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Highly Stable Kirigami-Structured Stretchable Strain Sensors for
Perdurable Wearable Electronics

Kaichen Xu,1? Yuyao Lu,}? Satoko Honda,? Takayuki Arie,? Seiji Akita® and Kuniharu Takei*®®

In wearable electronics, to acquire stability and simultaneously preserve stretchability, sensitivity, as well as scalability are
of high significance yet challenging for practical device applications. In this work, a kirigami-structured graphene-polymer
hybrid nanocomposite is proposed for strain sensors by a laser direct writing technique on a polyimide sheet. Using such
kirigami structures, strain in the sensor material can be drastically reduced in the circumstances of highly stretching
conditions. To protect the device, ecoflex polymer is applied as the passivation layer. Depending on the applications, ecoflex
grid-wrapped and film-encapsulated devices are realized with high stretchability (>200 % strain) and sensitivity (>80 %
resistance change at 60 % strain), respectively. Significantly, this sensor platform presents almost no performance
degradation even after >60,000 stretching cycle tests due to less strain within the sensor. Furthermore, as proof-of-concepts
for the human-interactive applications, motion detection and perspiration monitoring with a breathing period of 3-4 s for
comparatively long duration (>2 hours) are successfully demonstrated. These facile, scalable, highly stable and stretchable

strain sensors afford a new route towards next-generation reliable skin-inspired wearable electronics.

1. Introduction

In the past decade, flexible wearable devices, commonly known as
electronic skin (e-skin), have gained tremendous research attentions
owing to their multifunctional diagnostic purposes in our daily life.>
5 To achieve their human-like perceptive characteristics, enormous
efforts have been dedicated to improving flexibility, stretchability,
bendability as well as sensitivity of the wearable personal healthcare
and human-activity monitoring systems.®-10 Based on the versatile
goals that the wearable sensors aim to achieve, a plurality of human-
interactive devices have been developed with the capability to detect
signs, or identify multiple stimuli from the complex
environment.!-15 In particular, flexible strain sensors are of great

vital

interest generally based on the transduction mechanisms of
piezoresistivity, piezoelectricity, and capacitance.1®: 17 Among them,
the piezoresistive strain sensors are considered as the most popular
category due to their relatively facile designs as well as readout
principles through transferring the displacement of sensors into
resistance change.!8-2! Such piezoresistive strain sensors are usually
implemented via depositing active materials on flexible substrates or
covering/wrapping the conductive materials (e.g. metal
nanowires,?22*  carbon-based materials,2>28 polymer/inorganic
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composites?? 30) with soft matrices. High sensitivity, fast response as
well as low detection limit have been achieved owing to these high-
performance materials and unique device configuration.2l 31, 32
However, most of these strain sensors have been primarily focused
on the sensitivity or stretchability. In order to realize the practical
device applications, stability without sacrificing sensitivity,
stretchability, and scalability is also crucial for the stretchable strain
sensor. To achieve a sensitive and stretchable strain sensor with
simultaneously reliable and repeatable features, it is of paramount
significance to rationally consider not only the active materials, but
also configuration of the device system. The kernel to realize high
stability is to reduce the strain in the device under stretching
conditions. To address this challenge, kirigami structures are one of
the possible architectures.

Kirigami-like structures, inspired by Japanese traditional paper-
cutting art, are conceived as a new class of easily adjustable and
deformable framework, which has been applied in a variety of
emerging flexible systems, such as solar cells,33 stretchable graphene
transistors,3* supercapacitors,3> 3¢ implantable bio-probes,3” as well
as tunable optical gratings.38 For kirigami-structured strain sensors,
the primary mechanism is to obtain proportional and regular
resistance variation under the deformation of created patterns from
two to three dimensions. Such out-of-plane deformation generally
endows the kirigami-based structures with a superior stretchability,
but less strain within the sensor compared to the stretchable
deformation. For example, a kirigami-patterned conductive film
composed of carbon nanotubes (CNTs)/PDMS with minor resistance
change under the stretching strain of 430 % has been
demonstrated.3® Furthermore, through judiciously engineering strain
based on the kirigami configuration, a nanoconfined polymer
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nanosheet could endure the stretchability up to 2,000 %.3° Although
these kirigami-structured devices are provided with highly
conductive property under multiple cycles tests (typically <10 k),
their sensing capability is also sacrificed.30 39-41

Here, we develop a laser-treated stretchable graphene-
based strain sensor on a polyimide film with kirigami structures
as the backbone architecture. To protect the surface of the
active sensing materials as well as enhance the strain
distribution (i.e. sensitivity), ecoflex polymer is introduced to
surround the sensors. The proposed device fabrication process
and structure realize the scalability and simplicity to produce
the strain sensors with high stability and excellent reversibility
(>60,000 cycles) due to less strain within the sensor compared
to the stretchable deformation. After investigating fundamental
characteristics including stability tests of the sensors, motion
and relatively long-time perspiration monitoring are
demonstrated.
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2. Experimental details

2.1. Fabrication processes of elastomer-passivated kirigami strain
sensors

Ag electrode was screen printed on polyimide films (thickness: 25 um
and 130 um) at curing temperature of 70°C to allow the formation of
electrode contacts (Fig. 1a(1)). Graphene films were then formed by
a CO, laser scanning on the polyimide films (Fig. 1a(2)). To guarantee
the electrical contacts between the Ag electrode and graphene films,
an additional pair of Ag electrodes were printed again, followed by
the kirigami structures’ formation using laser cutting of polyimide
films (each unit of kirigami structures: 8 mm in length and 0.75 mm
in width) (Fig. 1a(3)). Subsequently, the prepared polyimide devices
were passivated by ecoflex (ecoflex 0030, Smooth-On, Inc. mixture
of 1A and 1B by weight) in two different ways to realize the grid-
wrapped coating (Fig. 1a(4-i)) and film-encapsulated (Fig. 1a(4-ii))
devices. Finally, the prepared devices were cured at 70 °C for 15 min.

i) Grid-wrapped  Ecoflex

'

ii) Film-encapsulated

(3) Ag electrode printing and (4) Ecoflex passivation

kirigami structures’ formation

Polyimide

A8

Ag electrodes Strain sensor

Intensity (a.u.) ®
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Fig. 1 (a) Schematic of fabrication processes, including screen printing of Ag, laser direct writing to form graphene films and
kirigami structures as well as ecoflex passivation. Scanning electron microscopy images of (b) top view of graphene film on
polyimide, (c) cross-sectional view, and (d) enlarged image of graphene area. (e) Raman spectrum of graphene films on
polyimide surface. (f) Schematic image of the top view of the strain sensor. Cross-sectional schematic images of ecoflex (g)
grid-wrapped and (h) film-encapsulated devices. (i) Schematic of an integrated device with printed electrodes. (j) A device

photo under bending.
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2.2. Laser ablation process

To generate graphene films on polyimide films, a CO, laser with
wavelength of ~10.6 um (VLS2.30, UNIVERSAL Laser System Inc.) was
used. Two working modes were applied, including laser scanning and
cutting modes. The setting conditions of the laser power were ~1.5
W and ~3 W for 25 um and 130 um thick polyimide films,
respectively.

2.3. Ecoflex passivation

Two categories of ecoflex-protected strain sensors were fabricated.
The ecoflex grid-wrapped strain sensor was performed by immersing
the device into the ecoflex solution. After fishing out the sensors,
only a thin layer of the ecoflex gel surrounding the polyimide grid was
preserved. For the ecoflex film-encapsulated device, to guarantee
the formation of relatively thin ecoflex around the device, an acrylic
plate-based mould (depth: 0.5 mm) was firstly prepared, followed by
the pouring of ecoflex solution into the mould. The devices were then
submerged inside the gel along with the removal of overflowing
ecoflex solution. Both two structures were baked at 70 °C in an oven
for 15 min. The ecoflex film-encapsulated device was carefully
peeled off from the mould after curing.

2.4. Characterization

The Raman spectrum was obtained by a commercial Raman
spectrometer (HORIBA Raman, Labram HR Evolution) with the laser
exposure time of 10 s and cycles of 3. The surface morphologic
images of the polyimide film after laser ablation was obtained by a
scanning electron microscope (SEM, Hitachi S-4300). The breaking
and long-time cycle tests were performed by a force measurement
machine (IMADA, Inc.). The data collection of real-time
measurements was fulfilled by connecting the sensor to a data logger
(Hioki E. E. Corporation)

2.5. Motion and respiration monitoring

The fabricated devices were attached onto volunteers using
commercial medical tapes. The sensors were connected to a
data logger to collect the data of motion and respiration. The
experiments were performed in compliance with a protocol
approved by Osaka Prefecture University

3. Results and discussion

The device was fabricated by vacuum-free scalable and facile
processes as described in Fig. 1a. Detailed procedures are explained
in the Experimental section. The formation of macroscale wearable
devices with a rapid speed, cost-effective, and reliable method is of
high importance for practical human-interactive applications. Laser
direct writing is a versatile and green approach to not only generate
functional  micro/nano-structures,*%*  but also synthesize
nanomaterials such as graphene.*>%8 Here, the approach of laser
direct writing not only contributes to the conversion of polyimide
material into conductively porous carbonized film, but also gives rise
to the formation of kirigami-shaped structures with highly
stretchable capability in a fast and efficient manner. As depicted in
Fig. 1b-d, laser induced uniform porous graphene films are generated

This journal is © The Royal Society of Chemistry 20xx
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on the polyimide surface probably due to photothermal effect.
Raman spectroscopy results clearly show D-band (~1350 cm), G-
band (~1580 cm), and 2D-band (~2700 cm1) peaks, respectively
(Fig. 1e). The intensity ratio of D-band and G-band (~0.8) indicates
respectable amount of graphene defects induced by laser ablation.*®
These conductive porous-like graphene films can serve as strain
sensor films. With the similar laser process, the polyimide sheet is
ablated to form kirigami structures, as illustrated in Fig. 1f-h. To
realize highly stable stretchable strain sensors, passivation is
important. In this regard, ecoflex polymer is applied owing to its
superb mechanical flexibility, stretchability as well as skin-friendly
feature. To investigate the effect of ecoflex film over the strain
sensors, two types of structures, grid-wrapped coating (Fig. 1g) and
film-encapsulated coating (Fig. 1h), are demonstrated. These two
coating strategies show their talents in different applications. The
grid-wrapped coating approach maintains the superior stretchability
of kirigami structures, owing to the tight-fit combination between
the ecoflex and polyimide-based substrate. Differently, the other
film-encapsulated structure enables the entire device (i.e. active
material and kirigami-structured regions) to be packed within the
ecoflex film, leading to the relatively small deformation of the device
due to the limited displacement of kirigami grid in the vertical
direction. Considering the user-friendly applications, a metal
interconnection layer using silver (Ag) is printed on the kirigami
structures to render planar integration of the system (Fig. 1i-j).
Notably, the Ag layer is almost strain free under the stretching with
a much lower resistance (~25 Q) than that of the strain sensor (~3.0
kQ) (Fig. S1).

Because of the kirigami-like configuration, the sensors are
stretchable for both grid-wrapped and film-
encapsulated coating devices (Fig. 2a). Interestingly, the ecoflex film-
encapsulated device is broken at ~¥90 % strain with the thickness of
polyimide at 25 um, although the ecoflex film itself has a much higher
stretchability (> 200 %). Piezoresistive strain sensors with two
thicknesses of polyimide (25 pum and 130 um) are then characterized.

mechanically

Fig. 2b-c depict the normalized resistance change ratio for the
ecoflex film-encapsulated strain sensor as described in Fig. 1h over
the 25 um and 130 um thick polyimide films as a function of
stretching strain of the devices. The resistance change of the thicker
polyimide film-based device is much higher (~80 % at 40 % strain)
than that of the thin polyimide device (~20 % at 40 % strain). This
difference is attributed to the strain within the polyimide caused by
the deformation of the film. Under the stretching condition, the
polyimide film deforms due to the kirigami structures, rendering the
device stretchable without causing significant deformation of the
materials. When the kirigami-structured polyimide film is bent in the
third dimension under the stretch, strain depends on the thickness
of the film and bending radius. Because of the higher strain in the
thicker film, this sensitivity difference is induced, which is almost
consistent with the strain engineering explained by strain € = d /2R,
where d is the thickness of polyimide and R is the bending radius. The
ecoflex grid-wrapped coating strain sensors (i.e. the structure shown
in Fig. 1g) have relatively small resistance change (Fig. 2d-e)
compared to the ecoflex film-encapsulated strain sensors (Fig. 2b-c).
These results suggest that the ecoflex film enables the graphene
films to change the resistance under stretching conditions. In fact,

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (a) Photo images of 25 um-thick polyimide devices with ecoflex grid-wrapped and film-encapsulated structures under
different levels of strain (~0, ~60%, and ~140%). Normalized resistance change ratio of ecoflex film-encapsulated devices with
(b) 25 um-thick polyimide and (c) 130 um-thick polyimide, ecoflex grid-wrapped devices with (d) 25 um-thick polyimide and
(e) 130 pum-thick polyimide. (f) Breaking test of four different devices.

the devices without ecoflex shows similar resistance change to the
ecoflex grid-wrapped coating strain sensors (Fig. S2). Based on these
results, the manner of passivation layer formation is highly crucial to
retain the stretchability and sensitivity of the strain sensors
depending on the applications.

Next, hysteresis behaviors of the strain sensors are discussed
(Fig. 2b-e). The short cycle tests of devices with different thicknesses

4| J. Name., 2012, 00, 1-3

(polyimide film) and ecoflex passivation strategies present similar
trends of the resistance change and hysteresis. After a few cycles of
stretches, the hysteresis becomes smaller. This is most likely
attributed to the porous graphene embedded into the ecoflex is
somehow moved and fixed to the stretching directions. After fixing
the graphene along the stretching direction, hysteresis of the
resistance change may be reduced.

This journal is © The Royal Society of Chemistry 20xx
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The maximum strain for each structure and polyimide thickness
is confirmed by applying the strain during measuring the sensor
resistance. The breakdown point is defined by the drastic increase of
the resistance as shown in Fig. 2f. Upon stretching, the device firstly
undergoes an elastic deformation induced by the in-plane stretching.
When the applied strain reaches a critical buckling load, the planar
deformation becomes unstable and is converted to out-of-plane
buckling. The continuous stretching renders the stress into bending
and torsional modes, leading to the higher stretchability. The further
increase of the strain enables the hardening of materials at the edge
of cuts with the larger stress and finally fracture of device.5% 51 The
maximum  stretching strain of the ecoflex grid-wrapped coating
device is ~200 % and ~240 % for the 130 um and 25 pm-thick
polyimide film, respectively. Interestingly, the ecoflex film-
encapsulated strain sensors demonstrate a different trend from the
ecoflex grid-wrapped devices regarding to the peak stretching strain.

ARTICLE

The thicker polyimide device could be stretched up to ~175 % while
the maximum strain of the thinner one is only ~90 %. This is because
the thicker polyimide kirigami structure is endowed with enough
strain and strength, allowing the ecoflex to undergo the three-
dimensional deformation during the stretching (Fig. S3).
Furthermore, the delamination of ecoflex film from the polyimide
substrate is also observed. In contrast, as for the thin polyimide
device (25 um), because of the much softer polyimide material, the
polyimide kirigami structure is provided with insufficient force to
deform the ecoflex to form three-dimensional structures, resulting in
the occurrence of only two-dimensional distortion in the ecoflex film
(Fig. S3). Due to the delamination and three-dimensional structural
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Fig. 3 (a) Normalized resistance change ratio of four different devices under different bending angles. (b) Normalized
resistance change ratio of ecoflex grid-wrapped and film-encapsulated sensors as a function of temperature. (c) Scratching
tests of the device with and without ecoflex passivation. (d) Long-time and multi cycle tests of the ecoflex grid-wrapped (25
um-thick polyimide) and film-encapsulated (130 um-thick polyimide) sensors.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




ournal of-Materials' Chemistry|C

Time (s)

ARTICLE Journal Name
a
g 1300 id moti
S Rapid motion
& 90°
2
<
0 20 40 60 80 100 120 140
Time (s)
b
30 10, 10,
- 20 CAAAA G S I TSN NV
g g g
m° 10 -0 10 20 30 _14 5 4010 4015 4020
E Time (s)
<

Artifact errors

10

Breathing period (s)

1000

Number of counts
(4
o
o

o

5 0
00 1000 2000 3000 4000 5000 6000 7000
Time (s)

Fig. 4 (a) Real-time motion monitoring at different bendings of elbow. (b) Respiration monitoring during an office work of a
volunteer. Insets show a photo of the device attached on an abdominal area and zoom-up resistance change results
corresponding to breath. (c) Real-time averaged breathing period extracted from (b) and histogram (inset in (c)) of the

breathing period for 2 hours.

deformation, the thicker polyimide device shows the higher
stretchability for the ecoflex film-encapsulated strain sensor.

In order to acquire more accurate results when employing the
flexible strain sensors in the human-interactive applications,
resistance change under other types of deformations, such as
bending effect was investigated. Fig. 3a presents the resistance
change as a function of bending radius up to 0.25 cm. Although slight
fluctuation of the resistance is observed, the resistance changes are
negligibly small compared to the change caused by the stretch. It
should be noted that both 25 um-thick polyimide devices exhibit the
smaller resistance change on account of the lower strain in the
sensor induced by the bending. This is because the strain strength is
proportional to the film thickness. Another important factor for
wearable devices is temperature dependence of the sensor. Fig. 3b
indicates that the sensors for both structures are almost
independent on the temperature variation. To be specific, for the
ecoflex film-encapsulated device, the resistance starts to decrease
slightly from 40°C, and the ratio of resistance change is around -0.3
% at 68°C. For the thicker polyimide device, the resistance change
caused by the stretching strain is much larger (>10 %), indicating that
such minor temperature effect could be ignored for the wearable
applications.

The ecoflex here is used to protect the sensors against object
contacts and scratches, such as a human touch. Although the

6 | J. Name., 2012, 00, 1-3

technique of laser direct writing on a polyimide surface is able to
rapidly generate graphene with the chemical structures similar to
reduced graphene oxide, it also suffers from the easy exfoliation
from the donor surfaces.*”-52 53 To confirm the unique role of ecoflex
protection on the strain sensors, scratch test using a finger is carried
out for the sensors with and without ecoflex passivation. Fig. 3c
clearly displays that the resistance variation of the sensor with
ecoflex passivation remains stable after 6 cycles’ scratches while the
resistance of the device without ecoflex increases gradually as a
function of the number of scratch. This is attributed to the transfer
of a portion of graphene onto the glove in the absence of ecoflex
protection, which influences the repeatability of device
performance. It is worth to note that when the scratch is applied on
the sensors, tactile pressure is also generated, giving rise to the sharp
increase of resistance for the ecoflex-passivated sensor and the value
returns to the initial level after the removal of finger touch. This is
because the strain is applied in the sensor through ecoflex
deformation and transformation caused by the scratch and tactile
force.

To further investigate the reversibility and durability of the
sensor with ecoflex passivation, >60,000 cycles tests are carried out
to guarantee the reliable performance of these two devices for
practical perdurable long-time use. ~65 % and ~6.5 % strains are
repeatedly applied to the ecoflex grid-wrapped and film-

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 7 of 8

encapsulated devices, respectively. Fig. 3d demonstrates real-time
measurement of repeated resistance changes under the stretching,
indicating that both structured sensors are provided with relatively
stable operation, although small drifts of the resistance are
observed. The gradual increase of resistance is attributed to the
fatigue of materials under longstanding stretching-releasing cycles.
The contact within porous graphene films is probably subjected to
slight changes. However, output resistance changes are almost same
from the beginning to the ending of the cycle tests as described in
the insets of Fig. 3d. This could satisfy some specific wearable
applications that require long-time tests, such as respiration or pulse
rate monitoring. Such results support that the proposed kirigami-
based stretchable strain sensors with ecoflex passivation present
superior stability for perdurable use in disposable strain monitoring
applications.

Finally, as proof-of-concepts for the practical use of
stretchable strain sensors, two different applications on human
motion and human health monitoring were demonstrated.
Based on the specific situation that the wearable strain sensors
are employed in, two categories of strain sensors are selected
including the grid-wrapped and ecoflex film-encapsulated
devices with the thinner (25 um) and thicker (130 um) polyimide
substrates, respectively. Notably, to further improve
comfortability and flexibility in wearable electronics, the much
thinner devices (<25 um) could be realized by shorter
wavelength lasers with shorter pulse durations, such as
picosecond or femtosecond lasers with relatively low thermal
effect during the laser processing to generate porous graphene
films. The first demonstration is to monitor the motion of elbow
by conformally attaching the ecoflex grid-wrapped sensor. The
resistance change ratio rapidly rises with the tilt angle of
forearm from 0° to 30° and the value is increased to 8 % under
the tilt angle of 130° (Fig. 4a). In addition to the general elbow-
bending monitoring, the stretchable strain sensor is also
capable of perceiving fast motion of elbow movement,
indicating considerably high signal reproducibility of the device.
For respiration monitoring, the ecoflex film-encapsulated
sensor is attached onto an abdominal area as shown in the inset
photo of Fig. 4b. The abdominal area expands and constricts,
corresponding to the inhalation and exhalation of breath. Fig.
4b displays the real-time monitoring of the resistance change
due to a volunteer’s breathing effect during office work. As the
volunteer moves for reading, talking, drinking, or relaxing, some
abnormal resistance changes are observed. The expansion and
constriction of abdominal area are successfully detected lasting
for more than 2 hours. After extraction of peaks and calculation
of the averaged peak distances, the volunteer’s breathing
period is obtained with the dominated value of 3-4 s,
corresponding to the respiration rate of 15 to 20 breaths per
minute, which is normal for a healthy adult (Fig. 4c). Overall, the
ecoflex-passivated kirigami-like strain sensors are capable of
precisely monitoring human motions and health conditions for
a relatively long-time duration, suggesting high reliability of the
sensors for wearable human-machine interfaced wearable
applications. In comparison with other stretchable devices, the
flexible kirigami based graphene-polymer sensors not only

This journal is © The Royal Society of Chemistry 20xx
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exhibit excellent stability, but also present desired sensing
behaviors and superior stretchability (Table S1).

4. Conclusions

In summary, this work demonstrates highly stable and stretchable
graphene-polymer based strain sensors realized by kirigami
structures and ecoflex passivation layers. Laser direct writing with
facile and scalable features is applied to produce the device, allowing
the simultaneous generation of active material sensing areas and
kirigami-shaped structures. Depending on the applications, two
categories of the ecoflex grid-wrapped and film-encapsulated strain
sensors on 25 um-thick and 130 pm-thick polyimide films are
investigated in terms of their sensitivity, stretchability, and stability.
The devices with both structures preserve good sensing capability
and stability even after more than 60,000 cycle tests. Furthermore,
their performances are verified by different applications of human
motions and perspiration monitoring. Although there is still a
plurality of tasks such as system integration or further reliability tests
for the practical applications, this facile, scalable, and highly stable
stretchable strain sensor may be one of the superior candidates for
the flexible and stretchable electronics. Future work could be
extended to investigate the kirigami shape and dimension-
dependent flexible strain sensors to further enhance the
stretchability as well as sensitivity for wearable applications.
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