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ABSTRACT

In wearable electronics, significant research has gone into imparting stretchability and flexibility to otherwise rigid electronic
components while maintaining their electrical properties. Thus far, this has been achieved through various geometric modifications
of the rigid conductive components themselves, such as with microcracked, buckled, or planar meander structures. Additionally,
strategic placement of these resulting components within the overall devices, such as embedding them at the neutral plane, has been
found to further enhance mechanical stability under deformation. However, these strategies are still limited in performance, failing to
achieve fully strain-insensitive electrical performance under biaxial stretching, twisting, and mixed strain states. Here, we developed
a new platform for wearable, motion artifact-free sensors using a graphene-based multiaxially stretchable kirigami-patterned mesh
structure. The normalized resistance change of the electrodes and graphene embedded in the structure is smaller than 0.5% and
0.23% under 180° torsion and 100% biaxial strain, respectively. Moreover, the resistance change is limited to 5% under repeated
stretching—releasing cycles from 0% to 100% biaxial strain. In addition, we investigated the deformation mechanisms of the structure
with finite element analysis. Based on the simulation results, we derived a dimensionless geometric parameter that enables prediction
of stretchability of the structure with high accuracy. Lastly, as a proof-of-concept, we demonstrated a biaxially-stretchable

graphene-based sensor array capable of monitoring of temperature and glucose level with minimized motion-artifacts.
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1 Introduction

Wearable sensors have the potential to enable real-time moni-
toring of an individuals state of health or remote diagnosis of
diseases simply via attachment to the skin. To achieve this goal,
a wide variety of wearable sensors capable of continuous bio-
signal monitoring have been developed and investigated [1-4].
When developing such wearable sensors, user movement must
be taken into account because body movements are normally
accompanied by stretching or contraction of the skin [5]. This
can cause deformation of the active sensing element or even
delamination of the active sensing element from the skin [6],
which will severely distort the output bio-signals. To avoid this
susceptibility to motion artifacts, the components in wearable
devices must be reversibly stretchable up to > 30% without
change in their electrical properties, and they should fully
adhere to the skin under body movements [7]. This task has been
commonly accomplished by fabricating sensors on deformable
planar substrates that adhere to the skin [8]. In particular,
island-bridge configurations have been widely adopted using
deformable planar substrates to achieve high stretchability for
electronic components. In an island-bridge configuration,

rigid sensing components (islands) are separated and joined
by stretchable metal interconnects (bridges). Any overall strains
become delocalized from the rigid islands, instead deforming
the stretchable interconnect bridges, thereby minimizing the
strain experienced by the sensing components. Despite
significant progress in developing wearable sensors with this
strategy, the stretchable planar substrates used can be problematic
due to their limited softness [9]. Additionally, stretchable planar
substrates are inherently not breathable, inhibiting gas permeation
and potentially causing severe skin irritation after prolonged
use [10].

Another promising platform for motion artifact-free wearable
devices is mesh electronic structures [11, 12]. Porous mesh
structures are highly deformable, even enabling syringe injectable
mesh electronics to reach targeted internal cavities before
unfolding into their fully expanded state [13]. In addition,
thin mesh structures can ensure conformal contact to complex
curvilinear surfaces [14]. The breathability of porous mesh
structures is significantly better than that of stretchable planar
substrates. Furthermore, multi-sensor devices can be fabricated
using mesh structures by means of island-bridge concepts [15].

As a potential strategy for making highly stretchable mesh
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structures, kirigami techniques have attracted much attention.

Kirigami, a subgenre of the better-known origami (paper folding),

involves the creation of three-dimensional (3D) structures through
strategic incisions of two-dimensional (2D) sheets [16-20].
Thin films with kirigami patterns have out-of-plane deformation
responses to elongation, redistributing in-plane stress into
out-of-plane deformations under stretching, thereby providing
macroscopic deformability of materials beyond their intrinsic
mechanical properties. However, previously reported kirigami-
based devices [21-23] were designed primarily for uniaxial
stretching, only maintaining electrical properties under some
specific mechanical deformations. Additionally, these devices
were simple in functionality, with only one type of sensor, and
therefore capable of only measuring a single signal.

Atomically thin materials offer unique advantages for wearable
sensor applications, with enhanced electronic and functional
properties over their bulk counterparts and readily tunable
structures [24, 25]. In particular, graphene, an atomically-thin
layer of carbon atoms, is mechanically robust [26], electro-
chemically stable [4], and biocompatible [27], which makes it
a promising material for flexible or wearable sensors [28, 29].
Recently, we have developed wearable graphene kirigami-
based devices capable of withstanding high uniaxial strains (up
to 240%) [30]. Here, we improved upon our previous kirigami
design by expanding it to a strain-insensitive, biaxially-
stretchable, graphene-based sensor array. To this end, we combined
kirigami techniques with the concept of island-bridge mesh
electronics. The electrodes embedded in the kirigami-patterned
mesh structure exhibit nearly constant electrical resistance under
biaxial stretching of 100% and torsion of 180°. Moreover, the
resistance change is limited to 5% under repeated stretching-
releasing cycles from 0% to 100%. We additionally investigated
the deformation mechanisms of the kirigami structure using finite
element analysis (FEA) and proposed a simple dimensionless
geometric parameter that can predict the overall stretchability of
our kirigami or similar structures. Furthermore, we demonstrated
strain-insensitive temperature sensing, and solution-gated
graphene field-effect-transistor (GFET)-based glucose sensing
using these devices.

2 Experimental

2.1 Fabrication of kirigami-patterned mesh sensors

The fabrication scheme is shown in Fig. S1 in the Electronic
Supplementary (ESM). First, a sacrificial layer (150 nm-thick
copper film) was deposited onto a Si wafer via electron beam
evaporation. The bottom polyimide layer was spin-coated and
then cured at 350 °C for 4 h under low pressure nitrogen flow.
Graphene grown by chemical vapor deposition on copper foil
(Fig. S2 in the ESM) was used for the GFET glucose sensors.
After transferring graphene onto the bottom polyimide layer
and annealing under argon flow, the graphene channels were
patterned via photolithography and reactive ion etching (RIE).
Next, Cr/Au/Ti metal electrodes (15/150/15 nm), including the
contact pads and planar gates, were deposited. Additionally,
an RIE etch stop (40 nm thick copper film) to protect the
graphene channels was deposited before the top polyimide
layer was spin-coated and cured. A 40 nm thick copper etch
mask was then patterned on the top polyimide layer and the
entire sandwich structure was then etched by RIE to create the
kirigami cuts entirely through the polyimide. Finally, the device
was released from the wafer by electroetching of the sacrificial
layer, protective layer, and etch mask. The released device
consists of a sandwich structure containing the electrodes and
graphene between two polyimide layers with selective holes in the
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top layer enabling electrical contact to the graphene channels
and contact electrodes. Polyimide was specifically chosen as
the structural material for our design as it is biocompatible,
readily spincoat-able, and highly inert to the chemicals and
high temperatures involved in the photolithography process.

2.2 Finite element analysis of kirigami-patterned mesh
structures

Non-linear finite element analysis was carried out using the
Structural Mechanics Module in COMSOL Multiphysics®. For
the polyimide structural material of the kirigami devices, we
assumed a true stress—strain curve of the material as follows

ifo< oy
ifo> oy (1)

oc=Ee
0=Exe-¢g)

where Ei is 2.1 GPa, E; is 214 MPa, oy is 144 MPa and ¢, is the
strain where Eie = oy [30]. The loading was imposed either by
moving the ends along the plane in steps or directly applying
axial forces to the ends. The increments of displacement or
axial force were kept small for convergence of the non-linear
problem.

3 Results and discussion

3.1 Design of kirigami-patterned mesh structure for
strain-insensitive devices

Figures 1(a) and 1(b) show the overall structural design of our
kirigami devices for strain-insensitive wearable sensing. We
adopted a 2 x 2 island-bridge mesh structure with four separate
islands, enabling multifunctional sensing (e.g., glucose, tem-
perature) on the same device (Fig. 1(a)). The four islands are
connected to each other and the outer contact pads with bridges.
The island-to-contact pad bridges carry electrodes, while the
island-to-island bridges do not. Figure 1(b) shows the final
design of our kirigami devices (see also Fig. S3(a) in the ESM).
To impose stretchability and enhance the breathability of the
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Figure 1 (a) Schematic illustration of strain-insensitive glucose sensor
device fabricated in a kirigami-patterned mesh structure. (b) Graphene
sensing channels and metal electrodes are embedded in polyimide. Photographs
of the kirigami-patterned stretchable sensor in (c) neutral state and (d)
100% biaxially stretched state. Insets in (c) show photographs of graphene
transistor (left) and temperature sensor (right) fabricated on islands, respectively.
Lower image in (d) shows side-view out-of-plane deformation of a kirigami
bridge.
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mesh structure, kirigami cuts and notches were added to the
bridges. On the islands, temperature and GFET glucose sensors
were fabricated. As shown in Fig. 1(b), all of the electronic
components are sandwiched at the neutral plane of the
kirigami-patterned mesh structure. The thickness of the top
and the bottom polyimide layers was 3-5 um (Fig. S3(b) in the
ESM). Small windows in the top layer of polyimide allow for
electrolyte solution gating between the gates and graphene
channels of the GFET-based glucose sensors.

Figures 1(c) and 1(d) show a graphene-based kirigami-
patterned multi-sensor device in an unstretched (e, = 0%) and
biaxially stretched (en = 100%) state, respectively. Similar to
previously reported kirigami structures with stretchable conducting
electrodes [30], stretching of the overall structure causes out-
of-plane deformations of the kirgami bridges. However, the
additional 4-fold rotational symmetry of our kirigami structure
allows it to stretch under biaxial loading.

In order to achieve motion artifact-free sensing for wearable
devices, the most important requirement is that the electrical
responses of electrodes and sensing electronics remain un-
changed under various deformation conditions. Therefore, we
assessed the normalized change in resistance (AR/Ro) of the
electrodes and graphene-based FET sensors embedded in our
kirigami structure (Fig.2). As the kirigami was twisted by
applying torsional stress at the left and right ends (with the top
and bottom ends fixed), there was a negligibly small change
in resistance (< 0.5%) under torsional deformation (Fig. 2(a)).
Similarly, stable electrical resistance was observed under biaxial
stretching, with a change in resistance smaller than 0.3% for
biaxial strain from &, = 0% to &, = 100% (Fig. 2(b) and Movie
ESM1). The estimated strain gauge factor, defined as AR/Ro/en
was less than 6 x 10~ for biaxial stretching. For both torsional
biaxial strains, the mechanical responses of the fabricated
kirigami-patterend devices matched well with the FEA
simulations. We also carried out time-resolved current measure-
ments for the electrode embedded in a kirigami structure
while stretching it biaxially from 0% to 100%. The current
remained stable over time, which demonstrates stability during
movement (Fig. 2(c)).
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Figure 2 The changes in electrical resistance of the kirigami device under (a)
twist angle (¢) up to 180°, (b) biaxial strain up to 100%. Inset images in (a)
and (b) are von Mises stress distribution simulated by FEA and photographs
of the kirigami-patterned device at ¢ = 90° (viewed at a slightly tilted
angle from vertical) and & = 100%, respectively. (c) Time-resolved current
of the kirigami device under dynamic stretching conditions. The device
was biaxially stretched in two consecutive cycles from & = 0% to £ =100%.
The stretching was initiated at time 0 s. (d) Changes in electrical resistance
of the kirigami device under cyclic biaxial stretching between 0% and
100% up to 800 cycles.
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Another important feature for wearable sensors is cyclic
reversibility, as human skin is repeatedly stretched and contracted.
In order to demonstrate reversibility and durability, the nor-
malized resistance change was measured under repeated biaxial
stretching-releasing cycles between &, = 0% and & = 100%
(Fig. 2(d)). Although there was an approximately 3.7% initial
increase of resistance in the first 200 cycles, the normalized
resistance stabilized and the resistance change was less than 2%
between 200 and 800 stretching-releasing cycles. We attribute
the small changes in resistance to unintentional overstretching
(> 100%) of the kirigami structure during stretching-releasing
cycles.

3.2 Finite element analysis and mechanics model of
kirigami-patterned mesh structure

In order to understand the deformation mechanisms of our
kirigami structure, we first characterized the mechanical response
of a 10 um-thick kirigami structure under biaxial loading
using FEA (Fig. 3(a), see also Section 2). The simulated nominal
stress—nominal strain (o.—éx) responses of the kirigami show
three different stages (Fig. 3(b)). In stage I (0 < 0. < 0.125 MPa,
0% < &, < 0.25%), 0n and &, have a linear relationship with the slope
of 50 MPa. In this stage, the main deformation mechanism of
the kirigami structure is in-plane bending of the bridges (see
also Fig. S$4 in the ESM). Next, in stage II (0.125 < 0, < 10 MPa,
0.25% < & < 105%), the average tangent modulus drops sig-
nificantly to 5.1 MPa as a result of the out-of-plane deformation
of the bridges. As &. increases above 105% (stage III), the kirigami
becomes rapidly stiffer. The slope at en = 140% is 220 MPa,
which is similar to the modulus of polyimide above its yield
point (214 MPa).

On the islands, the average strain does not exceed 0.4% over
the entire simulated range of 0. (Fig. 3(c)), indicating that our
kirigami design effectively distributes the stress away from the
islands. Strain in the islands was estimated to be very limited
under torsion of the overall device as well (Fig. S5 in the ESM).

The mechanical deformation of the kirigami bridges in
stages II and III was further analyzed by dividing the unit cell
of bridges into three plates. The unit cell of kirigami bridges
consists of two long plates (P1), two connection plates at the
cuts (P2) and one connection plate at the notch (P3) (Fig. 3(d)).
Figure 3(e) shows the von Mises stress distribution in a
kirigami bridge and its deformed structure at 6. = 10 and 50 MPa.
The stress was localized near the tip of cuts (see also Fig. S6
in the ESM). Under in-plane loading, the bending of P1
with out-of-plane rotation was predicted (Fig. 3(e)), which is
consistent with our experimental observations (lower image of
Fig. 1(d)). Owing to the out-of-plane bending of P1, the kirigami
structure can be elongated in the in-plane direction significantly
with a relatively small loading force. In stage II, the rotation
angle (8) of P1 plates gradually increases and then saturates
at 76° (Fig. S7 in the ESM). The rotation of P1 accompanied
by the torsion of P2 and rotation of P3 rather than stretching
of P2 or P3 in stage II, results in a low effective modulus for
the whole structure. After @ reaches to the saturation value,
the main deformation mechanism of the kirigami structure
transitions to stretching around P2 and P3 (stage III). Therefore,
the in-plane stress starts to concentrate around P2 and P3 in
stage III, and the effective modulus of the kirigami structure
becomes similar to the modulus of polyimide. It is expected
that mechanical failure of kirigami structures can easily take
place when it is in stage III.

Next, 10 pm thick kirigami designs with varying design
parameters g (including W, BW, CW, H, BH, CH) shown in
Fig. 3(d) were also evaluated to explore the relationship between
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Figure 3 (a) Top view of entire kirigami structure and von Mises stress distribution in the structure under biaxial nominal stress of 10 MPa (or biaxial
nominal strain of 105%). (b) Nominal stress—-nominal strain curve of the kirigami structure. Inset shows the magnified plot for very small strains (& <
0.6%). (c) Average principal strain in the island as a function of nominal strain. Inset shows strain distribution in the island under biaxial nominal stress of
10 MPa. (d) Schematic diagram of the unit cell of bridges and various geometric parameters. The unit cell consists of two P1 plates, two P2 plates and one
P3 plate. (e) Top view and side view of the unit cell structure and stress distribution in the structure under nominal stress of 10 MPa (left) and 50 MPa
(right). The thickness of kirigami structures in (a)-(e) is 10 um. (f) The correlation between FEA-simulated (&iompa(t,g)) and analytically calculated (J)
nominal strain of kirigami structures at nominal stress of 10 MPa. (g) Multiple microcracks and nanocracks (inset) formed in Au/Cr thin film deposited
on the kirigami structure after stretching up to 100%. (h) FEA simulation of stress distribution in Au thin film (50 nm) with initial cracks. (i) FEA
simulation of average strain in the Au thin film as a function of applied strain on the film.

the stretchability of kirigami designs and their design parameters €10mpa(10 pm,g)). Here, 10 MPa was chosen because at that stress,
(see also Fig. S8 in the ESM). CW and BH, which are not kirigami structures will be in stage IT or early stage III, with large
related to initial total length of the kirigami structure (Lt (um) = deformations but minimized mechanical failure. We found
18W + 21 BW + 2H + 1000), barely affect the mechanical that e1ompa(10 pm,g) and 6w have a strong linear correlation
response of the kirigami structure (Figs. S8(b) and S8(c) in the (Fig. S8(g) in the ESM).

ESM). On the other hand, the increase of CH allows for more We also investigated the effects of thickness on the me-
elongation of the kirigami structure (Fig. S8(d) in the ESM). chanical response of the kirigami structure (Fig. S9 in the ESM).
In addition, increasing either BW or W, which increases Lr, ~ In stage III, as P1 bending is no longer the main deformation
reduces the stretchability of the kirigami structure (Figs. S8(e) mechanism, a thickness effect is not observed. On the other
and S8(f) in the ESM). This parametric study clearly gives hand, stages I and II are affected by a change in thickness. First,
an insight into the effects of geometric parameters on the the transition strain at which the out-of-plane deformation

stretchability of the kirigami; the bendability of the P1 plate, initiates increases as the thickness increases (Figs. S9(a) and
which is proportional to CH, determines the overall stretchability ~ S9(b) in the ESM), which is consistent with the previous
of kirigami structure. results [31]. In addition, the kirigami structures in stage II
Our finding on how CH is related to kirigami stretchability become stiffer as thickness (f) increases because the bending
. . : 3
is supported by following explanations. Assuming P1 can be Stiffness of the P1 plate increases with £ ) )
completely folded with out-of-plane rotation of 90° and the From the above parametric study, we can derive an analytical
bending of P1 plates is the only deformation mechanism, the equation that is caPable of describing the Un—en.relatlon of the
total length of the kirigami structure after complete bendin g k1r1gam1 structure in stage II. At a certain nominal stress (on),

of P1 plates would be approximately 18 x CH. Nominal we can express the nominal strain (en) of a kirigami structure
nominal strain in this case can be approximated as m(g) = given certain de.:sign parameters (g) and t.hickness,. as Ox(hg):
18CH/Lr — 1. Next, we compare §m with the nominal strain of a which is approximately given by the following equation

10 pm-thick kirigami structure atanominal stress of 10 MPa (i.e., Os(t,9) = 16w/ (1 + c2f) (2)
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where ¢1 and c; are constants and dm(g) = 18CH/Lr — 1 (see
Discussions in the ESM for the derivation). In the derivation,
we assumed that the bendability of the P1 plate determines the
overall stretchability of the kirigami structure. To confirm the
validity of Eq. (2), we correlated Jg(t,g) with FEA-simulated
eompa(t,g) of the kirigami structure by changing the various
design parameters and t. Notably, eiomea = 0 with proper
values of ¢ and ¢ (Fig. 3(f)). The resulting &, therefore
enables a nearly analytical prediction of the stretchability for
a kirigami structure with parameters g and thickness at a certain
applied stress without requiring complex FEA simulations.
In addition, the linear relation between &iomra and g further
demonstrates that out-of-plane bending of P1 dominates overall
deformation of kirigami structures.

To investigate the strain-insensitive electrical resistance of the
patterned metal features (e.g., patterned Cr/Au/Ti temperature
sensor in Fig. 1(c)) in our kirigami devices, we also simulated
the strain of a line at the neutral plane (&) of the kirigami
bridge structure as a function of &, (Fig. S10(a) in the ESM).
At e, =100%, & is predicted to be 1.7%. The simulated &1 is then
converted to the change in electrical resistance using the
equation with assumption that no cracks are formed in the
electrode, AR/Ro= (1 + &)> — 1(Fig. S10(b) in the ESM) [32]. As
a result, AR/Ro is predicted to be 3.5% at &, = 100%, which is
higher than our experimental results. We attributed the difference
between simulation and experimental results to formation of
multiple microcracks or nanocracks in the electrodes during the
fabrication processes. We confirmed these features by observing
multiple microcracks and nanocracks (Fig. 3(g)) formed in
Cr/Au thin film deposited on a polyimide kirigami structure.
Such cracks may be formed during fabrication processes that
induce unintentional mechanical deformation of the kirigami
structure. When microcracks or nanocracks are formed, applied
stresses are localized to the crack tips (Fig. 3(h)) [33]. This can lead
to a significant reduction of strain in metal thin films (Fig. 3(i)).
As a result, under small strains that do not induce additional
crack propagation (< 5%), the change in electrical resistance of
the cracked metal can be negligible [34].

It is worth noting here that the average strain in the neutral
plane was predicted to be 60%-80% of the average strain in
the top plane, which indicates that placing all electrodes in
the middle of the polyimide film helps to achieve strain-
insensitive electrical resistance (Fig. S11 in the ESM).

3.3 Solution-gated GFET-based sensors

As a demonstration of our kirigami devices for wearable
sensor applications, we assessed the strain-insensitive sensor
outputs by integrating the solution-gated graphene FETs in
our kirigami-patterned mesh structures (Fig. 4(a)). Owing to
their high conductivity, high surface area and robust chemical
properties of graphene, solution-gated graphene transistors are
considered one of the most promising bio/chemical sensors
for quantifying analytes in solution using electrical signals.
For the gate, an integrated planar gate electrode (Cr/Au/Ti)
with thickness 15/150/15 nm was used. To measure the gate-
modulated current of our GFETs, a droplet of phosphate-
buffered saline (PBS), mimicking sweat, was placed on the
island, thereby linking the integrated gate electrode to the
three graphene channels through openings on the polyimide.
The transfer curves of the GFETs were characterized by applying
a varying gate voltage from 0 to 1.5 V during stretching. Our
GFETs exhibited stable transfer curves during stretching.
Furthermore, the Dirac voltage (Vbinc) changed by less than
2% at applied strains between &, = 0% and & = 100%, and the
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Figure 4 (a) Source-drain current (Ips) versus of gate bias (Vg) of a
solution-gated GFET at & = 0%, 20%, 40%, 60%, 80%, 100%. Inset is a
photograph of the experimental configuration with an island solution-gated
GFET under stretching. (b) Dirac voltage (upper) and normalized Ips at
Vi = 0 V (triangle) and 1.5 V (square) (lower) as a function of &. Ips is
normalized by Ips at & = 0%. (c) Resistance of temperature sensor as a
function of temperature at & = 0% (black square) and & = 100% (red circle).
(d) Normalized strain-dependent resistance change of the temperature
sensor from & = 0% to & = 100% as a function of temperature. (e) Ins-Vc
curves of a GFET-based glucose sensor for different glucose concentrations.
The measurement was carried out at & = 30%. (f) Dirac voltage of the
glucose sensor as a function of glucose concentration.

source-drain current (Ins) at the gate voltage (V) of 0 and 1.5V
were also nearly independent of stretching (Fig. 4(b)). This
stable operation of our GFETs clearly demonstrates that the
graphene channel in the island remains intact during large
degree of stretching. This compares favorably against conventional
solution-gated GFETs fabricated on elastomers, which showed
severe degradation due to the formation of microcracks when
stretched more than 3% [35].

In addition, we also assessed the performance of a resistive
temperature sensor on one of the islands from 25-55 °C at
& = 0% and &, = 100% (Fig. 4(c)). In the measured range, the
resistance of the temperature sensor increased linearly with
temperature as a result of enhanced electron-phonon scattering
in the Cr/Au/Ti electrode. The sensitivity of the temperature
sensor was 1.56 and 1.54 (/K at the neutral state and stretched
state, respectively. The normalized resistance change between
100% and 0% stretching at each measured temperature was
negligibly small (Fig. 4(d)), thereby showing strain insensitivity.

Lastly, we demonstrated a solution-gated GFET-based glucose
sensor embedded in our kirigami-patterned mesh structure. For
the detection of glucose, glucose oxidase (GO.) was deposited
on graphene channel surface. When glucose is oxidized by
GO, gluconic acid and hydrogen peroxide (H.O.) are produced
via following reaction [36]

Glucose + H,O + Oz > Gluconic acid + Hz0; 3)

GFET-based glucose sensors monitor the amount of H,O,
produced, which is equal to the amount of glucose consumed
[37]. The electrochemical reaction of H,O, at gate electrode,
H.0; > O: + 2H" + 2¢7, modifies the voltage drop at an
electrical double layer on gate/electrode interface. It changes
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effective gate voltage that applies on the graphene channel,
resulting in the shift in the Dirac voltage of the GFETs. At a
biaxial strain of 30%, when glucose concentration decreased
from 1 mM to 1 pM, a change in Vbinc from 0.95 to 0.75 V was
observed (Fig. 4(e)). The sensitivity of our glucose sensor with
integrated gate electrode was —24 mV/decade in the glucose
concentration range of 1 pM to 1 mM (Fig. 4(f)), consistent with
previous results [38]. Since the reported glucose concentration
in sweat for diabetic patients is between 0.01 and 1 mM [39],
this shows that our glucose sensor can be used as wearable
sweat sensor for non-invasive monitoring.

4 Conclusions

In conclusion, we demonstrated a biaxially-stretchable kirigami-
patterned mesh platform for motion-artifact free, graphene-
based wearable sensors. When graphene and metal electrodes
were embedded in the structure, the change in their electrical
resistance was less than ~ 0.5% under mechanical deformations
such as 180° twisting and 100% biaxial stretching. Using FEA
simulations, the deformation mechanism of the structure was
investigated, revealing that out-of-plane deformation of kirigami
bridges is a key factor that governs the stretchability of kirigami
structures. In addition, we derived a simple equation that relates
the stretchability of a kirigami structure with various design
parameters. This equation gives insight into the deformation
mechanisms of kirigami structures, and also enables prediction
for the stretchability of future kirigami designs. Moreover, we
demonstrated strain-insensitive performance of solution-gated
GFETs, which offers promising potential for various bio-sensing
applications. Lastly, we demonstrated strain-insensitive stretchable
sensors that can monitor temperature and glucose concentration.
Although our demonstration of kirigami devices is limited to
sensing one signal at a time, we believe our kirigami devices can
be integrated with electronic circuits for wearable healthcare
systems that enable simultaneous monitoring of multiple
bio-signals, data processing and data transmission.
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