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Electronic devices that are used to record 
biological signals, including signals from 
the brain (electroencephalogram, electro-
corticogram, local field potential/spikes), 
and other tissues (electrocardiogram, 
electromyogram [EMG]) are important in 
neuroscience, brain–machine interfaces, 
human–machine interfaces, and med-
ical applications. Stretchable electronics 
enable the integration of electronics for 
use on soft and curvilinear biological tis-
sues. However, the Young’s modulus of 
elastomer-based conventional stretchable 
devices is ≈20 times higher than that of 
biological tissues.[1,2]

Accurate and robust EMG signal 
recording is necessary in EMG signal-
based human–machine interfaces,[3–5] 
which allow for prosthesis control in 
amputated patients. EMG signals can 
be recorded from the skin surface (sur-
face EMG, sEMG). Wet electrodes made 
of conductive gel, hydrogel, or sponge 
saturated with an electrolyte solution 
and dry electrodes made of noble metals  
(e.g., gold, platinum, or silver), carbon 
electrodes, sintered silver or silver chloride 

are generally used as the electrodes to record the sEMG sig-
nals.[6] However, the quality of the sEMG signals recorded via 
such electrodes is affected by the skin surface conditions, such 
as conductivity and sweating. Sweating attenuates and filters 
the EMG signals.[7] In addition, additional layers (e.g., subcuta-
neous fat and skin) between the signal source and the electrode 
induce difficulty to separate the signals.[8] Therefore, some 
methods of placing the electrode below the skin surface and 
recording the EMG signals directly from the muscle surface are 
proposed for achieving stable EMG signal recordings.[8,9]

Elastomer and hydrogel with high stretchability and small 
Young’s moduli properties are candidate materials of EMG 
signal recording device.[10,11] However, the use of elastomer 
as the device substrate for EMG signal recordings is prob-
lematic because these materials have higher Young’s moduli 
[e.g., 730 kPa for polydimethylsiloxane (PDMS)] than muscle 
and other tissues (e.g., ≈1.5  kPa for the brain and 5–40  kPa 
in resting muscle).[1,12] In addition, a large deformation of 
such elastomer-based electronics induces mechanical failure 
of the device components (e.g., transistors and interconnec-
tions) because of the large mechanical mismatch between the 
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elastomer and these device components.[13–15] Meanwhile, the 
hydrogel cannot maintain the robust and conformal contact 
with the tissues because of dimensional changes in biofluids.[16] 
Another issue of such devices in biofluids is that conventional 
stretchable devices cannot follow the deformation of the wet 
tissues (e.g., beating heart) because of the wet tissue surface, 
which results in device (microelectrode) displacement. The dis-
placement of such electrodes on the muscle surfaces should 
be minimized in the device application to myoelectric pattern 
recognition-based prosthesis control.[17]

Low effective modulus comparable to that of biological tis-
sues has been achieved using a kirigami structure (≈23 and 
≈3.6 kPa)[18] and a mesh structure (≈4 kPa).[19] These two devices 
exhibit high stretchability under high strain and low effective 
modulus. They also achieve recording capabilities from the 
biological tissues. The low effective modulus of these devices 
enables the minimization of the device-induced physical stress 
to biological tissues caused by the device placement, com-
pared to conventional elastomer-based stretchable devices (e.g., 
PDMS).[2,20,21] Using a stable device material [e.g., parylene 

and Styrene-butadiene-styrene,[18,19]] of the above-mentioned 
devices offer device stability to biofluids. However, kirigami and 
mesh structures are not able to solve other problems, such as 
microelectrode displacement over the wet surface of a tissue.[18]

Figure  1a shows a conventional sheet-type stretchable kiri-
gami bioprobe device[18] placed on the wet tissue of a muscle. 
While the muscle contracted, the sheet-type kirigami device 
slipped over the tissue because of the “no device fixation mech-
anism” to the target tissue, and the device was not stretched 
and not followed with the tissue deformation. To overcome the 
issue of device displacement, here we propose a kirigami bio-
probe that can surround the tissue, resulting in the stretching 
of the device and following tissue deformation (Figure  1b). 
The proposed kirigami device is fabricated using the approach 
presented in this work. A 2D donut-shaped kirigami design is 
implemented, which employs a radially arranged linear array of 
slits and achieves a low effective modulus (Figure 1c). A photo-
lithography-based 2D microfabrication process of parylene[22–24] 
is used to fabricate the 2D donut-kirigami film; this 2D film can 
be transformed into a 3D cylindrical shape. The donut-shaped 
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Figure 1.  Displacement issue of the conventional kirigami bioprobe device. a,b) Comparison of the devices’ displacement over the tissue (muscle) 
between the conventional sheet-type device a) (left: relaxation, right: contraction) and the proposed kirigami devices b). c) The proposed donut-shaped 
kirigami device (left: before device transformation from a 2D shape into a 3D shape, right: after transformation). d) One cell model in the donut-shaped 
kirigami device c) before transformation for the simulation. e) Stress–strain curve of one cell in the kirigami film.
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kirigami device realizes the fixation mechanism to the target 
tissue, and the transformed 3D device geometry is suitable for 
use in numerous spherically or columnar-shaped deformable 
biological tissues (e.g., limb and heart). Additionally, an array of 
microelectrodes is fully integrated with the 3D kirigami device 
due to the 2D microfabrication process.

Before device fabrication, the stress–strain characteristics 
of the donut-shaped kirigami device were calculated using the 
finite-element method. We used the one cell model, which con-
sists of the one slit and four beams around the slit (Figure 1d). 
In the device design, 26 cells were arrayed in the film along 
the circle shape (Figure 1c). We used an elastomer parameter of 
Young’s modulus, which is calculated from the device’s stress–
strain curve (Figure 1e.) The calculated effective modulus of the 
donut-shaped kirigami device was 76 kPa, which had a similar 
order to the Young’s modulus of the resting muscle tissues 
(5–40  kPa).[1] The results indicated that the kirigami design 
causes lower device-induced stress on tissues than that of the 
elastomer-based stretchable devices (730 kPa for PDMS-device).

On the basis of the simulation, we fabricated donut-shaped 
kirigami bioprobe devices by using parylene-based micro-
electromechanical system process[22–24] (Figure  2a). For device 
characterization, we designed a single-donut-shaped kirigami 
device with an array of microelectrodes. We also designed 
a double-donut-shaped kirigami device, which consists of 
two arrays of microelectrodes for the multisite EMG signal 
recording using a mouse’s hind limb.

First, a 5 µm thick parylene-C film was deposited on a silicon 
(Si) substrate as the device bottom layer. As the device electrode 
layer, a gold (Au) with titanium (Ti) adhesion layer (total thick-
ness of Au/Ti = ≈100 nm) was formed over the bottom layer by 
sputtering and plasma etchings (argon plasma for Au and CF4 
plasma for Ti). Then, the Au/Ti layer was covered with another 
parylene layer (5 µm). Both the parylene top/bottom layers were 
patterned by oxygen (O2) plasma with a Ti hard mask for cre-
ating the kirigami substrate. With this plasma etching process, 
both electrode sites and bonding pads were also exposed simul-
taneously. Finally, after the Ti layer was removed (CF4 plasma), 
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Figure 2.  Donut-shaped kirigami bioprobe device. a) Fabrication steps of the donut-shaped kirigami bioprobe device: (i) deposition of first parylene-C 
as the bottom layer, (ii) patterning of Au electrode layer with Ti adhesion layer, (iii) deposition of the second parylene-C as the top layer, (iv) patterning 
of both the parylene top/bottom layers, and exposing electrode sites and bonding pads by O2 plasma with Ti mask, (v) removal of the Ti mask, and  
(vi) the released kirigami device from the silicon substrate with ethanol. b,c) Photographs showing two kinds of the fabricated donut-shaped kirigami 
bioprobe devices: single-donut and double-donut shapes. d) Deformed kirigami device with a jig. e) Impedance characteristics of the single-donut 
shaped fabricated device measured in saline without stretching (0%). Averages and standard deviations of impedance magnitude and phase charac-
teristics are taken from 11 samples (error bars, SD). A deviation of around 60 Hz is due to noise of the measurement system. f) Strain-dependent 
impedances of the fabricated device (single-donut shape) measured at 1 kHz in saline. Herein, the device stretches from 0% to 226%.
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the parylene film was released from the Si substrate by using 
ethanol.

Figure  2b shows the fabricated, single donut-shaped device 
with an array of 24-channel Au microelectrodes for the donut 
kirigami device characterizations. The inner and outer dia
meters of the donut shape are 2 and 6  mm, respectively, and 
the film thickness is 10  µm. The length and width of each 
slit in the film are 1600 and 10  µm, respectively, whereas the 
slit gap (beam width) ranged from 100 to 300  µm. The fabri-
cated single-donut kirigami with 26 cells has the maximum 
film’s strain of ≈175% (calculation). The inset in Figure  2b is 
the microscope image of the fabricated device, showing 50 µm 
diameter Au electrodes embedded along the circle shape (4 mm 
diameter) with a 400 µm interval. Each microelectrode is con-
nected to the bonding-pad through zigzag interconnections. 
Each slit edge has a circle shape with a 20 µm diameter to pre-
vent the stress concentration confirmed in the previous work.[18]

Figure 2c shows a double-donut-shaped device for the EMG 
signal recording. The inner and outer diameters of the inside 
donut were 2 and 5.6  mm, respectively. The other inner and 
outer diameters of the outside donut were 5.8 and 8  mm, 
respectively. The inside donut consisted of an array of 27 cells, 
whereas the outside consisted of an array of 81 cells. The 
designed strains inside and outside the donuts were ≈185% 
and ≈110%, respectively. We experimentally confirmed that the 
stretchability of the fabricated device exhibited ≈200% strain 
(diameter of 12  mm) for the inside donut. Slit lengths of the 
inner and the outer donuts were 1500 and 800  µm, respec-
tively. Both the inner and the outer donuts included 10-channel 
Au microelectrodes with a 50 µm diameter. Intervals of these 
electrode arrays were 1200 and 2200 µm, respectively, and the 
interval between the inner and outer electrodes was 1600 µm. 
Figure  2d shows the transformation of the fabricated device 
from a 2D donut shape to the 3D cylindrical shape using a jig.

Electrolyte/metal interfacial impedance magnitude of the 
embedded Au microelectrode of single-donut-shaped kirigami 
device was measured in saline solution. The magnitude of 
Au microelectrode’s impedance without stretching the device 
(stretchability = 0%) was ≈576 kΩ at 1  kHz (Figure  2e). The 
impedance magnitude is low enough to measure biological 
signals.[25] Figure  2f shows the strain-dependent impedance 
characteristics of Au microelectrodes in the single-donut-
shaped kirigami device. At the strain range of 0–100%, no 
significant changes in the impedance were observed because 
the film in this condition is deformed by the beam’s bending 
itself, and no significant stress was concentrated in the film. 
At strain ranges of >100%, the value of the impedance ini-
tially decreased but then increased due to the film breaking. 
Under this condition, strain-induced stress was concen-
trated at the slit’s edge until it reached its limit. This stress 
concentration caused both issues of the peel off of parylene 
bi-layer and the crack at the slit edge (Figure S1, Supporting 
Information). The parylene peeling off caused the exposure 
of the Au-interconnections in the saline solution; the value of 
the device impedance decreased, since the area exposed to the 
saline solution was increased. When the cracks extended and 
reached the interconnections, the value of the device imped-
ance increased due to the film breaking and the disconnection 
of the interconnections.

To confirm the device’s deformability on the expanding 
biological tissue, we conducted displacement tests of the fab-
ricated donut-shaped kirigami device on a balloon (Figure  3b, 
and Movie S1, Supporting Information). In this test, we also 
used conventional sheet-type kirigami device for compari-
sons (Figure 3c, and Movie S1, Supporting Information). Both 
donut-shaped and sheet-type kirigami devices had the same slit 
length of 1600  µm. These devices adhered to the balloon by 
water between the device and the balloon surfaces. The device 
had markers on its surfaces such that we can determine the 
perpendicular distance from the center line on the balloon. The 
side and cross sectional views of the balloon before and after the 
expansion are shown in Figure  3a. Considering the curvature 
of the balloon surface, the device displacement was defined as 
the length between the calculated and measured marker posi-
tions on the balloon’s surface after the balloon’s expansion. The 
device displacement is defined as follows
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In these equations, L0 and L1 are the marker distances from 
the balloon’s center before and after the expansion, D0 and D1 
are the diameters of the balloon before and after the expansion, 
and θ0 and θ1 are the angles of balloon’s markers before and 
after the expansion, respectively (Figure 3a).

Figure 3d shows the device displacement curves taken from 
three trials of the balloon expansion using the same donut-
shaped kirigami device (each trial has five strain cycles of the 
explanation). Each curve represents the averages and standard 
deviations taken from the five strain cycles in the trial. Herein, 
the balloon was expanded to the strain of ≈50%, which is five 
times larger than the reported muscle strain of human tibialis 
anterior muscle (≈10% strain at maximum contraction inten-
sity).[26] The donut-shaped kirigami device showed that the 
device followed the expansion of the balloon with the displace-
ment of <0.2  mm at the balloon’s expansion of ≈50%. Mean-
while, the sheet-type device cannot follow the expansion of the 
balloon because of the displacement (Figure 3e). The displace-
ment of the sheet-type device was >1.5 mm, while the balloon 
expanded to ≈50%. Figure  3f depicts these displacements for 
comparisons (each point is averaged from the three trials in 
Figure 3d,e). The displacement of the donut-shaped device was 
≈8 times smaller than that of the sheet-type device.

Figure  4a–d shows the repeated strain test of the donut-
shaped and sheet-type kirigami devices. The cycles of the bal-
loon expansion were 100 (Movie S2, Supporting Information). 
The displacement is defined as the difference in distance 
between the initial marker position on the expanded balloon 
surface [Marker (Cycle 1), Figure 4b] and the marker position in 
the following cycles [Marker (Cycle n), Figure 4b]. Figure  4e,f 
illustrates the cycle-dependent displacement of the lat-
eral (x-axis) and perpendicular (y-axis) directions against the 
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balloon center line. The donut-shaped device showed that the 
displacement gradually increased as the cycle number increased 
(Figure  4c,e,f). Meanwhile, the displacement of the sheet-type 

device significantly increased as the trial number increased 
(Figure  4d–f). The device moved downward and disappeared 
from the camera view at the cycle range of over 50 cycles 
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Figure 3.  Displacement test of kirigami device on balloon surface. a) Schematics of the displacement test before and after balloon expansion.  
b,c) Photographs showing deformations of fabricated donut-shaped b) and sheet-type device c) while the balloon expands from 0% to 50%. Scale bars 
= 5 mm. d,e) Marker displacement of the donut-shaped and sheet-type devices depending on the strain on the balloon surface. Each curve is taken 
from the three trials of the balloon expansion, and represents the averages (five strain cycles in the trial). Error bars: SD. f) Averaged marker displace-
ment for the donut-shaped and sheet-type devices taken from the three trials in d) and e). Error bars: SD.
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(“Cycle 50,” in Figure  4d). Figure  4g shows the total displace-
ments calculated with the displacements along the x and y axes 
(Figure 4b). The total displacement of the donut-shaped device 
was at least five times smaller than that of the sheet-type device. 
Although, the donut-shaped device showed some displace-
ment on the balloon, the device follows the balloon’s expansion 
without significant slipping or peeling off. The experimentally 
measured device displacements (Figures  3d–f and  4e–g) were 
normalized to the diameter of the balloon, where each device 
was placed (along the x-axis, as shown in Figure 4b).

In animal experiments, handling such thin-film devices is 
problematic because the film geometry (<10 µm in thickness) 
is not sufficiently self-supporting to be manipulated.[27] In addi-
tion, kirigami device is more flexible and stretchable compared 
to the thin-film devices without slit patterns. To overcome the 
difficulty of the handling of kirigami devices in animal experi-
ments, the fabricated kirigami device was embedded in a cyl-
inder of polyethylene glycol (PEG), which is a biocompatible 
and soluble material (melted by heating and dissolved with 
liquid) (Figure 5a).

Adv. Healthcare Mater. 2019, 8, 1900939

Figure 4.  Repetition of displacement test of kirigami device on the balloon surface. a) Schematics of the device on the surface of a balloon, which 
expands and shrinks repeatedly. b) Schematics of the distance between the initial marker position on the expanded balloon surface [Marker (Cycle 1)] 
and the marker position in the following cycles [Marker (Cycle n)]. c,d) Photographs showing the deformations of the donut-shaped c) and sheet-type 
d) devices while repeating the balloon expansions for 50 cycles. Scale bars = 5 mm. e,f) Marker displacements of the x e) and y f) axes for the donut-
shaped and sheet-type devices depending on the balloon expansion cycles. Each curve is taken from the two trials of the balloon expansion (each trial 
has 100 cycles of strain). g) Total marker displacement taken from the displacements of each direction [x e) and y f) axes] for the donut-shaped and 
sheet-type devices.
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The fabricated device was successfully embedded into the 
PEG cylinder. This procedure is described in Figure S2 (Sup-
porting Information). During device embedding, PEG 4000 and 
PEG 1000 with different melting characteristics were used for 
the scaffold and the sacrificial layers, respectively. First, melted 
PEG 1000 was coated as the sacrificial layer on a low-tem-
perature polypropylene (PP) tube (iced water in the PP tube) 
with one side closed. Then, the kirigami device was stretched 
and transformed into cylindrical shape, and the device was 
surrounded with the sacrificial layer (PEG 1000) (Figure  5a). 
Second, PEG 4000, as the scaffold layer, was coated over both 
the device and the sacrificial layer. Finally, the fabricated device 
with the scaffold layer of PEG 4000 was released from the PP 
tube by melting the sacrificial layer with heating (hot water in 
the PP tube).

Figure  5b shows the PEG-cylinder-embedded kirigami 
device. The inner diameter of the PEG-cylinder is ≈8 mm and 
the thickness is ≈1  mm. To confirm the dissolving property 
of the PEG cylinder, we conducted the dissolving test using 
a mouse’s hind limb in vivo (Figure  5c,d). As the result, the 
PEG cylinder was dissolved by dropping saline solution, and 
the kirigami device was exposed from the PEG cylinder within 
≈15 min. After dissolving the PEG cylinder, we confirmed the 
conformal wrapping of the fabricated kirigami device around 
the mouse’s hind limb.

The recording capability of the donut-shaped kirigami 
device was confirmed using an anesthetized mouse. The fab-
ricated device embedded in the PEG cylinder was placed on 
the muscle of the mouse’s hind limb by dissolving the PEG 
with saline solution (Figure  5d). After dissolving the PEG, 
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Figure 5.  Device package with cylindrical PEG scaffold. a) Process steps of the PEG scaffold: (i,ii) coating PEG 1000 as the sacrificial layer on a low-
temperature PP tube (iced water in the PP tube), (iii) attaching donut-shaped kirigami device to the PEG layer, (iv) coating PEG 4000 as the scaffold 
layer over both the kirigami device and the sacrificial layer, and (v) releasing of the kirigami device with the PEG scaffold from the PP tube by melting 
the sacrificial layer (PEG 1000) with PP tube heating (hot water in the PP tube). b) Photograph of the kirigami device embedded in PEG scaffold.  
c,d) Schematic and photographs showing the PEG-scaffold-embedded kirigami device attached to a mouse’s hind limb. PEG scaffold is dissolved by 
dropping saline solution, and the kirigami device is exposed from the PEG within ≈15 min.
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the kirigami device was wrapped around the leg muscles 
(Figure 6a–c).

These electrodes were placed on the muscles, whereas the 
Ch.4 and Ch.9 electrodes in the array were positioned over the 
tibialis anterior (TA) and medial gastrocnemius (MG) muscles, 
respectively (Figure 6d). The recorded signal via the electrode in 
Ch.9 during the nerve stimulation with a biphasic square wave 
(1 ms duration, 2 s inter trial interval, inset in Figure 6e) is pre-
sented in Figure 6e. The stimulation intensity ranged from 320 
to 1020 mVpp . The threshold voltage, T, was identified as the 
stimulation intensity at which the smallest EMG response was 
observed in Figure 6e.

The previous studies proved that nerve stimulation causes 
the muscle response, passing through afferent fiber, spinal 
cord, efferent fiber, and neuromuscular junction.[28] Thus, the 

latency of the EMG signals can be obtained by calculating con-
ductive velocities of the afferent and efferent fibers and synaptic 
delays of spinal cord and neuromuscular junction. Positions of 
the stimulated area of nerve and recorded area (electrode posi-
tion) also dominate the latency. The conductive velocity for 
sural nerve and peroneal nerve is in the range of 40–50 m s−1, 
and the synaptic delays are ≈1 ms for spinal cord and ≈0.75 ms 
for neuromuscular junction. Distances from the stimulated 
area to spinal cord and from the spinal cord to the neuromus-
cular junction were 18 and 24  mm, respectively. According to 
these values, the latency of EMG signal response to the nerve 
stimulation is calculated to be in the range of 2.6–2.8 ms.[29–31] 
EMG cannot be clearly distinguished from the end point of the 
stimulation-induced artifact in this range. Therefore, to clearly 
distinguish the EMG from the artifact, we used waveforms 
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Figure 6.  EMG signal recording from a mouse’s hind limb in vivo. a–c) Schematic and photographs showing donut-shaped kirigami device wrapped 
around a mouse’s hind limb. d) Schematic showing positions of two electrodes during the EMG signal recording. Electrodes Ch.4 and Ch.9, which are 
placed on opposite to each other on a mouse’s hind limb, stimulating the two branches of the sciatic nerve, namely, the peroneal and sural nerves.  
e) Recorded signals via an electrode Ch.9 in the device during the nerve stimulations. Amplitudes of the stimulation range from 320 to 1020 mVpp 
(stimulus intensity of 0.39T–1.24T). f) Stimulus intensity-dependent EMG signal amplitudes. g,h) Recorded EMG signals via the two electrodes  
(Ch.4 and Ch.9). i) Peak-to-peak amplitudes of the recorded EMG signals. Horizontal dashed lines represent averages for each EMG signal amplitude. 
The error bars, SD (*: p = 1.37 × 10−65, **: p = 1.40 × 10−114, Student’s t-test; df = 198).
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3 ms after the nerve stimulation. According to this criterion, the 
negative peak amplitude of EMG signal was calculated from the 
signal during time range of 3–10 ms from stimulation onset.

Figure 6f shows negative peak amplitudes of recorded EMG 
signals (3–10  ms), depending on the stimulus intensity. No 
increases in the EMG signal amplitude were observed with the 
stimulation voltages of 320–680  mVpp (stimulus intensity of 
0.39T–0.83T). However, the EMG signal amplitude increased 
with the stimulation voltage of >680  mVpp. The nonlineari-
ties observed between EMG and stimulation voltages suggest 
that the recorded signals were originated from physiological 
response rather than the artifact.[32,33]

Figure  6g,h shows the recorded EMG signals (100 trials) 
through the Ch.4 and Ch.9 electrodes while stimulating to the 
two branches of sciatic nerve, namely, the peroneal and sural 
nerves (Figure  6a). These electrodes, which were placed at 
opposite sides of the leg, were positioned over the TA and MG 
muscles, respectively. Figure 6i shows the peak-to-peak ampli-
tudes of recorded EMG signals via two electrodes of Chs.4 and 
9, while stimulating to two branches of sciatic nerves. Student’s 
t-test was used to analyze the statistical differences between the 
EMG signals evoked by either peroneal or sural nerve stimula-
tion. The effect of those stimuli was statistically significant on 
recorded signals via each electrode [Student’s t-test; df  = 198, 
p  = 1.37 × 10−65 (Ch.4), p  = 1.40 × 10−114 (Ch.9)]. These EMG 
signals were also observed using a conventional electrode with a  
1 mm diameter made of Au (Figure S3, Supporting Informa-
tion). In addition, the displacement of the device was recorded 
to be <0.1 mm after the 20 nerve stimulation trials, as confirmed 
in the movies and pictures taken from the animal experiment 
(Figure S4 and Movies S3 and S4, Supporting Information).

To achieve accurate and robust EMG signal recordings, 
microelectrode displacement while the muscle stretches should 
be minimized. The kirigami-based bioprobe device, which has 
advantages of high stretchability and the device-induced less 
tissue stress, helps to achieve intimate tissue integration of the 
device. In addition, the proposed donut shape of the kirigami 
device solves the issues of device displacement over the muscle. 
This issue has not been solved by both the conventional sheet-
type kirigami device and various stretchable devices that are 
based on the elastomer and hydrogel materials.

The effective modulus of the fabricated donut-shaped 
kirigami device of 76  kPa was a similar order to the Young’s 
modulus of the resting muscle tissues of 5–40  kPa. However, 
the effective modulus of the kirigami device was still larger 
than that of the muscle and the other tissues (e.g., ≈1.5  kPa 
for the brain).[1,12] The effective modulus of the kirigami device 
can further be decreased by changing in the dimensions of 
each beam (or slit)[18] and change the material used to make the 
device. The candidate soft materials for the kirigami structure 
include PDMS[34] and Ecoflex.[35]

A stretchable kirigami device is based on the 3D deformation 
of each beam. Therefore, it is necessary to discuss the effect of 
this device’s roughness on the smooth surface of a biological 
tissue. An issue, which is associated with the 3D deformation, 
is that the sharp edge of the tilted beam causes tissue stress. 
However, tissue damage was not observed when the kirigami 
device was applied to the hind limb of a mouse (Figure  6c). 
This process was repeated for 100 trials and the EMG signal 

was recorded. Moreover, no damage or tissue (e.g., mouse’s 
brain and heart tissues) malfunction was observed during the 
signal recording. This was demonstrated in a previous work.[18] 
However, the long-term device implantation could cause some 
tissue damage. The tissue stress associated with the sharp kiri-
gami’s edge can also be decreased using a device material with 
the small Young’s modulus (e.g., PDMS[34] and Ecoflex[35]) than 
that of the parylene (2.8 GPa). The beam’s tilt also makes insuf-
ficient contact of each electrode to the tissue surface, degrading 
the quality of the recording from the muscle. The electrode 
contact is improved by the additional device design around the 
electrodes. In terms of the curb of the out-of-plane deformation 
of the kirigami structure, some studies proposed the kirigami 
design with the in-plane-deformation.[35,36]

We also demonstrated the recording capability of the kiri-
gami device by using a mouse’s hind limb. The results indi-
cate that the donut-shaped kirigami device has the capability to 
record the EMG signals and distinguish the responses evoked 
by stimuli for different nerves. We also confirmed that not only 
the donut-shaped kirigami device was unaffected by the muscle 
deformation, but also that it did not affect the muscle function, 
such as the disturbing the muscle’s deformation and causing 
an ischemia. The device’s displacement of <0.1 mm, which was 
confirmed in the animal experiment, has the same order as the 
diameter of muscle fibers (e.g., ≈50 µm in gastrocnemius mus-
cles[37]). This indicates that the donut-shaped kirigami device 
realizes small enough device’s displacement on the muscle for 
the stable recording of the EMG signals. In the analysis of the 
EMG signal recording, the EMG signal is defined in the range 
of 3–10 ms (Figure 6e). This range is used for the detection of 
the response caused by the nerve stimulation propagating to the 
direction of the afferent and through the spinal cord (H-reflex). 
The response caused by the stimulation propagated to the 
direction of the efferent (M-wave) can be observed in ≈1  ms. 
This response could not be distinguished in this analysis due 
to presence of the artifact. However, the effect of the artifact 
associated with the electrical stimulations can be ignored for 
practical applications.

We used an Au microelectrode that had an impedance of 
≈576 kΩ at 1 kHz (50 µm in diameter). It should be noted that 
the kirigami device can also be used for muscle stimulation 
with an electrode material with lower impedance and higher 
charge injection characteristics compared to Au [e.g., platinum, 
platinum black, iridium oxide, iridium oxide/platinum black,[38] 
poly(3,4-ethylenedioxythiophene)[39]]. Such kirigami devices 
with stimulating electrodes will help in achieving individual 
stimulation of muscles, offering an application to treating para-
lyzed patients.[40]

The kirigami bioprobe with its 3D cylindrical shape ena-
bles the fixation of the device’s microelectrodes to the target 
muscles, thereby solving the issue of device displacement. 
The difficulty of handling the cylindrical and flexible kirigami 
device during its attachment to the mouse’s hind limb was 
overcome, using a PEG scaffold (Figure  5). The PEG scaffold 
is also applicable to different shapes and sizes of organs and 
tissues, by varying the shape of PEG before the device attach-
ment (Figure  5a(iii)). The diameter and stretchability (effec-
tive modulus) of the kirigami bioprobe can also be varied by 
changing the slit design, depending on the target tissues and 
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organs. Although the application of the device is limited to tis-
sues and organs with open ends, as demonstrated in the case 
of the mouse’s limb, the device is also applicable to legs, arms, 
fingers, abdomen, back, heart, and others.

In the future research, we plan on implanting the kirigami 
device in a mouse to confirm the long-term recording capa-
bility of the device. Additional layers (e.g., skin and fat) will be 
placed over the device during the kirigami device implantation 
on the muscle surface. In such a condition, the out-of-plane 
deformation of the kirigami device is confined by these addi-
tional layers, and the stretchability of the kirigami device might 
be affected. However, we confirm that the kirigami device still 
maintains its stretchability under this condition, in which 
the kirigami has another layer as the device implantation  
(Figures S5 and S6, Supporting Information,). The durability of 
the kirigami device is required for the long-term implantation, 
and the kirigami structure is not fractured. Moreover, plastic 
deformation is not observed in the 1000 cycling load test with a 
strain of ≈200% (Figure S7, Supporting Information,).

For device implantation, minimizing the device package is 
necessary. As we demonstrated in in vivo EMG signal recording 
by using a mouse’s hind limb, the kirigami device was electri-
cally connected to flexible printed circuits (FPC) with epoxy 
by hand. The geometry of the terminal between the parylene–
kirigami and FPC was 5 × 8 mm2. Implantation of a device of 
this size is impossible in mice. A way to minimize the device 
package is by flip-chip bonding technique. The use of wireless 
technology with the kirigami device will be required to further 
minimize the invasiveness for long-term applications.[41]

In this study, we proposed donut-shaped kirigami bioprobe 
devices for accurate and robust EMG signal recording unaf-
fected by muscle deformation. The kirigami device decreased 
the device-induced tissue stress. This was confirmed in a simu-
lation that showed that the strain–stress of the kirigami device 
is ≈10 times smaller than that of the conventional elastomer-
based stretchable film. The donut shape allows the kirigami 
device to be wrapped around the muscle and to follow muscle 
deformation without significant device displacement over the 
muscle. Embedding the kirigami device in a dissolvable mate-
rial of PEG solved the difficulty of using the flexible, stretch-
able, and thin-film kirigami device in an animal experiment. 
In vivo signal recording using a mouse’s hind limb confirmed 
EMG signal recording capability without significant electrodes 
displacement to produce a stable EMG signal recording unaf-
fected by muscle deformation.

The advantages of the proposed device (low effective mod-
ulus, high strain, and easy fixation to deformable tissues) offers 
stable EMG signal recording in the long-term and chronic 
applications, although the animal experiment presented in 
this paper demonstrated the device’s acute recording capability 
using the mouse’s hind limb. In addition to these advantages, 
the proposed donut-shaped kirigami approach allows the inte-
gration of an array of dense microelectrodes with the flexible 
and stretchable device film within the 3D cylindrical shape. 
The device’s electrodes enable the acquisition of high-spati-
otemporal EMG signals from the target muscle. The proposed 
device can be used in numerous applications, such as human–
machine interface and muscle activity mapping in free moving, 
which have not been achieved by other electrode devices.

Experimental Section
All experimental procedures using animals were approved by the 
committees for the use of animals at Toyohashi University of Technology, 
and all animal care followed the Standards Relation to the Care and 
Management of Experimental Animals (Notification No. 6, March 27, 
1980 of the Prime Minister’s Office of Japan).
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from the author.
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