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ABSTRACT: In recent years, wiring and system construction on ultrasoft T Water
materials such as biological tissues and hydrogels have been proposed for =

advanced wearable devices, implantable devices, and soft robotics. Among the -
soft conductive materials, Ga-based liquid metals (LMs) are both biocompatible Rt i
and ultrasoft, making them a good match for electrodes on the ultrasoft o= \ ;
substrates. However, gels and tissues are softer and less wettable to the LMs Ultrasoft substrate '
than conventional soft substrates such as Ecoflex and polydimethylsiloxane. In

this study, we demonstrated the transfer of LM paste composed of Ga-based LM and Ni nanoparticles onto ultrasoft substrates such
as biological tissue and gels using sacrificial polyvinyl alcohol (PVA) films. The LM paste pattern fabricated on the PVA film adhered
to the ultrasoft substrate along surface irregularities and was transferred without being destroyed by the PVA film before the PVA’s
dissolution in water. The minimum line width that could be wired was approximately 165 pm. Three-dimensional wiring, such as the
helical structure on the gel fiber surface, is also possible. Application of this transfer method to tissues using LM paste wiring allowed
the successful stimulation of the vagus nerve in rats. In addition, we succeeded in transferring a temperature measurement system
fabricated on a PVA film onto the gel. The connection between the solid-state electrical element and the LM paste was stable and
maintained the functionality of the temperature-sensing system. This fundamental study of wiring fabrication and system integration

Ultrasoft electronic wiring

Dissolving PVA

can contribute to the development of advanced electric devices based on ultrasoft substrates.
KEYWORDS: liquid metal, hydrogel, polyvinyl alcohol, transfer, soft electronics

1. INTRODUCTION

Smart and flexible devices have been produced based on thick
films of silicone rubber, such as polydimethylsiloxane (PDMS)
and Ecoflex, as flexible substrates. > To improve flexibility,
ultrathin films of polyurethane, PDMS, Parylen, and poly-
(styrene—butadiene—styrene) triblock copolymer (SBS) were
used as substrates. Furthermore, in recent years, the
implementation of devices on softer materials such as
hydrogels and biological tissue has become essential for use
in the next generation of smart devices.”> For example, direct
wiring of biological tissues is applied in implants and in vivo
electronic monitoring. In addition, wiring and system
configurations with gels that are softer than biological tissues
(Young’s modulus of 10° to 10° Pa)® have been proposed and
are expected to be used in medical and biological
applications.”® Hydrogel, a polymer material with a Young’s
modulus of 10° to 10° Pa and with properties intermediate to
those of liquids and solids, is softer than silicone rubbers and
can be used as an ultrasoft and ultra-adhesive substrate because
it can easily fit and adhere to complex shapes.”"’

Silver nanocomposites,'' poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS),'” and carbon nano-
tubes (CNTs)'” have been proposed as flexible wiring
(conductive) materials on ultrasoft materials such as hydrogels.

© XXXX American Chemical Society

7 ACS Publications

In this study, we focused on Ga-based liquid metals (LMs)
such as eutectic Galn (EGaln) and Galinstan as one of these
conductive materials. In particular, Galinstan is a biocompat-
ible material with a melting point of —19 °C, a viscosity of 2.4
mPa - s, and a specific gravity of 6.44 g/cm®.'*"> Ga-based
LMs have been used for wiring parts,'® sensor reaction parts,'”
and connections with different conductive materials'® of
flexible and stretchable devices. Although Ga-based LMs
have the drawback of being difficult to handle compared with
conventional conductive materials, it has advantages in that its
Young’s modulus is lower than that of gels, and its
stretchability is high, which does not prevent the deformation
of the substrates. In addition, the resistance change due to the
deformation is small. Therefore, Ga-based LMs are conductive
materials that are highly compatible with ultrasoft materials
such as biological tissues and hydrogels.
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Figure 1. Patterning of Ga-based liquid metal (LM) paste on ultrasoft materials using the polyvinyl alcohol (PVA) lift-off method. (a) Schematics
of the patterning process of LM paste composed of Galinstan and Ni powders on soft materials based on the PVA lift-off method. First, screen-
printing is used to pattern LM paste on PVA. Second, in some cases, electronic devices are placed on the PVA. Finally, by dissolving the PVA,
electric components are implemented on the ultrasoft material, which completes the system. (b) Image of LM paste patterning on biological tissues
using the proposed method. (c) Schematic of temperature measurement device fabricated on a gel using the proposed method. (d) Actual
photograph of LM paste patterning. (i, ii) Two-dimensional patterns in desired form and (iii) helical patterning on a gel fiber. (e) Fabrication
process of LM paste patterning. (f) Photographs showing the disappearance of PVA film patterned with LM paste after the infiltration of water.

Studies on conventional methods for wiring LM have mainly
focused on imprinting methods, injection techniques, selective
wetting methods, microcontact printing methods, and direct
laser patterning.'””” These methods are intended for conven-
tional, flexible, and stretchable substrates such as PDMS.
However, it is difficult to apply them to more flexible and
softer substrates such as hydrogels, which have poor wettability
with LM.

In conventional methods, Ga-based LMs are wired to
ultrasoft materials such as gels and biological tissues using a
magnet,10 sintering,21 and direct transfer.”” However, these
methods can only be used for wiring on a limited substrate or a
circuit with a simple structure. For example, in the case of

magnet wiring, a magnet cannot be inserted directly into LM
on a substrate with poor wettability or on a surface similar to a
closed space.”® Wiring can be done by moving a magnet across
the substrate."” This method can only be applied to thin
substrates where the magnetic force can penetrate. In the
method of direct printing using a brush,”* it is difficult to
adjust the wiring width, making it difficult to reduce the size of
the circuit. Wiring by sintering using hydrogel mixed with LM
particles”" and wiring by direct transfer to hydrogel that has
good wettability with LM** require the use of a specific
substrate for LM wiring, so the substrate is extremely limited.
Therefore, it is not possible to create compact and complex
circuits on arbitrary nonplanar substrates using the conven-
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tional LM wiring methods on ultrasoft substrates. This issue
will be a bottleneck for the realization of conventional devices
on ultrasoft materials in the future.

The present study proposes a method for wiring Ga-based
LM on ultrasoft materials, biological tissue, and hydrogels
treated as substrates based on a polyvinyl alcohol (PVA)-based
lift-off process. Based on this method, a sensing system on
these materials is also constructed. The LM is first wired on a
water-soluble PVA film and then transferred onto ultrasoft
materials. This realizes wiring along three-dimensional (3D)
substrate shapes such as tissue and 3D wiring on and inside
hydrogels. In addition, a system consisting of solid-state
electronic elements and LM was developed on the hydrogel to
demonstrate the construction of a system on a gel. The
findings of this research study are expected to become a
cornerstone for the fabrication of systems on ultrasoft
substrates.

2. MATERIALS AND METHODS

2.1. Materials and Reagents. PVA, acrylamide, and sodium
alginate were obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Galinstan was obtained from E-Material Ltd. (Tokyo,
Japan). Ni powder (3—7 um) was obtained from Alfa Aesar Co.
(Lancashire, UK). N,N’-methylenebis acrylamide (BIS), N,N,N’,N’-
tetramethylethylenediamine (TEMED), and ammonium persulfate
(APS) were obtained from Nacalai Tesque, Inc. (Kyoto, Japan).
Poly(vinylidene fluoride hexafluopropylene) (PVDF-HFP) was
obtained from Arkema (Colombes, France). Ionic liquid (N-methyl-
N-propylpyrrolidiniumbis(trifluoromethanesulfonyl)imide) was ob-
tained from Kanto Chemical Co., Inc. (Tokyo, Japan).

2.2. Basic Principle of LM Paste Wiring. In this study, an LM
paste composed of a mixture of Galinstan and Ni powder was wired
on the PVA film (Figure 1a), and solid-state electronic elements were
mounted if necessary. The PVA film was placed on the substrates
(including ultrasoft materials). The electrodes and system circuits
were mounted on the substrates by removing the PVA film. This
enabled direct wiring (Figure 1b) and system mounting (Figure 1c)
on ultrasoft materials such as biological tissues and gels. As shown in
Figure 1di,ii, it is possible to transfer the LM paste to ultrasoft
materials in the desired pattern. In addition, LM paste can be wired
on the surface of ultrasoft materials with flexible 3D, such as gel fibers
(Figure 1diii).

2.3. Fabrication Method of PVA Film. The PVA used in this
study is a fully saponified type with an average degree of
polymerization of about 1500—1800. In general, the higher the
degree of saponification and the higher the degree of polymerization,
the higher the film strength and the lower the water solubility of PVA.
In the process of this study, the film strength is important for
attaching the adhesive polyimide and peeling off from the glass
substrate. However, if the water solubility is low, it is not possible to
make a uniform solution, which leads to instability in the properties of
the film, so it was necessary to secure a certain degree of solubility
while increasing the film strength. Detailed investigations of the
degree of polymerization and degree of amendment would be
performed in future work. The PVA film was fabricated using the
following method. First, 4.5 g of PVA was dissolved in 30 mL of pure
water with stirring. The prepared solution was then sonicated for 30
min using an ultrasonic cleaner (US-2R, AS ONE, Osaka, Japan). The
solution was then heated with stirring at 200 °C and 1500 revolutions
per minute (rpm) for 10 min, and the temperature was then lowered
to 120 °C. The desired film was obtained by spin-coating on a glass
plate at 1500 rpm for 60 s while maintaining the temperature and
then drying the film overnight with exposure to air at approximately
25 °C and from 35 to 40% humidity. The thickness of the PVA film
was around 4 ym.

2.4. Fabrication Method of LM Paste. In this study, LM wiring
was performed using the screen-printing method. In some cases,
screen-printing of LMs such as EGaln and Galinstan, is difficult

because of their high-surface tension (Figure S1). In particular, in
cases of electrodes with large widths such as 1300 gm, an empty area
in the electrode emerged as shown in Figure S1. In this study, a
maximum line width of 1500 mm is required. Therefore, we
developed a LM paste by turning the LM to a paste-like state. The
LM paste used in this study has a viscosity of around 189 Pa - s and a
yield stress of approximately 204 Pa."* Compared to a normal LM, the
LM paste provides a more stable connection to solid-state electrical
elements due to its higher viscosity. The fabrication method for the
LM paste is as follows: The Galinstan was mixed by ultrasonication
using an ultrasonicator (SFX 550, BRANSON, Connecticut, US) after
dispersing 6 wt % Ni particles (amplitude, 50; time on, 2 s; time off, 4
s; energy, 6 kJ). The LM paste was placed in a styrol case and left
overnight with the lid on. In the absence of an acidic environment, the
Ni particles stay on the surface of the LM because they are blocked by
the oxide film.”® Therefore, in this study, ultrasonication was used to
allow the Ni particles to enter into the LM. It is considered that the
Ni particles came into contact with the LM and were coated to turn
into a paste-like state.

2.5. Wiring Method to Gel. Figure le shows the wiring method
of the LM paste to gel. First, an adhesive polyimide (PI) film was
attached to the spin-coated PVA film on the glass substrate (Figure
lei). The desired pattern was then fabricated on the PI film using a
laser cutter (MD-T1000W, Keyence, Osaka, Japan) (Figure leii). The
LM paste was coated on the mask of the fabricated PI film, and the
pattern of LM paste was fabricated on the PVA film by screen-printing
(Figure leiiiiv). The PVA film was then peeled off from the glass
plate (Figure lev) and placed on a substrate such as a hydrogel
(Figure levi). Water was sprayed (Figure levii), and the LM paste
was transferred onto the substrate (Figure leviii).

As shown in Figure 1f, the solubility of PVA was high, and the
transferred PVA dissolved immediately after its contact with the water
surface. The LM paste wiring without the substrate disintegrated
immediately (Video S1). The 3D images and data of the LM paste
wiring were measured using a laser microscope (VK-X250, Keyence,
Osaka, Japan).

2.6. Fabrication Method of Gels and Gel Fibers. In this study,
acrylamide gel, stretchable acrylamide gel, agarose gel, and ionic gel
were used. Acrylamide gel was fabricated by mixing 25 mL of pure
water, 2.2 g of acrylamide, 0.025 g of BIS, 60 L of TEMED, and 0.01
g of APS and pouring the mixture in a mold to cure. Stretchable
acrylamide gel was fabricated by mixing 25 mL of pure water, 25 mL
of PVA solution, 4.4 g of acrylamide, 0.025 g of BIS, 60 uL of
TEMED, and 0.01 g of APS and pouring it in a mold to cure. The
agarose gel was fabricated by dissolving 1 g of agarose in S0 mL of
phosphate-buffered saline buffer and heating it in a microwave oven at
200 W for 1 min and at 500 W for 1 min after stirring. After
confirming the dissolution of the agarose, the solution was poured
into a mold and cured. Ionic gel was fabricated by the following
procedure: 1.50 g of acetone containing 0.25 g of PVDF-HFP and 1 g
of acetone containing 1 g of ionic liquid were stirred. These two
solutions were mixed, poured into a mold, and left overnight.

The gel fiber in Figure 1b was fabricated by mixing 6 wt % of
AlgNa in pure water and extruding it from the syringe to a 0.15 M
CaCl, solution by a syringe pump. The injection rate of AlgNa(aq) in
the CaCl, solution was 0.20 mL/min.

2.7. Vagus Nerve Stimulation Using Animals. Male Sprague—
Dawley rats (Crl:CD (SD), body weights: 700—800 g) obtained from
Charles River Laboratories Japan, Inc. (Kanagawa, Japan) were
housed in plastic cages in a controlled environment (light—dark cycle
12/12 h, temperature 23 + 3 °C) with ad libitum access to laboratory
basal feed and tap water until the onset of the experimental
procedures. All experimental protocols were approved by the Animal
Care and Use Committee of the University of Tokyo (no. P21—008).
All animals were managed according to the Guidelines for the Care
and Use of Laboratory Animals established by the Graduate School of
Agriculture and Life Sciences at the University of Tokyo.

Rats (32 weeks of age) were anesthetized with an intraperitoneal
injection of urethane and placed in a supine position. The cervical
vagus nerve was exposed, and LM paste electrodes or bipolar hook-
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Figure 2. Fundamental characteristics of LM paste patterning on ultrasoft materials. (a) Photographs of LM paste patterns on PVA (i) and
hydrogel (ii). The minimum line widths of LM paste on PVA and hydrogel were 212 and 165 ym. (b) Relationships between the line widths of LM
paste patterns on PVA film and hydrogel. The LM paste line widths fabricated on PVA could be transferred with almost the same line widths. (c)
Images of LM paste patterns on PVA film (i) and silicon (Si) wafer (ii) obtained by laser microscope. (d) Relationship between LM paste line
width and resistance value. The resistance value decreased as a function of the line width. (e) Cross-sectional images of LM paste pattern on PVA
film (i) and Si wafer after lift-off (ii) using scanning electron microscopy—energy dispersive X-ray spectroscopy. PVA was dissolved by water. (f)
LM paste patterns on acrylamide, stretchable acrylamide, agarose, and ionic gels. The method could be used on a variety of gel substrates.

shaped electrodes were attached to the nerve. Needle electrodes were
placed on each limb to record the electrocardiogram (ECG, lead II)
using transducer amplification equipment (HAS-1, Bio Research
Center Co., Ltd.,, Nagoya, Japan) and the LabChart Pro system (AD
Instruments Pty Ltd, New South Wales, Australia). Cervical vagus
nerve stimulation (VNS) was then performed with the following
settings: 5V, 10 ms pulse width, and 15 Hz. Consecutive ECG waves
were recorded 3 s before and up to S s after VNS, and the heart rate
(pre-VNS: 3 s average before VNS, post-VNS: 3 s average after the
noise and arrhythmia settled 2 s after VNS) were calculated.

2.8. 3D Wiring. Figure S2 shows the fabrication process for the
3D wiring of the LM paste. The LM paste was wired along the dimple

of the gel. The red light-emitting diode (LED) was placed on the LM
paste pattern using a die bonder (7200CR, West-Bond Inc.,
California, US), and the gel was then poured into the dimple and
cured. Subsequently, the LM paste was wired on the integrated gel,
and the additional green LED was placed again.

2.9. Temperature Measurement Device. A biocompatible
agarose gel and ionic gel were used as substrates. Figures S3 and S4
show the fabrication process and circuit diagram, respectively. The
voltage between a fixed resistor and a variable resistor (thermistor)
(NCP15XH103F03RC (Murata Manufacturing Co., Ltd.)) was
detected and converted to temperature by a microcontroller unit
(MCU). The converted temperature was transmitted to a smartphone
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via a Bluetooth low-energy (BLE) module. The temperature was
displayed in real time on the screen. Each element used in the system
was placed using a die bonder. The temperature sensing test of the
device was performed in an oven.

3. RESULTS AND DISCUSSION

3.1. Fundamental Characteristics of LM Paste Wiring.
Figure 2a shows the wiring state of the LM paste on the PVA
film before and after transfer onto the hydrogel. The hydrogel
was sufficiently polymerized and stable such that it would not
have been dissolved by water during transfer. The LM paste
was transferred to the gel without any change in integrity due
to its high viscosity and high specific gravity. In addition, the
LM paste did not move significantly during the transfer.
Hence, the LM paste can be positioned by positioning the PVA
film. The wired LM paste did not fall off even when the gel was
rotated 180 degrees (Figure SS). This means that the LM paste
has sufficient adhesiveness to the gel. The minimum line width
on the PVA film was 212 ym. The minimum line width on the
gel was 165 pum. However, the viscosity of the LM paste and
the wettability of the substrate may affect the patterning
resolution, so a detailed investigation of these factors is a
subject for future work. As a basic property analysis, a tensile
test was conducted using a stretchable acrylamide gel mixed
with PVA, confirming that the gel could withstand 71.5% strain
(Figure S6). In addition, the wired LM paste remained
conductive even after 100 repetitions of 20% strain (Figure
S7). In Figure S7, the resistance and its rate of change
decreased as the number of times passed, indicating that the
gel used as the substrate shrank by drying. Figure 2b shows the
relationship between the line width of the LM paste on the
PVA film and the line width of the LM paste after it was
transferred onto the gel. As the line width on the PVA film
increased, the line width on the gel also increased, thus
indicating that the line width of the LM paste fabricated on the
PVA was directly transferred onto the gel. The correlation
coeflicient R between the line width on the PVA film and the
line width on the gel was 0.998. Figure 2b shows that the line
width on the gel is smaller than that on the PVA film for the
same LM paste wiring. This is due to the increase in the
contact angle, and no loss of the LM paste is considered to
have occurred. The height of the LM paste was measured using
a laser microscope, and the results are shown in Figure 2c. As a
result, the average height of the LM paste wires was
approximately 100.5 um. In addition, the heights were almost
constant regardless of the line width. The height of the LM
paste increased slightly after transfer compared to before
transfer, which is thought to be due to the increase in contact
angle. Figure 2d shows the relationship between the line width
and resistance at a fixed length (4.712 mm). The resistance
value decreased with respect to the line width. The theoretical
value was calculated from the resistance in eq 1, and the results
of the height are shown in Figure 2c.

R= L

7s (M
Here, R is the resistance, p is the conductivity, L is the length,
and S is the cross-sectional area. As shown in Figure 2d, the
theoretical and measured resistance values are in agreement.
Furthermore, this means that the height measurement shown
in Figure 2c is accurate.

The minimum line width that can be fabricated in this study
is 165 pm. Benchmarks for related technologies have achieved

85 pum by wiring using a magnet across a gel substrate,'’
approximately 3.3 um by sintering using hydrogel mixed with
LM particles,”' and approximately 100 um by direct transfer to
a hydrogel that has good wettability with LM.”> However,
these methods require a thin substrate where the magnetic
force can reach or a specific substrate, so it is not possible to
wire LM on arbitrary nonplanar ultrasoft substrates. In
contrast, the LM paste transfer method in this study can be
used for wiring on the surface of a thick substrate, such as a
body surface, which is difficult to achieve with the existing
technologies described above. Additionally, uniform wiring on
a textured surface is possible. To fabricate finer lines in the
future, it is expected that the LM wiring method on the PVA
film will be improved by changing the method from screen-
printing to a more precise method such as lithography and by
further investigating the properties of the LM paste.

Reports on technologies used to transfer evaporated gold
thin film patterns®® or printed silver nanoparticle patterns®’
onto substrates using PVA films have been published. These
are useful for integration and systemization because they can
produce fine lines. In addition, using meander wiring
technology, it may be possible to fabricate electrodes that
can withstand expansion and contraction. The wiring using LM
paste proposed in this study has the advantage where the LM,
which is a conductive material, has a lower Young’s modulus
than that of gel and can therefore be wired without disturbing
the deformation of the substrate, even if an ultrasoft substrate
such as a gel is used. In addition, a thermal transfer method
using fructose”® has been studied. However, this method
requires heating to 80 °C, and the wiring is upside down
during transfer, making it difficult to transfer the system itself
to biological tissues. In previous studies, a stretchable
conductor was created by applying LM, and an LM pattern
with high permeability was achieved.”””° The Young’s
modulus of the stretchable conductor is 0.1 MPa, which is
close to that of human skin. One of the advantages of our study
is that it is possible to fabricate ultrasoft electrical wiring by
dissolving the substrate with water and conducting LM wiring
directly on the biological tissue, which will cause less
discomfort when attached to the human body. On the other
hand, the long-term stability and air permeability would be low
because of the direct patterning of LM.

Figure 2e shows the cross sections of the LM paste wire and
the substrate when wiring on the PVA film and when
transferring to a silicon wafer (Si wafer). The PVA film
between the LM paste and the substrate disappeared when
water was sprayed. This indicates that the PVA film was
dissolved in water and the LM paste and substrate came into
contact. Eventually, the LM paste and substrate became
conductive. The wettability of the Si wafer and LM was worse
than that of the PVA film because the contact angle was larger
than that of the PVA film. In this study, both substrate surfaces
were treated with hydrophilic treatments using an excimer
lamp. However, the contact angle may increase as a result of
water entering between the temporarily formed surface and the
LM paste (even momentarily) during the dissolution of PVA.
Figure S8 shows a chemical explanation of the phenomena
occurring in the transfer process. First, water applied on the
PVA film penetrates into the PVA film due to its osmotic
pressure. As a water-soluble polymer, PVA has many hydroxy
groups in its main chain, which makes it easily soluble in water.
(In this case, the oxidized film on the Si wafer also has hydroxy
groups, which makes it wettable with water and helps water
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Figure 3. LM paste pattern for vagus nerve stimulation in rats. (a) Depiction of LM paste on the vagus nerve in a rat. (b) Mechanism of heart rate
reduction attributed to vagus nerve stimulation. (c) Electrocardiograms before (i) and after (ii) vagus nerve stimulation. The heart rate was
decreased by vagus nerve stimulation achieved with the use of the LM paste.

penetrate the PVA film.) The wettability between the LM
paste and water was poorer than that between the LM paste
and PVA film, resulting in a larger contact angle. Then, the
PVA film melted, and the LM paste was transferred onto the Si
wafer due to its large specific gravity. Figure S9 shows that the
contact angle after the transfer is larger than that before the
transfer, and that the contact angle after the transfer is larger
than that after the direct screen-printing on the Si wafer.
Therefore, it is clear that the wettability between LM paste and
water is poorer than that between the LM paste and PVA film.
Figure S9a shows that the contact angle hardly changes when
screen-printed directly on the Si wafer regardless of the
hydrophilic treatment. This indicates that the possibility that
the hydrophilic treatment of the Si wafer was lost due to the
contact of the PVA film is unrelated to the change in the
contact angle. The fact that the contact angle between the LM
paste and the Si wafer was almost the same regardless of the
hydrophilic treatment is thought to be due to the fact that the
oxide film on the Si wafer has hydroxy groups. Figure 2f shows

the transfer of the LM paste wiring onto the acrylamide gel,
stretchable acrylamide gel mixed with PVA solution, agarose
gel, and ionic gel. LM paste wiring was possible on general gels
and hydrogels and was also transferred to PDMS, ECOFLEX,
and PI substrates (Figure S10).

3.2. Vagus Nerve Direct Stimulation Using LM Paste
Electrodes. As a demonstration of the LM paste wiring
technology using the transfer method in this study, we
performed cardiac stimulation by direct stimulation of the
vagus nerve using LM paste wiring (Figure 3a). As shown in
Figure 3b, when the vagus nerve is electrically excited, the
excitation is transmitted to the nerve endings through axons,
and the neurotransmitter acetylcholine (ACh) is released. ACh
binds to the muscarinic receptor II on the cardiac sinus nodal
cells and activates G protein-regulated potassium channels via
p and y G proteins. As a result, the sinus nodal cells
hyperpolarize, thus leading to the efflux of potassium ions from
the intracellular space.
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Figure 4. Construction of the system on a gel substrate using LM paste. (a) Construction of the LM paste pattering and lighting of the light-
emitting diode on and inside the gel. (b) Cross-sectional image of the circuit structure using LM paste. (c) Temperature measurement device using
a gel substrate attached to the arm. The LED lights up when the device works. (d) Top view of the fabricated device and schematic showing the
cross-sectional structure of the device. (e) Variation of ambient temperature versus time and device-measured temperature. (f) Relationship

between the ambient and measured temperatures of the device.

In fact, the PVA film depicting the LM paste patterning was
placed on the vagus nerve exposed by cervical skin incision and
connective tissue dissection. Water was then used to dissolve
the PVA film so that the LM paste could contact and stimulate
the vagus nerve. Finally, a stimulation pulse (5 V, 10 ms pulse
width, 15 Hz) was applied between the electrodes (Figure
S11). As shown in Figure 3¢, the heart rate decreased from 250
bpm before stimulation to 186 bpm after the stimulation.

As a control, the same electrical stimulation was conducted
using a hook-shaped electrode (Figure S12). Using a
commonly used hook-shaped electrode, the carotid artery
and vagus nerve were completely detached from the connective
tissue (Figure S12a), the electrode was placed so that the nerve
tissue was lifted, and pulsed electrical stimulation was applied
(5 V, 10 ms pulse width, and 15 Hz) (Figure S12b). As a
result, as shown in Figure S12c, heart rate decreased from 320

to 171 bpm. Electrical stimulation using LM paste was similar
to that using a hook-shaped electrode.

The present technique (which uses LM paste) minimized
the detachment of the carotid and vagus nerves from the
connective tissue and stimulated the vagus nerve without
applying stretch stress to the nerve tissue (Figure S12a). In
other words, it was possible to implant the electrode without
physical stress on the soft tissue. In addition, the use of LM
paste made it easy to remove and replace the electrodes
because the electrode could be removed by simply wiping the
electrode placement area. In this study, the durability of the
exposed LM paste pattern was not a challenge because the
wiring was designed to be removed. However, when
considering long-term use as an implant, it is necessary to
improve the durability of the LM paste pattern by sealing the
LM paste with the gel. In addition, a previous study reported
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that Ni has adverse biological effects on biological tissues.”' Ni
was used in this study to make the LM into a paste. At the
same time, it has been reported that this objective can be
achieved with particles such as quartz.32 Therefore, as a future
prospect, the LM pastes with other particles could be used to
evaluate actual effects on biological tissues.

Previous studies’”* that placed electrodes on the spinal
cord tissue and sciatic nerves of rats used PDMS or
dimethacrylate-modified polymer perfluoropolyether as sub-
strates. The transfer method in this study has the distinct
feature in that the substrate eventually melts and disappears,
which makes it more flexible. Another study used LM to
fabricate electrode arrays to electrically stimulate biological
tissue at the tissue-contacting surface.”> The LM paste
electrodes fabricated in this study are easier to connect and
more flexible because they adhere to the biological tissue to
make contact. The adhesiveness of the LM paste can be
considered to be sufficient because vagus nerve stimulation was
achieved. It is necessary to investigate this to achieve higher
adhesion in the future. A study on the fabrication of conductive
gel composites using CNT sheets as in vivo electrodes® was
proven to be inexpensive and easy to use. However, an
alternating current power supply was required. The proposed
LM paste can be used with a direct current power supply
because the paste is a conductive material.

3.3. 3D Wiring on Hydrogel. The 3D wiring of the LM
paste was performed on the hydrogel (Figure 4a). A green
LED was placed on the upper side, and a red LED was placed
on the lower side. They were connected to the LM paste, as
shown in Figure 4b. When a voltage was applied, each LED
was lit up. The lower LED was sealed in the gel and wired in
such a way that it sank in the gel. Using the gel as an insulating
layer between the upper and lower layers, the upper and lower
layers were not electrically connected (Figure S13). This
experiment proved that electricity can be conducted through
the LM paste on the hydrogel. Furthermore, as shown in
Figure 4b, it is possible to construct a heterojunction of LM
paste and solid-state electronic components on an ultrasoft
material such as a hydrogel.

Conventionally, to fabricate 3D LM wiring, the following
methods have been used: 3D wiring by introducing LM into
3D channels,** 3D wiring with LM by stacking two-
dimensional (2D) wiring,”> and direct 3D wiring using
dispensers.**~** Although the method of introducing LM
into 3D channels fabricated by 3D printers is easy to construct,
it is difficult to design the circuit because the channel has to be
a single-stroke channel to fabricate fine lines. In the case of the
transformation of 2D wiring to 3D, when the wiring is as
flexible as PDMS, fine lines can be constructed in 3D with high
accuracy by using a lithography process. Regarding 3D direct
wiring technology, ultrafine lines can be depicted with a high
degree of spatial freedom on solid or rubber substrates.
Conversely, in terms of 3D direct wiring on materials that are
ultrasoft and have extremely poor LM wettability, such as gels,
it is difficult to achieve the desired wiring pattern while
maintaining conductivity.*> The method proposed in this study
can be used to fabricate 3D wiring even on gel substrates,
which are ultrasoft and have low-LM wettability, although the
accuracy of the method in this study needs to be improved
from the current level of 165 pm. Furthermore, similar to the
study of helical wiring on the surface of glass tubes,” the
helical structure of the wiring (Figure 1d) can also be
fabricated using gel fibers, which cannot be easily used as a

substrate. This means that our method can be applied to
ultrasoft and low-wettability tubular substrate surfaces. The
transferred LM paste and the 3D printed curved surface with a
radius of curvature of 600 ym make conformal contact as
shown in Figure S14. Conformal interconnection was possible
at the board edge with a relatively small radius of curvature. In
this experiment, wiring was fabricated using two layers of gel,
but it is possible to fabricate more than three gel layers. It is
expected that a more multifunctional system can be fabricated
in the future.

3.4, Temperature Measurement Device Based on
Hydrogel Substrate. Figure 4c shows the developed device
worn on the arm. The LED on the device was lit to confirm
that the device was working. In addition, the measured
temperature and temperature transitions are displayed in a
graph on the smartphone. The device adhered to the arm
without any adhesive and functioned by sticking it to the arm,
even when the arm was rotated up to 90 degrees along its axis.
This is due to the large adhesive area of the gel when it adheres
to the skin and generates a relatively high-adhesion force for
the thickness of the device. This adhesion is expected to be
further improved by reducing the thickness of the gel. Figure
4d shows the device. The temperature measurement circuit
was constructed by placing an ionic gel on top of the agarose
gel and wiring LM paste on top of the ionic gel. The agarose
gel had a narrow potential window because water was also
included. Therefore, in this study, the ion gel was coated on
top of the agarose gel, and the LM paste was wired on top of
the ion gel (Figure 4d). This device used a thermistor to detect
the difference in voltage depending on the temperature.
Specifically, voltage differences were converted to temperature
by the MCU, and the converted temperature was transmitted
to the smartphone via the BLE module. Figure 4e,f shows the
temperature changes on the device when the ambient
temperature increases or decreases. The temperature measured
by the device is associated with the ambient temperature. In
addition, there was almost no hysteresis. This indicates that the
connection between the LM paste wiring and solid-state
electric elements on the gel was stable, and the robustness of
the system was high. The conventional substrate for the
connection between the LM and the circuit elements for
making advanced smart devices was based on a flexible
polymer or rubber substrate such as PI, polyethylene
naphthalate (PEN), polyethylene terephthalate (PET), par-
ylene, PDMS, Ecoflex, and polyurethane (PU).****** How-
ever, in this study, softer gel substrates were used to achieve
this connection on the substrate. In this study, we proposed
new circuit substrates with LMs as electrodes.

As conductive materials have similar mechanical properties
to those of gels, studies have been conducted on conductive
hydrogels using CNTs, PEDOT:PSS, and polyaniline
(PANI).&%_49 The resistance change as a function of strain
is usually large because these materials often use the
percolation effect, and the conductivity is less than 1.0 X 10°
Sm™'. Therefore, they are useful as sensor elements such as
pressure and strain sensors. In contrast, the conductivity of LM
paste (6 wt %) is 2.92 X 10° + 0.68 X 10° Sm™" (1 = 3), which
is suitable for wiring when fabricating systems because it does
not utilize the percolation effect. Based on the above listings, a
system that employs ultrasoft substrates such as gels could be
realized in this study using a conductive liquid material.
Replacing the temperature measurement system realized by the
transfer method in this study with other systems and creating a
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system that measures skin temperature by wiring the LM paste
directly to the skin as a substrate are future prospects. The
electrodes to be fabricated by the transfer method in this study
can be expected to have applications in the biomedical field,
such as diagnostic devices.

4. CONCLUSIONS

This study proposed a method of transferring LM paste onto
ultrasoft materials such as hydrogels using PVA film and
presented the construction of a complete system. LM paste
patterns fabricated on PVA films adhered to the ultrasoft
substrate along surface irregularities and were transferred
without destruction following the dissolution of the PVA films
in water. The minimum wire width of the LM paste was
approximately 165 ym, and the LM paste pattern on PVA was
transferred on the hydrogel with the same wire width. Vagus
nerve stimulation using LM paste wiring successfully applied
this transfer method to biological tissues. In addition to the
helical wiring of LM paste on the surfaces of ultrasoft gel fibers,
the transfer method also enabled the wiring of 3D intersecting
structures on hydrogels. By using the gel as an insulating layer,
no electrical crosstalk occurred and multiple independent wires
of LM paste were fabricated. Furthermore, the transfer of the
temperature measurement system constructed on the PVA film
onto the gel was demonstrated. The connection between the
solid-state electronic device and the LM paste was stable,
which maintained the functionality of the system on the gel.
Using the 3D interconnection technique described above, it
may be possible to integrate multiple systems in a single device
across an insulating layer of gels. This fundamental fabrication
and system integration technique may be applied to wearable
devices with higher flexibility as well as implantable devices
and gel actuators that can measure the health status of the
body.
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Figure S1. Liquid metal (LM) paste screen-printing according to the Ni particle concentration (a,
b) 0 wt%. (c, d) 2 wt%. (e, f) 4 wt%. (a, c, €) When thick electrodes were fabricated, empty parts
were formed in the liquid metal without Ni particles because of the low wettability of the gel to

liquid metal.



a Vial§ b c

Acrylamide gel + PVA Cured acrylic resin

L === -] H

Cured acrylic resin

d e f
LM paste LED Acrylamide gel + PVA

Figure S2. Fabrication process of three-dimensional (3D) structure of LM paste on and inside the
gel.(a) Mixture of acrylamide gel and polyvinyl alcohol (PVA) is poured on acrylic resin. (b) Mold
of the 3D printed acrylic resin is placed on the gel. (¢c) Formation of a concave structure. (d) LM
paste is patterned by the developed method based on PV A lift-off process and electric components
are mounted on the gel. (¢) New mixture of acrylamide gel and PVA is poured on the concave part.
(f) LM paste is patterned by the developed method based on the PVA lift-off process and electric

components are mounted on the gel.
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Figure S3. Fabrication process of the temperature measurement device on gels. (a) Agarose gel is
poured on the case of acrylic resin. (b) After peeling off the agarose gel from the case, an ionic gel
layer is formed on the agarose gel. (¢) PVA film containing LM paste electrode and mounted
electric components are placed on the ionic gel layer. (d) PVA film is dissolved by water. (¢)

Mounting of system circuit on the gel.
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Figure S4. Circuit diagram of the temperature measurement system.
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Figure SS. Tilt experiment of LM paste wired on gel. (a) Photographs of LM paste wired on gel,
tilted at 0 (1), 45 (ii), 90 (ii1), 120 (iv), 135 (v) and 180 degrees (vi). (b) Top view of LM paste

wired on gel.
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Figure S6. Tensile test using stretchable acrylamide gel.
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Figure S7. Cyclic stretch-release test.

10



a b
Air LM paste Air LM paste
. . ;Water
PVA ) PVA
Si Si
c d
Air LM paste Air

LM paste

-  PVA+HO mp
Si

Si

Figure S8. Detail of the mechanism of the transcription process. (a) LM paste wired on the PVA
film is placed on the silicon wafer (Si wafer). (b) Water is applied on PVA film. Contact angle
changes due to water. (¢c) Water permeates into PVA film by osmotic pressure (d) LM paste is

transferred by melting the PVA film.
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Figure S9. Contact angle between the LM paste and Si wafer. (a) LM paste screen-printed directly

on the Si wafer with (i) and without (ii) hydrophilic treatment. (b) LM paste before (i) and after

(i1) transferred by the method of this study.
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Figure S10. Photographs of LM paste patterns transferred onto hard or rubber substrates. (a) Glass,

(b) polyimide, (c) polydimethylsiloxane, and (d) Ecoflex substrates.
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Figure S11. Pulse voltage waveform applied to the vagus nerve of a rat.
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Figure S12. Vagus nerve stimulation in a rat using a hook-shaped electrode. (a) Conceptual
diagrams of vagus nerve stimulation using conventional electrodes and the electrodes of this study.
(b) Photograph of vagus nerve stimulation using hook-shaped electrode. (¢) Electrocardiogram

before (i) and after (i) vagus nerve stimulation.
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Figure S13. Independent lighting of each light-emitting diode (LED) in the LM paste 3D structure.
(a) Lighting of the green LED on the upper part of the structure. (b) Lighting of the red LED on

the bottom layer of the structure.
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Figure S14. Contact between transferred LM paste and 3D curved surface. (a) Right side. (b) Left

side.
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Supplementary video 1. Disappearance of PVA film patterned with LM paste by water.
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