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The roll-to-roll (R2R) process for fabricating elastic substrates is essential for
the social implementation of next-generation stretchable devices with soft
interfaces. In recent years, there is a growing demand for soft
heterostructures with multiple monolithically patterned organic materials.
However, a continuous processing technique for substrates with
heterostructures patterned using highly stretchable wiring has not yet been
developed. Conventional manufacturing methods for stretchable electronics
lack production capacity. This study introduces an R2R-based method for the
continuous production of multilayered substrates composed of various elastic
materials, integrated with liquid metal (LM) wiring, suitable for stretchable
electronics. Continuous fabrication of polymer films is achieved with pattern
areas as small as 0.78 mm?, using three different polymers varying in
hardness. The R2R coating process, paired with liquid metal wiring
dispensing printing, allows for the creation of lines as fine as 140 microns.
This process supports the batch production of 15 stretchable hybrid devices
at a time and enables the creation of large-area devices up to 400 cm?. The
fabrication technique developed herein holds promise for the future
manufacturing of not only stretchable electronics but also cutting-edge soft
electronics like smart packaging. This is expected to be a factor leading to the

commercialization of stretchable electronics.

1. Introduction

The roll-to-roll (R2R) process has been
used in the manufacturing industry
as a processing method, primarily for
newspapers, photographs, and packag-
ing materials.?] With the development
of additional functionalities, such as
the conductivity and semiconductivity
of organic and inorganic inks, the R2R
method is now applied as a process-
ing method for advanced electronic
devices and elements.>7] Recently,
electronic devices have become in-
creasingly flexible, and manufacturing
using printing technology is inexpen-
sive and highly compatible with flexible
materials.®] Therefore, the fabrication
technology for R2R processing is used
for developing flexible electronic sub-
strates, displays, organic solar cells,
and biosensors.” 3] In addition, elas-
tic materials such as silicone,'*!]
hydrogels,[*l and natural rubber!?’! are
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used as stretchable substrates for fabricating next-generation
electronic and stretchable devices that can reduce the load on
biological tissues and improve followability. Processing these
stretchable materials using the R2R process is an effective ap-
proach to enable the mass and large-area production of electronic
devices for social implementation.

Coating technologies based on the R2R process, such as
gravure coating!™®l and blade coating,'”! have been used as
continuous manufacturing methods for substrates comprising
a single stretchable material. Furthermore, by combining the
R2R process with printing technologies such as, rotary screen
printing!?’! and inkjet printing,?!} not only a continuous man-
ufacturing method for stretchable substrates but also continu-
ous manufacturing of wiring has been realized. Thus, the R2R
process for stretchable materials has been developed to a techno-
logical level sufficient for manufacturing stretchable substrates
and their circuits made of a single material. In recent years, the
need for substrate materials with monolithic patterns and mul-
tilayered structures of multiple stretchable materials for stretch-
able devices has increased.

Although stretchable sensors and devices are currently be-
ing developed, ! it is difficult to fabricate highly integrated
electric circuits on stretchable substrates. Recently, stretchable
hybrid devices have been developed to replace some functions
of conventional solid-state electronic devices.*”) Because solid-
state circuit elements are used, it is necessary to use a struc-
ture that suppresses tension on the elements. Substrates with a
hard-soft structure with multiple layers of hard and soft organic
materials in a pattern are used as stretchable substrates.3!] Pat-
terned substrates and sheets with monolithic multilayers of or-
ganic materials can be considered not only for stretchable elec-
tronics but also for soft robots, smart packaging, and indus-
trial processes.[3235] However, the fabrication of stretchable sub-
strates with hard and soft structures requires complicated pro-
cessing methods, such as molding, photolithography, and an-
nealing, owing to the need to prevent delamination between lay-
ers under tension by strengthening the adhesion between hard
and soft layers.3-°] Furthermore, the materials used for stretch-
able electrodes must have high elasticity because stress concen-
tration occurs near the boundary between the soft and hard layers
in these multilayered stretchable substrates. However, an R2R-
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based continuous fabrication process for multilayer patterned
stretchable substrates that satisfy these wiring requirements has
not yet been established.

Therefore, in this study, we proposed an R2R-based contin-
uous production method for multilayered and patterned sub-
strates made of stretchable organic materials with liquid metal
(LM) wiring. Furthermore, as a proof-of-concept for process-
ing stretchable hybrid devices, solid-state electronic devices were
mounted on circuit boards fabricated using the proposed produc-
tion method, resulting in the batch production of multiple and
large stretchable hybrid devices. The R2R process for substrate
fabrication includes a two-step R2R process with a gravure coater
to create a release layer and a knife coater capable of corona pre-
treatment to improve the adhesion of the multilayer structure
made of polymer materials. The intermediate- and hard-layer
patterns on the soft layer were fabricated by attaching a mask
and using a knife as a squeegee. Circuit patterns made of lig-
uid metal which has significantly high stretchability were printed
onto the fabricated substrates using a dispenser. This combi-
nation of printing technologies enables the continuous produc-
tion of multilayers and patterned stretchable substrates with lig-
uid metal wiring. Furthermore, by mounting solid electronic ele-
ments and packaging the elastic material with a spray coater, the
printing process of stretchable hybrid devices for batch produc-
tion and the fabrication of large devices was demonstrated. The
production method was proposed as a fundamental technology
for substrate and sheet fabrication in stretchable electronics, soft
robotics, smart packaging, and industrial processes, and we be-
lieve that this technique will contribute to the progress of social
implementation in these areas.

2. Result and Discussion

2.1. Stretchable Hybrid Devices Fabricated using the R2R Process

In this study, we developed a technique for the continuous fabri-
cation of patterned multilayered and stretchable substrates using
the R2R process. Furthermore, the batch production and scale-up
of stretchable hybrid devices using this process were validated as
a proof-of-concept. The proposed stretchable hybrid device con-
sists of a soft layer substrate made of silicone elastomer (Eco-
flex), a patterned intermediate layer made of polydimethylsilox-
ane (PDMS), a patterned hard layer made of epoxy, solid-state
electronic components, liquid metal wiring, and packaging with
Eco-flex (Figure 1a,b). As shown in Figure 1a, the solid-state elec-
tronic component was placed in the epoxy section to prevent
stress loading on the device during large deformation. The re-
maining components of the device were composed of a large de-
formable silicone elastomer (Eco-flex) and a stretchable electrode
(liquid metal; Galinstan) to keep the device stretchable. The fab-
ricated stretchable hybrid device is shown in Figure 1bi, wherein
the rigid solid-state electronic device is placed in the hard-layer
portion and liquid metal wiring is connected to the components
(Figure 1bii). 3D interconnections were fabricated by applying a
stretchable insulator (silicone) to the liquid metal to prevent the
liquid metal from electrical crossing (Figure 1biii). When more
complex circuits are to be mounted, a flexible substrate on which
electronic elements are mounted can be directly mounted onto a
stretched substrate (Figure 1biv).

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 1. Stretchable hybrid devices fabricated using the R2R-based method. a) Internal structure of the stretchable hybrid device. The patterned PDMS
and epoxy layers are fabricated inside Eco-flex packaging, which is capable of large deformation, to prevent the deformation of solid-state electronic
elements while maintaining the stretchability of the device using liquid metal as wiring. b) Large-area wearable stretchable hybrid device. c) Concept
of continuous production of patterned multilayer stretchable substrates using gravure and knife coaters based on the R2R process and dispensers.
d) Rotogravure coater equipment based on the R2R process (R2R process equipment (A)). e) Knife coater equipment based on the R2R process with
corona treatment machine (R2R process equipment (B)). f) Process for fabricating stretchable hybrid devices.
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The continuous production of patterned multilayer stretchable
substrates consists of three types of printing: a patterned multi-
layer stretchable substrate fabrication process using gravure coat-
ing for the ultrathin release layer of the multilayered substrate
(R2R process equipment (A)), knife coating to fabricate the mul-
tilayered substrate in the R2R process (R2R process equipment
(B)), and patterning of liquid metal wiring using a dispensing
process (Figure 1c). Practically, the R2R and dispensing processes
can be used for fabricating several components, ranging from
the substrate to circuit wiring, through continuous production.
Finally, to construct the device, the solid-state electrical compo-
nents were mounted using a mounter, and the entire device was
packaged with a spray coater.

The gravure and knife coaters used in this study are shown in
Figure 1d,e, and Figure S1 (Supporting Information). The R2R
process equipment (A) comprises a gravure coater and a heater.
The gravure coater can produce thin films of 20 nm or morel*!
using the micro gravure (MG) roll, as shown in Figure 1d and
Figure Sla (Supporting Information). The pre-cured layer coated
on the polyethylene terephthalate (PET) film was formed in a
heater and collected on a rewinding roll. The R2R process equip-
ment (B) (Figure 1e) comprises a corona treater, knife coater, and
heater. It has a minimum and maximum coating speed of 0.1 and
1.0 m min~!, respectively. Compared with the gravure coater, the
knife coater can coat materials with a higher viscosity and ad-
just the film thickness.** In the R2R process, which is gener-
ally used to produce thin films by transfer,*!] it is challenging to
achieve uniform patterning with the film thickness produced in
this study. To achieve uniform patterning, knife coating, which
was used in this study, and slot die coating, wherein the mate-
rial is discharged from a blade, are suitable. The corona treater
improved the wettability of polymer materials through surface
activation via corona discharge (Figure S1b, Supporting Informa-
tion).

The actual process of fabricating stretchable hybrid devices us-
ing this equipment is as follows: to facilitate the peeling of the
fabricated patterned multilayer stretchable substrate, polyvinyl
alcohol (PVA) was coated using the gravure coater of the R2R
process equipment (A) (Figure 1fi). Eco-flex, a soft basal layer
material of the patterned multilayer stretchable substrate, was
prepared using the knife coater of the R2R process equipment
(B) (Figure 1fii). To create the patterned PDMS interlayer, a poly-
imide (PI) mask was attached before coating, and the PDMS
monomer was applied using the knife coater and polymerized us-
ing the heater (Figure 1fiii). The minimum gap between PDMS
patterns and the reproducibility of the pattern diameter depended
on the mask. After performing corona treatment to improve the
wettability of the PDMS layer (Figure 1fiv), another PI mask
was attached, and the epoxy resin, as the hard layer material,
was coated using the knife coater in the same manner as that
used for coating the intermediate PDMS layer and then cured
(Figure 1fv). In this case, the patterning alignment was per-
formed using alignment marks on the masks (Figure S2, Sup-
porting Information). First, an L-shaped alignment mark was
coated on the outside of the substrate area with PDMS, and then,
the alignment mark on the masks for epoxy was applied to the
mark on the Eco-Flex fabricated with PDMS to align the pat-
tern. Because the surface of epoxy resin becomes spherical af-
ter curing, it is challenging to perform further patterning coat-
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ings on the epoxy resin surface. To ensure the flatness of the
substrate, Eco-flex was coated after the coating of the three lay-
ers and polymerized (Figure 1fvi). After substrate fabrication,
liquid metal wiring using a dispenser (Figure 1fvii), mount-
ing circuit elements using a die bonder (Figure 1fviii), spray
coating Eco-flex as packaging (Figure 1fix), and peeling the de-
vice from the PET substrate (Figure 1fx) were conducted in this
order.

2.2. R2R Processing for Patterned Multilayer Stretchable
Substrates

The processing characteristics of the PVA sacrificial layer coated
by the gravure coater and the three-layer formation of Eco-flex
(softlayer), PDMS (middle softlayer), and epoxy resin (hard layer)
coated using the knife coater were investigated. A total of 4 pat-
terned multilayer stretchable substrates consisting of three lay-
ers each of Eco-flex, PDMS, and epoxy are shown in Figure 2a.
As shown in Figure 2a, a PDMS intermediate layer of 50.2 mm?
and an epoxy layer of 12.6 mm? were formed on the Eco-flex sub-
strate, which was laminated in a three-layer structure (Figure 2b).

In this study, an ultrathin PVA film was used as the sacrifi-
cial layer to detach the three-layer integrated structure of Eco-
flex, PDMS, and epoxy from PET film. The thicknesses of the
PVA films were determined based on the detachability of the
three-layer product. Figure S3 (Supporting Information) shows
the thickness of the PVA film fabricated using the gravure coater
as well as the maximum peeling force of Eco-flex from a PET film
at different PVA concentrations (5, 10, 15, and 20 wt%). As the
PVA concentration increased, the PVA film thickness increased
and the force required to peel Eco-flex decreased. The thicker the
PVA layer, the more easily the Eco-flex substrate detaches from
the PVA layer by absorbing more atmospheric moisture.l*?*3] For
the gravure-coated layers, there was a high correlation between
the concentration and the film thickness;!***] therefore, the ob-
tained film thickness data were reasonable. However, as shown
in Figure S4 (Supporting Information), when the thick PVA layer
significantly lowered the peeling force, the entire substrate was
inadvertently removed along with the mask during the PDMS
and epoxy patterning process. Based on the consideration of the
peeling force, a PVA concentration of 10 wt.% was used to ensure
stable peeling.

Figure S5 (Supporting Information) illustrates the relationship
between the coating gap and film thickness for stretchable sub-
strate materials such as Eco-flex, PDMS, and epoxy resin, over
a gap range of 200-1400 ym using a knife coater. The coating
film thickness was determined by the coating gap of the knife
coater, coating speed, material viscosity, and surface tension be-
tween the material and substrate. The film thickness of Eco-flex
and PDMS demonstrated high correlation with the coating gap,
with coefficients 0of 0.991 and 0.992, respectively. For epoxy resin,
however, film thickness was specifically measured at the pattern’s
center, revealing a trend where the pattern diameter expanded
with increasing coating gaps. This led to a deviation from the
linear thickness increase, likely due to the epoxy spreading un-
der its own weight at wider gaps, which resulted in an unex-
pectedly thinner central film. Under the conditions of this study,
a coating gap of approximately 100 pym was determined as the
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Figure 2. a) Large-area substrate with 45-segment hard and soft patterns. b) Cross section of hard and soft patterns captured using the scanning
electron microscope. The bottom layer is Eco-flex (a soft elastomer), the middle layer is PDMS, and the top layer is epoxy resin. c) Production variation
of circular epoxy patterns of 19.6, 78.5, 314.0, and 706.5 mm?. d) Photographs of circular epoxy patterns of 12.6-0.002 mm? and their enlarged images.
e) Demonstration of multilayered patterns of Eco-flex, PDMS, and epoxy resin. The pattern indicates a YNU pattern. f) Digital image correlation of three
different substrates elongated with Eco-flex only, Eco-flex and PDMS, epoxy resin and Eco-flex, and Eco-flex, PDMS, and epoxy resin. g) Strain in the

tensile direction £10 mm from the center of the pattern.

coating limit. This is related to the surface tension of the ma-
terial, and the coating limit can be adjusted by changing the
material.

Next, we investigated substrate surface conditions that are cru-
cial for fabricating epoxy resin and PDMS patterns. High adhe-
sion between the silicone PDMS and phenolic epoxy layers was
vital for continuous production, which we achieved by integrating
a corona discharge mechanism into the roll-to-roll (R2R) system
for sustained substrate surface activation. This improved the ad-
hesion by increasing the PDMS surface energy and decreasing its
contact angle with epoxy, as evidenced by Figure S6 (Supporting
Information). Consequently, stable fabrication of large patterns,
up to 201 mm?, was demonstrated in Figure S7 (Supporting In-
formation), despite the challenges posed by thermal shrinkage of
epoxy and related stress.

The pattern diameter distributions of the circular patterns of
19.6, 78.5, 314.0, and 706.5 mm? of the epoxy resin and PDMS are
shown in Figure 2c and Figure S6 (Supporting Information). The
error of the 5-mm diameter epoxy resin pattern was +0.7 mm,

which was caused by diffusion owing to the weight of the thick
film relative to the pattern diameter (Figure 2c). By contrast, the
PDMS pattern error was +0.023 mm (Figure S8, Supporting
Information). The results of examining the minimum pattern
sizes of the epoxy resin and PDMS are shown in Figure 2d and
Figure S9 (Supporting Information), respectively. Figure S10
(Supporting Information) shows a high-magnification view of
the patterns of epoxy resin and PDMS. From these results, pat-
terns with minimum sizes up to 3.14 mm? for epoxy resin and
0.78 mm? for PDMS could be fabricated.

Using these techniques, arbitrary patterns were fabricated, as
shown in Figure 2e. The substrate used was Eco-flex, the letters
were made of colored PDMS, and epoxy was circularly patterned
at the centers of a, b, and o. This ensured a high degree of free-
dom of pattern design.

Figure 2f illustrates the strain distribution under 50% tensile
stress across different structures: Eco-flex alone, a two-layer com-
bination of Eco-flex and PDMS, a similar two-layer combination
of Eco-flex and epoxy, and a three-layer structure incorporating
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Eco-flex, PDMS, and epoxy. The Eco-flex-only and Eco-flex-PDMS
structures exhibited uniform extension, including at the center.
In contrast, the Eco-flex-epoxy and the three-layer structures
showed non-uniform stretching, with the epoxy layer remaining
unstretched. Significantly, the inclusion of a PDMS intermediate
layer moderated the tensile strain, preventing localized high
stress, as further detailed in Figure 2g.

As the amount of heat generated by devices increases with
the sophistication of stretchable electronics, thermal problems
are expected to arise owing to the low thermal conductivity of
stretchable substrates. The silicone material used as a substrate
has low thermal conductivity, leading to such thermal problems
because the generated heat cannot be dissipated and is stored.
This study did not examine thermal problems because the tem-
peratures were not sufficiently high to affect device functionality;
however, in the field of stretchable electronics, it is necessary to
develop appropriate heat dissipation technology to deal with such
problems in the future.

Table S1 (Supporting Information) presents a summary of the
features of stretchable devices employing rigid-soft structures,
which are categorized into three types: 1) combinations of two
soft elastomers bonded by high-affinity resins, such as Eco-flex
with PDMS; 2) a pairing of a soft elastomer like Eco-flex with hard
resins, including SU-8 and PLA;I**] and 3) a novel three-layer
structure introduced in this study, consisting of a soft elastomer
base, an intermediate layer, and a rigid top layer.

The first type of a rigid-soft structure, consisting of two soft
elastomers, allows the device to maintain a high elongation of
more than 100%. However, the hard elastomeric part of the
substrate is elongated by approximately 7% of the total device
elongation.’” Therefore, it is difficult to directly mount electrical
components made of thin metal films, such as thin-film transis-
tors, onto a substrate.

In the second type, a substrate made of a soft elastomer and
a hard resin, deformation of the hard resin portion can be sup-
pressed to almost 0%. By contrast, the low adhesion between
the hard resin and the elastomer and the high local stress at the
boundary suppress the maximum elongation rate of the entire
device and make the boundary area easy to break.

For these reasons, in the substrate consisting of three
layers, the soft elastomer and intermediate layer can be
used to maintain the maximum elongation rate of the en-
tire device while suppressing breakage in elongation by
placing the intermediate layer. Recently, a three-layer struc-
ture of Eco-flex-PDMS-PES (Polyethersulfone) and PDMS-
PMMA (Polymethylmethacrylate)-Ni/PDMS/Si resin (OE6630)
was reported.3%5! With this structure, the deformation of the
hard-layer portion can be suppressed to approximately 0% while
maintaining approximately 100% expansion of the entire device.
The structure fabricated in this study also achieved a maximum
elongation rate of 265%, and an examination using the digital im-
age correlation (DIC) confirmed that deformation in the higher
layers could be suppressed to less than 4%, which is equivalent
to the performance of the devices fabricating using manual sub-
strate processing. The ability to both maintain the maximum
elongation rate and form a deformation region close to 0% is
considered to be a significant advantage when considering future
high-performance thin-film electronic devices to be mounted di-
rectly on substrates.
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By using the R2R process proposed in this study, it was possi-
ble to fabricate several patterns within a few steps. However, the
minimum pattern area was 0.78 mm?, which is less than the min-
imum size achieved through the existing manual substrate fab-
rication methods (Table S1, Supporting Information).[***®] This
issue should be addressed in future studies.

Regarding the manufacturing variation, the average errors of
the 19.6-mm? epoxy resin and PDMS patterns were 7.6% and
1%, respectively. This accuracy may be sufficient for fabricat-
ing the substrate. Furthermore, it has been reported that, the
larger the scale of production, the smaller the manufacturing pat-
tern error.l>?) Therefore, the patterning method proposed in this
study may have had a smaller error owing to further large-scale
production.

2.3.2D/3D Liquid Metal Wiring by the Dispensing Process

The liquid metal wiring patterns used in this study were fabri-
cated on Eco-flex using the liquid metal Galinstan with a dis-
penser. The dispensing area was 30 x 30 cm?, but when com-
bined with the processing area of the R2R process, the wiring
area in this study was 12 x 30 cm?. Changes in the resis-
tance of liquid metal wiring and a stretchable electrode made
of a mixture of Ag flakes and styrene butadiene styrene (SBS;
polystyrene-block-polybutadiene-block-polystyrene) when a max-
imum of 50% tensile force was applied are shown in Figure 3a. In
the elastic wiring using liquid metal, the change in resistance was
0.08 Q at the first 50% pull, and the conductivity was maintained
even after stretching 100 times of 50% stretching, whereas the
resistance of the silver paste increased by 463 MQ at approxi-
mately 10% of the tensile force. Because the surface tension of
the liquid metal is related to the adhesive strength with the sub-
strate, the peel strength between the wiring and substrate was not
examined.

In this study, liquid metal was used as the conductive ma-
terial for stretchable electrodes. The conductive material used
for stretchable electrodes in other studies is a silver paste,
which is a mixture of silver flakes, silver particles,I**] and silver
nanowiresl® in a stretchable polymer and liquid metal.l>*]
Galinstan, a type of liquid metal, is a gallium-based material
with an electrical conductivity of 3.1 x 10° S m™! and a melt-
ing point of —19 °C.%%] At the current values used in general
wearable devices, such as those studied herein, the liquid metal
wiring is stable and unaffected. Although gallium is a rare
metal and inexpensive, the resistance of liquid metal wiring
can be suppressed to a change of approximately 0.967% per 1%
strain, and electrodes with sufficient conductivity have been re-
ported, even when strains of approximately 200% are applied.l’!
However, it has been reported that silver paste, which utilizes
the percolation phenomenon, exhibits a resistance change of
approximately 2.5% per 1% strain.*®! Liquid metal can adapt to
physical shape changes caused by mechanical deformation and
has self-healing capability;*®! therefore, it retains conductivity
even when repeatedly stretched. The resistance of the silver
paste in the static state changes owing to the cycles of expansion
and contraction caused by the plastic deformation of the silver
paste substrate. However, the resistance of liquid metal in the
static state does not change unless the substrate on which
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Figure 3. Characterization of 2D/3D liquid metal wiring fabricated using the dispensing process. a) Changes in resistance when 100 cycles of 50%
stretching are applied to the liquid metal wiring and the changes in silver paste wiring when pulled until it is broken. b) Image of spiral-shaped wiring.
c) Image of the fabrication process of 3D liquid metal wiring. d) Relationship between the concentration of Eco-flex used for the encapsulation of liquid
metal wiring and the film thickness of the encapsulation layer and the yield rate of insulation for the two intersecting wires at each concentration.

e) Image showing insulation properties under stretching.

the liquid metal is applied is plastically deformed. Therefore,
liquid metals have very high electrical stability against large
deformations.

The controllability of the wiring width and 3D images accord-
ing to the needle diameter are shown in Figures S12-S14 (Sup-
porting Information). The 3D shape of the liquid metal was not
completely semicircular or arch-shaped but flattened at the top
because the liquid metal was applied using a dispenser. The top
surface of the liquid metal wiring has a wall-like edge arising
from the excess liquid metal discharged during wiring. However,
this did not affect the conductive function. These liquid metal
interconnections were not encapsulated. As shown in Figure S14
(Supporting Information), the linewidth of liquid metal wiring
was controlled by the nozzle diameter. The minimum line width
was 140 um with a 180-um needle tip in this experimental setup
(Figures S12 and S15, Supporting Information). Increasing the
diameter of the liquid metal wiring is facile. However, wires with
larger diameters are more easily affected by the fluidity of the lig-
uid metal; therefore, it may be appropriate to use a liquid metal
paste composed of oxidized Ga or In, Ni powder, Cu powder, and
SiO, powder to suppress fluidity. As shown in Figure 3b, a lig-
uid metal can be depicted with a high degree of freedom in a 2D
depiction.
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Screen printing,|®! lift-off, lithography,!! and dispensing!®?!

methods are available as wiring methods for liquid metals.
Screen printing methods are simple, but their accuracy is lim-
ited to approximately 30 pm.l®! Combined lift-off and lithogra-
phy method can depict patterns of 0.180 um, but is not suitable
for continuous production.[®!] The dispensing method allows a
direct depiction of the designed pattern without masks or molds.
It has been reported that wiring with a minimum line width of
1.9 um can be fabricated!?] These dispenser-based methods are
promising for achieving both ultrafine lines and continuous pro-
duction, although they have some limitations such as the inner
diameter of the nozzle, nozzle-to-substrate distance, and printing
speed.[®?]

The 3D wiring is indispensable for circuit fabrication, and 3D
wiring using a liquid metal was performed in this study. After
the liquid metal wiring was created, a polymerized encapsulation
layer was created by adding Eco-flex using a dispenser, and the
liquid metal wiring was further depicted on the encapsulation
layer (Figure 3c). The viscosity of Eco-flex was lowered using
hexane to ensure stable dispensing using the dispenser used in
this study. Figure 3d shows the film thickness of each Eco-flex-
encapsulated layer and the yield rate (n = 12) of the 3D liquid
metal wiring when using each Eco-flex-encapsulated layer. In
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particular, when the Eco-flex concentration exceeds 60%, 3D
wiring can be fabricated with a yield rate of 100%. We fabricated
a circuit that emitted light from two light-emitting diodes (LEDs)
using 3D wiring (Figure 3e; Figures S16 and S17, Supporting
Information). In a circuit such as that shown in Figure S16
(Supporting Information), when the 3D wiring fails (Figure S17,
Supporting Information), the two electrodes are shorted, and the
LED does not emit light. As shown in Figure 3e, the circuit was
successfully fabricated, and the two LEDs emitted light.

In this study, 3D wiring using liquid metal can be broadly
classified into two types: 3D wiring without a supporting
material and 3D wiring with a supporting material such as an
insulator or Eco-flex. Fabrication of wiring without an insula-
tor has been reported to utilize the shape retention property
of the liquid owing to the oxide film of the liquid metal,[6263]
and has the advantage of simplifying the fabrication process.
The developed method involves installing an insulator, that
is, Eco-flex, between the electrodes, as used in conventional
solid-state electronic devices. Although more processes are re-
quired, 3D wiring with an insulator was used in this study,
considering the stability of the device, Eco-flex,[%] PDMS, %
poly(styrene-ethylene/butylene-styrene) (SEBS),I®! and Perfluo-
ropolyether (PFPE-) diols!®! are commonly used as stretchable
insulators for the 3D interconnections. Among these, Eco-flex
was used to achieve the adhesion and stretchability of the sub-
strate in this study. However, it is generally difficult to form ul-
trathin submicron films with good insulation properties owing
to the film formation method and wettability of rubber materi-
als. Therefore, achieving stretchable ultrathin films with insulat-
ing properties must be studied in future research. In addition,
the dispensing system is a point manufacturing method, mak-
ing it an even more efficient continuous manufacturing process.
Therefore, the potential of this R2R process to be used for the lig-
uid metal interconnection process should be considered as a fu-
ture study. For this purpose, the application of the printing tech-
nique for conductive materialsi?%¢’-71l to R2R is expected to de-
velop into a continuous fabrication technology for liquid metal
interconnections.

The R2R process and dispensing process shown in Figures 2
and 3, respectively, will enable the continuous fabrication of
stretchable devices that have thus far been fabricated manually.
Therefore, our manufacturing process is different from previ-
ously developed manufacturing processes, and is expected to be a
factor leading to the commercialization of stretchable electronics.

2.4. Batch Production of Stretchable Hybrid Devices

To demonstrate the R2R manufacturing and dispensing pro-
cesses, multiple stretchable devices were produced in batches.
Figure 4a shows the production of 15 stretchable hybrid devices
in one batch, including the system and sensors. Conventional
manufacturing processes for stretchable devices, such as spin-
coating, screen-printing, bar-coating, and photolithography,!’?]
are not continuous processes; only one to several devices can be
fabricated in a single process. In comparison, our R2R process
provides an advantage in terms of mass production. The number
of devices produced in a single process can be varied depending
on the size of the device. Figure S18 (Supporting Information)
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shows the circuit diagram of the manufactured devices. The illu-
minance of the LEDs on the device changed to red, green, or blue,
depending on the illuminance measured by the photodetector on
the circuit. The LEDs turned red when the illuminance was 2059—
3219 Ix, green when the illuminance was 1205-2059 Ix, and blue
when the illuminance was 45-1205 Ix. To achieve a standalone op-
eration, a flexible battery was installed behind the flexible board.
Fifteen devices were manufactured in a single production run.

Figure 4b shows the results of pulling the device under 2400 1x
illumination with an LED on the device lit red. Figure 4c shows
the results when the devices were exposed to light at 2400 Ix,
1490 1x, and 430 Ix with 70% stretching (Figure 4b; Video S1,
Supporting Information). As shown in Figure 4c and Video S2
(Supporting Information), the color of the LED changed accord-
ing to the illuminance.

When the entire device was elongated by 70%, the strain was
approximately 200% in the Eco-flex part and 0% in the flexible
substrate part (Figure 4d). This result indicates that the displace-
ment in the flexible substrate portion is suppressed, and that the
entire device is stretched when elongation occurs in the liquid
metal wiring and Eco-flex portions. The change in the voltage ap-
plied to the phototransistor when the displacement was applied
was measured (Figure 4e). Because the rate of change of the volt-
age value was at most 1%, we confirmed that there was no effect
of the change on the resistance of the wiring owing to tension
and that the measurement performance of the phototransistor
was not affected.

Furthermore, the change in the wiring width under tension in
the area of liquid metal wiring was connected to a flexible sub-
strate using two types of substrates: a hard and soft pattern sub-
strate composed of Eco-flex and PDMS and an Eco-flex substrate
only (Figure 4f). In the case of the hard and soft pattern sub-
strate, the wiring width in the connection area remained within
the range of 99-102% compared with the original state, even
when tension was applied, therefore, the wiring width was sta-
ble (Figure S19a,b, Supporting Information). However, in the
device with the flexible substrate directly placed on the Eco-flex
substrate, the wiring width decreased linearly after the displace-
ment started, and the wiring was disconnected when the stress
was more than 50% (Figure S19¢c, Supporting Information). The
standard deviation of the voltage value calculated from the ir-
radiance was approximately 9% (Figure 4g). Finally, the fabri-
cated device was attached to the human elbow, which has the
largest skin expansion and contraction in the human body. The
device functioned stably without damage when the elbow was
bent and stretched under conditions in which each LED was lit
(Figure 4h; Video S3, Supporting Information). These considera-
tions enable the continuous manufacture of stretchable devices,
facilitating the commercialization of the field of stretchable elec-
tronics, which is the emphasis of this study. A process to manu-
facture a large number of small devices based on large-area fab-
rication is important for the widespread adoption of the field of
stretchable electronics.

In stretchable hybrid devices with flexible substrates placed on
patterned multilayer stretchable substrates, as performed in this
study, the maximum tensile strain of the entire device ranges
from 30 to 60%,2%737] and the local strain is approximately
40%.>] In this study, we achieved a gloss elongation rate of more
than 70%. The difference in the elongation rates was determined
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Figure 4. Batch production of multiple stretchable hybrid devices and the evaluation of fabricated devices. a) Batch production of 15 devices. A phototran-
sistor is connected to the liquid metal on a rigid-soft-structured substrate; LEDs light up according to the amount of light received by the phototransistor.
To enable a standalone operation, a flexible battery is mounted on the back of the flexible substrate. b) The device at 0% and 70% extension; emission of
LEDs is stable at 70% extension and the device is still under function. c) The device at 70% extension with varying LED luminous intensities of 2400 lx,
1490 Ix, and 430 Ix; LEDs emit red, green, and blue lights at luminous intensities of 2059-3219 Ix, 1205-2059 Ix, and 45-1205 Ix, respectively. d) Strain
distribution when the device is elongated by 70%, with 200% elongation in the Eco-flex part and no deformation in the flexible substrate and sensor
part. e) The voltage at the phototransistor part when the device is elongated by 0-70%, showing that the voltage is stable at 70% elongation. f) Line
width variation in the connection part between the flexible substrate and the liquid metal wiring when the device is elongated by 0-70% using two types
of substrates: rigid-soft pattern substrate and Eco-flex substrate. The use of a rigid-soft pattern effectively suppresses the shrinkage of the liquid metal
wiring width at the flexible board connection. g) Voltage values at the phototransistor part when the device is exposed to light at five different illuminance
levels (126, 427, 1020, 2100, and 2850 Ix). h) The device when worn at the elbow.
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by the area ratio of the flexible substrate to the stretched substrate.
Therefore, depending on the application, the design must be op-
timized to determine the proportion of flexible substrates to be
used for the entire area.

Solid-metal stretchable wiring with geometric patterns, such
as meander structure wiring, has often been used as wiring in
stretchable hybrid devices.?*7¢771 A few studies reported that
these solid metal-based stretchable wirings tend to show large
fluctuations in resistance and break at 60% tensile strain,!”37°]
whereas, other studies reported that the liquid metal achieves
more than 200% extension.l®”) However, in the present study,
the liquid metal was in a highly fluid liquid state, and the
wiring broke by 50% tension when a direct flexible substrate
was mounted on the stretched substrate. To prevent this rup-
ture, a rigid-soft substrate comprising three layers was used in
this study. Because this phenomenon can be mitigated using a
liquid metal paste made by mixing Ni particles with liquid metal
in the wiring,!®!] stretchable hybrid devices that are more stable
against expansion and contraction may be realized in the future
using this liquid metal paste. The liquid metal paste may be used
to realize stretchable hybrid devices that are more stable against
expansion and contraction.

2.5. Demonstration of the Large-Area Stretchable Hybrid Device

A large-area stretchable device was fabricated, which was a
stretchable temperature measurement device with a length of
30 cm and a width of 12 cm (Figure 5a). This manufacturing area
indicates that a larger area can be produced than that with con-
ventional manufacturing processes for stretchable devices. The
device was divided into 18 segments, each of which consisted of
a thermistor, fixed resistor, and transistor connected by a liquid
metal. An image and a circuit diagram of a single segment are
shown in Figure 5b. The device was composed of an 18-segment
active matrix with transistors to detect the divided voltage values
of the thermistors in each segment. The temperature was cal-
culated for each segment based on the divided voltage values of
the thermistors of the six pixels in a row on which the gate of
the MOSFET-N was turned on. The thermistors and transistors
mounted on the epoxy resin maintained stable contact with the
liquid metal wiring even at 50% stretching because the hard layer
of epoxy resin had a significantly higher Young’s modulus than
those of Eco-flex and PDMS. The average values of the measured
temperatures in the thermostatic chamber set at 20-55 °C are
shown in Figure 5c¢,d. Figure 5c shows the temperature measured
by thermocouples in the thermostatic chamber and the correla-
tion coefficient between the measured temperature of the device
and the temperature inside the thermostatic chamber was 0.999,
which was significantly high and shows excellent tracking per-
formance. As shown in Figure 5d, the absolute average error of
the measured temperature was 0.08 °C when the temperature in-
side the thermostatic chamber was 20.0 °C. The variation in the
measured temperature from one pixel to another was sufficiently
small.

The temperature distributions of the device on the two hot
plates are shown in Figure 5e. The temperature of each area
on the plates was measured using thermocouples and com-
pared with the temperatures measured using the developed de-

Adv. Mater. Technol. 2024, 2400487 2400487 (10 0f14)

www.advmattechnol.de

vice. By comparing the average values of the temperatures mea-
sured by the device and thermocouples, an error of 0.45 °C in
the absolute value was found in the set temperature of the hot
plate.

The temperature distributions of the device on the two hot
plates are shown in Figure 5Se. The temperature of each area
on the plates was measured using thermocouples and compared
with the temperatures measured using the developed device. By
comparing the average values of the temperatures measured by
the device and thermocouples, an error of 0.45 °C in the absolute
value was found in the set temperature of the hot plate.

Figure 5f shows the temperature distribution in each segment
of the device when hot air was applied to the devices with tensile
strengths of 0% and 50% using a dryer. The device responded in-
stantaneously to the application of hot air from the dryer, show-
ing the diffusion of heat from areas where heat was concentrated
(Video S4, Supporting Information). Furthermore, the device be-
haved in the same manner under 50% device tension compared
with that when no tension was applied, confirming that the de-
vice functioned with and without tension.

In this study, an absolute average error of 0.45 °C was observed
between the device and hot plate temperature settings. This error
may be because of the presence of errors in the resistance val-
ues of individual thermistors. The thermistor used in this device
has a 5% error in resistance at 25 °C, which causes an error
of approximately 1 °C in the measured temperature; therefore,
the error in the measured temperature is within the error range
of the thermistor resistance. In addition, in the already reported
temperatures of the stretchable hybrid device, the measurement
temperature accuracy was less than 1% error in resistance at
20 °C, and the correlation coefficient in the resistance change
between the ambient temperature and the device was 0.998.[82!
The accuracy of the proposed device is comparable to that of the
aforementioned devices, and the proposed device is considered
to have sufficient device functionality.

To confirm the stability of the wiring, a simple 2 X 2 active ma-
trix circuit similar to the temperature measurement device was
fabricated and subjected to repeated tensile tests. A thermistor
was substituted with a fixed resistor to eliminate temperature
variations, and the change in resistance at both ends was mea-
sured. Repeated tensile tests were conducted for 100 cycles at
50% tension. As shown in Figure S20 (Supporting Information),
most of the errors for all four px were stable at approximately
1%, and tension did not affect the active matrix circuit. The lig-
uid metal wiring connected to the device was also protected by a
hard layer, and no tensile effects were observed.

As shown in Table S1 (Supporting Information), the max-
imum area of the stretchable hybrid devices fabricated using
the conventional molding and spin-coating methods shown in
Table S1 (Supporting Information) is approximately 100 cm?.
Inkjet printing is a system similar to a dispensing system and
can mold larger ranges than this, but substrate fabrication meth-
ods have not kept pace with size requirements. The R2R process
enables the same stretchable substrate fabrication techniques as
those listed in Table S1 (Supporting Information) while achiev-
ing batch/large-area fabrication, and this is not possible with the
other techniques. With the R2R process used in this study, it is
theoretically possible to fabricate large-area stretchable hybrid de-
vices with sizes exceeding 400 cm?; however, at this stage, the
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Figure 5. Large-area stretchable hybrid device capable of measuring temperature distributions and the evaluation of its function. a) Photograph of the
large-area device in its original state and at 50% stretch. b) Magnified image of the hard and soft pattern areas in one segment and its circuit diagram.
Displacement is not observed in the electric components of segment 1 when the device is expanded and contracted by 50% from the original state.
However, the entire segment 1 is deformed by the deformation of the stretchable electrode. c) Relationship between the set environment temperature
and the measured temperature for each segment. Segment 1 displays the temperature corresponding to the ambient temperature when the ambient
temperature is set between 20 and 55 °C (R? = 0.999). d) Distribution of the measured temperature when the ambient temperature is 20.0 °C. The
absolute mean error of the measured temperature is 0.08 °C. e) Temperature measurement evaluation of a large device in a static state. The temperature
distribution is measured when the large device is placed on a hot plate and the temperature on the hot plate is changed to 30 °C and 40 °C. The
temperatures are displayed in correspondence with the hot plate temperature. f) Real-time temperature display of each segment of the large device. It
is demonstrated that the temperature can be measured in real time under conditions where the device is partially heated.
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width is limited to 120 mm. The tensile limits listed in Table S1
(Supporting Information) were determined by the pattern width,
pattern shape, and material properties of the hard-layer portion.
In particular, the bond strength between the soft and hard layer
portions is important to maximize material properties.

A method that can theoretically achieve a larger area has also
been proposed by fabricating a rigid substrate containing solid
elements and a substrate on which only the elastic wiring is
mounted separately and connected together in arbitrary com-
binations similar to a puzzle.®¥] This method can be used to
fabricate large stretchable hybrid devices with high-definition
patterns. By contrast, in this study, we fabricated devices with a
size of 400 cm? using the R2R process. Using this method, it
is possible to fabricate large stretchable hybrid devices with ar-
bitrary hard and soft patterns in arbitrary locations and a high
degree of freedom in the placement of solid-state electronic ele-
ments and stretchable wiring.

In the case of high-density integration of such multi-pixel de-
vices, the current geometry is not suitable in terms of flexibility.
However, the presence of a hard layer is necessary to realize a
stable connection with the liquid metal wiring using hard circuit
elements on a stretched substrate. In the future, it is necessary
to fabricate devices with high integration by devising the shape
of the hard layer and liquid metal interconnections. Stretchable
circuit elements are necessary to achieve both integration and de-
vice stability. However, it is difficult to fabricate highly functional
stretchable electronics because they tend to have inferior func-
tionality compared with that of hard circuit elements.

3. Conclusion

In this study, a continuous processing method was developed to
fabricate stretchable substrates of monolithic multilayered and
patterned multiple organic materials with liquid metal wiring us-
ing a fabrication system combined with a printing process. In
addition, batch production of stretchable hybrid devices and fab-
rication of large-area devices were performed using solid-state
electrical component mounting and packaging. In the substrates,
patterns of epoxy resin and PDMS were formed in multiple lay-
ers with a minimum area of 0.78 mm?, and a continuous hetero-
elastic substrate that was stretchable throughout the device but
not at the desired locations on the substrate was fabricated. Fif-
teen stretchable hybrid devices capable of light detection were
produced in batch production. A light-detecting device that could
emit red, green, and blue LED lights in response to light lev-
els was fabricated, showing a sensitivity equivalent to that of the
solid-state device. This functionality was maintained even when
the device was further stretched by 70%. A stretchable hybrid de-
vice with an area of 400 cm? was fabricated. The transistor and
thermistor were connected by liquid metal in one compartment,
and 18 compartments were used to realize a device that could de-
tect the temperature at each location on the device. The temper-
ature of each compartment was displayed, and the temperature
mapping on the device was confirmed. The accuracy of the device
was also confirmed to be as sensitive as a solid-state thermistor.
The above results demonstrate the superiority of the method re-
ported in this study for the production of stretchable devices.

A method for fabricating patterned multilayer stretchable sub-
strates with liquid metal wiring using an R2R-based process was

Adv. Mater. Technol. 2024, 2400487 2400487 (12 of 14)
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developed, and batch production and large-area production of
stretchable hybrid devices were conducted in this study. The min-
imum size of the pattern was 0.78 mm?, and the challenge was to
increase its resolution. To further refine the minimum 0.78-mm?
pattern produced in this study, it is important to use methods
such as gravure printing, inkjet printing, and flexographic print-
ing, which are suitable for micropattern fabrication. Similarly,
for liquid metal wiring, the current dispenser has a maximum
fine line width of 140 um, and further optimization of dispens-
ing and R2R printing!”®! will achieve continuous and highly fine
liquid metal wiring. Currently, devices with limited functionality
can be realized owing to their resolution; however, the technolo-
gies for a higher definition described above will contribute to the
realization of high-performance stretchable hybrid devices, such
as stretchable displays and smart packaging.
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Supporting Information is available from the Wiley Online Library or from
the author.
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