor
accurately and consistently. The sensing performance was tailored
using the kirigami pattern design with the help of finite element
analyses. The electromechanical properties of the sensors were
analyzed, revealing that different kirigami patterns produce
different sensing performances, such as maximum strain and
sensitivity. Based on these analyses, it was concluded that a
kirigami pattern with fewer or shorter length cuts has a lower
stretchability and a higher stress concentration, resulting in
enhanced sensitivity. Pattern H showed different distortion
mechanisms and provided the highest linearity compared to
patterns S1, S2, and P. An optimized sensor output circuit was
designed and enabled an accurate output voltage measurement
by amplifying the output 86.5 times higher than that of the
original circuit. Therefore, a kirigami piezoelectric sensor was
fabricated with a sensitivity of 9.86V/cm? and stretchability of
320.8%, the highest values reported to data for kirigami piezo-
electric strain sensors. The error included in the results was
induced by deviations in the dimensions of the samples, which in
turn were caused by the fabrication process. A laser process with
higher resolution and more stable output energy could improve
the quality of the cutting, thus minimizing such error. Finally, the
fabricated sensor was successfully implemented in a haptic
glove for playing musical instruments. The piezoelectric sensor
discussed in this research can be further developed by adopting
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more complicated kirigami patterns and aiming for miniaturiza-
tion and transparency.

METHODS

Fabrication of a piezoelectric kirigami sensor

A PVDF film with a PEDOT + CNT electrode coating on both sides was
purchased from Fils, Korea. The thickness of the film was 80 um. An
additional electrode was coated with Ag to ensure conductivity after
stretching. The electrode was coated with Ag by E-beam evaporation at
2.0A/s for 1000seconds under a 3.0 x 1077 MPa vacuum state. The
thickness of the coated Ag electrode was 200 nm. A PET film was attached
to increase the durability of the film. An ultraviolet nanosecond laser was
used to cut the film according to the designed pattern. The pulse width
and frequency of the laser system were 15 ns and 30 kHz, respectively. The
laser power was 400 mW. The scan speed and number of scans were
40 mm/s and 20, respectively. For structural depolarization, 300 mW was
used with 160 mm/s scan speed twice. An anisotropic conductive film was
bonded to measure the electrical output of the system.

Measurement of the piezoelectric property

The electric properties were measured while a strain was applied to the
film. The linear stage (Sigma-Koki, OSMS26-100) and stage controller
(Sigma-Koki, GSC-01) were controlled by LABVIEW to apply strain to the
film. The fabricated strain sensor was stretched at a speed of 2.5 mm/s.
The sample was stretched to its maximum value. Before breakage, the
maximum deformations were 100.10, 320.80, 25.04, and 30.04% for
patterns S1, S2, P, and H, respectively. A data acquisition system (DAQ,
National Instruments, NI-6009) and a voltage follower circuit composed of
operational amplifiers (OP-amp, Texas Instruments, LMP7721) were used to
measure the voltage output. The measurement system was programmed
to collect data at a sampling rate of 100 Hz. Each design was tested on
three samples with five tests for each sample. The average output voltage
and its standard deviation were plotted.

Mechanical property measurements

The mechanical properties of the sensor were measured using a universal
testing machine (Instron 5948 Microtester). The kirigami cut PVDF film was
stretched at 0.15 mm/s until fracture. Three samples were tested for each
kirigami design, and the stress-strain curve was plotted. The value of dF/de
was calculated.

Finite element analysis

The FEA simulations were performed using commercial simulation software
(Ansys) to analyze the stress distribution of different kirigami patterns. The
kirigami piezoelectric strain sensor composed of a PVDF film (Youngd's
modulus (E) = 0.62 GPa, Poisson’s ratio (v) = 0.35) and PET film (E = 2.5 GPa,
v = 0.37) were modeled. The force was applied until the deformation of the
pattern reached the maximum value. The mesh size was scaled per part,
and the minimum characteristic length of the mesh elements was 4.26,
3.54, 1.82, and 1.99 um for patterns S1, S2, P, and H, respectively.
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