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Smart textiles have emerged as a promising alternative to printed circuit
boards (PCBs) for electronics that are flexible, lightweight, and stretch-
able. However, many existing solutions fall short of providing sufficient
electrical properties or are limited to single-sided circuit designs,
significantly reducing their utility. In this study, we present a smart
textile based on liquid metal and silver flakes that allows for double-
sided circuit configurations without the need for via holes, offering
advantages beyond conventional PCB technologies. This approach
allows users to insulate or connect top and bottom circuits as needed,
even when the circuits overlap or intersect. The inherent properties of
liquid metal facilitate pressure-induced sintering, working in synergy
with textiles to provide users with the ability to dynamically alter
circuits. This unique feature enables real-time customization, allowing
for the addition, removal, or replacement of circuits through straight-
forward cutting and stitching processes. Demonstrating these charac-
teristics, we showcase diverse applications, including a wristband with a
replaceable LED indicator circuit, a reversible teddy bear cloth with two
distinct functions, and a customizable DIY heating glove. This double-
sided textile circuit that is patterned with pressure-controlled drawing
offers new possibilities for multifunctional wearable electronics,
bridging the gap between traditional PCBs and flexible smart textiles.

1. Introduction

The circuit board is the foundation of any electronic device,
connecting electro-components and facilitating the transit of
electrons across the board to enable functionality. For hard
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New concepts

In this study, we introduce a reconfigurable double-sided smart textile
circuit utilizing liquid metal (LM) and silver flakes (SF), enabling dynamic
circuit modifications without the need for via holes. While previous
double-sided textile circuits and convential printed circuit board (PCB)
have required vias or complex fabrication steps to achieve inter-layer
connectivity, our approach leverages the porous nature of textiles to
enable controlled inter-layer connections through pressure-induced
sintering, simplifying fabrication while maintaining flexibility and
reconfigurability. This novel mechanism allows for bidirectional inter-
connections that can be selectively formed or insulated, offering a
customizable circuit platform where users can modify, remove, or
expand circuits as needed. The ability to reconfigure circuits using
simple mechanical operations such as cutting and stitching introduces
a new fabrication paradigm for wearable electronics. Demonstrated
through applications like a customizable light-emtting diode (LED)
wristband, a reversible textile circuit for interactive garments, and a
DIY modifiable heating glove, this innovation bridges the gap between
rigid electronics and flexible smart textiles, opening new possibilities for
multifunctional, reconfigurable electronic textiles.

cased computing systems and devices, printed circuit
boards (PCBs) are widely used due to their high accuracy and
robustness. In the case of wearable electronics, displays, and
devices with slim form factors, flexible printed circuit boards
(FPCBs), whose substrates are primarily polyimide (PI), are
increasingly being used. However, the rapidly advancing field
of human-computer interaction calls for greater flexibility and
circuit integration to accommodate smaller, lightweight
devices, with additional applications extending to soft robotics,
wearable computing, wearable biomedical interfaces, and
more."”® When used in these application domains, the limited
flexibility, difficulty in modification, mechanical mismatch
with the human body, and potential damage and discomfort
of FPCBs can result in mechanical failure and user
inconvenience.”*° Consequently, there is a need to develop
novel circuit boards that enhance flexibility and adaptability
without sacrificing the electronic functionality of traditional
circuit boards.

This journal is © The Royal Society of Chemistry 2025
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As an alternative to FPCB technologies, researchers have
developed highly flexible and thin electronics using wavy struc-
tures,™*? kirigami,'*** fabrics,'®*® or porous elastomers.*">*
Notably, a serpentine design helps prevent circuit disconnection
under extreme stretching and bending.>*** Another approach
involves using conductive composites,”>” with nozzle printing
as a common technique for depositing conductive material onto
the substrate.”®** Liquid metal (LM) has also become a promising
material for the circuits due to its electrical robustness and the
feasibility of creating channels or percolating networks of con-
ductive fluid.>****™** When integrated into textiles, LM can over-
come the shortcomings of traditional FPCBs by providing
superior flexibility and ease of modification, essential for wearable
technology. However, previous methods primarily focused on
single-sided circuit designs, which limit the complexity of circuit
configurations.*® Also, LM droplets embedded in soft materials
like polydimethylsiloxane (PDMS) cannot be easily patterned with
mechanical sintering since the soft PDMS redistributes pressure
away from the droplets.

In this study, we introduce a double-sided smart textile
circuit composed of microdroplets of eutectic gallium-indium
(EGaIn) LM alloy and silver flakes (SF) embedded within a
nonwoven fabric. This double-sided smart textile circuit enables
dynamic interconnections between the top and bottom layers
without requiring via holes, significantly expanding circuit design
possibilities. The fabric-based architecture with LM allows users
to selectively connect or insulate overlapping circuits, offering
unprecedented control over electrical pathways. For example,
unlike previous LM-textile applications, which primarily need
extra processing steps for insulation or are composed of multiple
substrates, our method leverages the porous nature of textiles to
facilitate double-sided circuit configurations internal vias. Such
functionality allows for highly complex and versatile circuit con-
figurations, similar to multi-layer PCB, that go beyond the con-
straints of single-layer designs. By leveraging the inherent
properties of textiles and liquid metal, this innovation bridges
the gap between flexibility and multi-layered electronic integra-
tion, opening new possibilities for applications requiring dense,
multifunctional circuit layouts.

The conductive textile circuits are formed through pressure-
induced sintering, allowing users to modify circuits dynami-
cally. The electrical conductivity of the sintered LM with silver
flakes reaches 3.14 x 10> S m~ ', demonstrating high-perfor-
mance electrical interconnects that is suitable for wearable and
flexible electronics. The silver flakes (SF) are utilized to enhance
the physical and electrical properties of the conductive traces,
thereby providing better performance compared to previous LM
textile applications.

Fig. 1a presents the schematic of our flexible smart textile,
illustrating that circuits can be independently designed on
either the top or bottom layer, with the ability to connect
(vellow dashed circle and arrows) or insulate (green dashed
circle and arrows) them even when their paths intersect. Fig. 1b
depicts the actual smart textile with mounted electro-components,
showcasing the flexibility and mechanical robustness of the textile
substrate. As the substrate is textile, it is flexible enough
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to be twisted. This approach to smart textiles with liquid metal
is distinct from past methods. Previous research has primarily
focused on coating surfaces with liquid metal or embedding
liquid metal within textile fibers to achieve conductivity.'®3%4%41
These methods, while innovative, often resulted in limitations
such as single-sided circuit designs or challenges in maintain-
ing robust electrical connections under mechanical deforma-
tion. For example, some studies have involved injecting liquid
metal into fibers, providing a degree of flexibility and con-
ductivity, but still facing issues with complex processing and
limited reconfigurability.*”*® Our work introduces a unique
double-sided circuit design without the need for via holes,
leveraging the synergy between liquid metal and silver flakes
to facilitate selective inter-layer connections by pressure-
induced sintering. This allows for dynamic reconfiguration
and high conductivity, offering a more versatile and robust
solution compared to previous LM-filled fabric technologies.
Additionally, our method supports the integration of various
types of connectors and the ability to easily modify or repair
circuits through simple cutting and stitching, enhancing the
practicality and applicability of smart textiles in real-world
scenarios.

2. Results and discussion

The smart textile is composed of a TX1109 (Texwipe) nonwoven
cloth composed of cellulose and polyester embedded with a
dispersion of silver microflakes (SF 94, Ames Goldsmith) and
microscale droplets of liquid metal (LM). In its original state,
the fabric is electrical insulating, with no percolating network
formed among the embedded metal particles. When highly
localized pressure is applied, the LM droplets rupture and an
electrically conductive pathway is formed.

2.1. Configurable liquid metal circuit design in smart textiles

Scanning electron microscope (SEM) images in Fig. 1c and d
show the morphology of the fabric before and after pressure is
applied. In the initial state, the fabric surface is coated entirely
with liquid metal (LM) particles and silver flakes (SF), with sizes
ranging from hundreds of nm to a few um. Each LM particle
has a thin oxidized layer, making it non-conductive. Conversely,
Fig. 1d shows LM particles in the circuit area that have been
mechanically sintered after a localized pressure is applied. In
this sintered state, the ruptured LM droplets connect with
neighbor SF and LM inclusions to form conductive pathways.
The inset I-V curves in Fig. 1c and d indicate the changes in
conductivity characteristics before and after sintering. Further
details on the sintered and non-sintered LM areas are provided
in Fig. S1 of the ESL¥

The SEM cross-sectional view in Fig. S2 of the ESIT illustrates
the distribution of particles before and after mechanical sinter-
ing. Before sintering, the particles are sparsely spread with a
coating thickness of approximately 55 pm. Post-sintering, the
gaps between the particles close, resulting in a densely con-
nected LM network. Schematic images in Fig. 1e and f depict
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Fig. 1 Conceptualized idea and characteristics of the circuit-modifiable smart textile. (a) A schematic representation of the circuit-designable textile.
The circuit can be designed by applying pressure to the surface. (b) A photo image of the flexible circuit-designed textile with diverse components on it.
(c) An scanning electron microscope (SEM) image of LM particles and SFs coated on the textile surface, with the inset showing the /-V curve indicating
non-conductive behavior. (d) An SEM image of the circuit area formed by pressure. The LM particles are sintered with the embedded SFs, with the inset
showing the /-V curve indicating conductive behavior after sintering. (e) The cross-sectional schematic image of the LM particles and SFs on the textile.
(f) The cross-sectional schematic image when pressure is applied. Low-pressure (green dashed box) sinters the LM particles existing on the surface while
high-pressure (yellow dashed box) sinters the LM through the textile. (g)—(m) Various modifications are possible for the textile circuit. (g) From a simple
LED circuit, (h) an additional circuit can be drawn using either the top or bottom layer. (i) An unnecessary circuit parts can be cut out, and (j) reassembled

by stitching. A part of the textile can be fully replaced with a blank textile by (k) cutting, (1) stitching, and (m) being designed as a new circuit.

the LM and SF particles on the textile before and after sintering.
They coat the entire surface while retaining their shapes, with
some particles penetrating the porous material of the textile.
Applying pressure, as shown in Fig. 1f, sinters the LM particles.
Under low pressure, as indicated by the green dashed box, only
surface particles are sintered, while at high pressure, as shown
in the yellow dashed box, the LM droplets penetrate deeper into
the fabric and rupture to form via-like bridges between the top
and bottom surfaces of the sheet. This unique ability to form
inter-layer connections through controlled pressure enables
dynamic electrical pathways, eliminating the need for via holes
found in conventional PCBs. Fig. S3 (ESIt) reveals how strong
pressure deforms the textile and brings the opposite sides
closer, altering LM distribution. In lightly pressed areas
(Fig. S3b, red box, ESIt), a sparse layer of LM particles coats
the fiber, whereas in strongly pressed areas (Fig. S3c, blue box,
ESIY), the particles are sintered and interconnected. Fig. S4,
ESL,¥ provides energy-dispersive X-ray spectroscopy (EDS)
images for the LM and SF coated textile, showing all chemical
components, including indium (In) and gallium (Ga) from LM,
and silver (Ag) from the SF, in both sintered and non-sintered
states. Further structural analysis was performed using X-ray
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diffraction (XRD) to investigate the phase evolution resulting
from the reaction between LM and SF. The XRD pattern
(Fig. S5, ESIT) reveals distinct peaks corresponding to Ag, AgIn,,
and Agoln,, confirming the formation of Ag-In intermetallic
compounds. This indicates that silver from the silver flakes
reacts with indium from LM during the sintering process,
leading to the formation of stable Ag-In alloys.

Fig. 1g—m illustrates the smart textile’s unique modifiability
and its ability to support independent or interconnected
double-sided circuits. Starting with a simple single light-
emitting diode (LED) circuit (Fig. 1g), users can expand the
design by drawing additional circuits with pressure (Fig. 1h).
Moreover, the design is not confined to the upper layer - i.e., the
LED in the middle is powered by a circuit formed on the bottom
layer (red dashed circle), demonstrating the inter-layer connec-
tivity. To remove an unneeded circuit part, we can simply cut it
out (Fig. 1i) and stitch the ends together (Fig. 1j). For a
complete redesign, parts of the circuit are removed (Fig. 1k),
and a blank textile is stitched in place (Fig. 11) to allow for new
circuit creation (Fig. 1m). By leveraging these characteristics, it
is possible to reconfigure previously modified areas and restore
the original circuit, although the visual layout may differ from

This journal is © The Royal Society of Chemistry 2025
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the initial configuration. This level of reconfigurability, com-
bined with the ability to form conductive pathways across
textile layers, distinguishes this approach from conventional
flexible electronics. To validate the significance of our double-
layer approach, we reviewed prior liquid metal-based circuit
designs (Table S1, ESIT). While previous studies have demon-
strated single-layer circuits,*®>® double-sided circuit imple-
mentations have typically required additional methods, such
as via hole formations® or the deposition of extra insulating
layers®® to prevent unintended connections. In contrast, our
approach leverages pressure-controlled sintering to create
inter-layer connectivity without the need for via holes, enabling
a fully reconfigurable and writable textile circuit.

2.2. Fabrication process and the electrical properties of the
smart textile circuit

Textiles are essential components of our everyday clothing,
offering immense versatility in their applications. Here, we pro-
vide more details about our advanced smart textile. Fig. 2a-d
details the fabrication process employing a composite textile of
55% cellulose and 45% polyester (Fig. 2a). A solution contain-
ing 0.4 g EGaln and 0.2 g SF in 20 mL isopropyl alcohol (IPA) is
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sonicated in a 30 mL vial for 3 minutes at 40% amplitude, with
a cycle of 3 seconds on and 1 second off. This well-dispersed
mixture is then deposited onto an 11 em X 11 cm textile
(TX1109, Texwipe) on a square Petri dish and heated at 75 °C
for 20 min to fully evaporate the IPA (Fig. 2b and c). This process is
repeated six times, alternating between the front and back sides of
the textile, three times each. By applying coatings to both sides,
this process ensures that conductive pathways can be formed on
both layers of the textile, facilitating the development of double-
sided circuits. Following the coating, the bare fibers (Fig. 2a) are
transformed into LM particles and SF-coated fibers (Fig. 2c). The
final step involves applying pressure to sinter the LM, establishing
conductivity in accordance with the circuit design (Fig. 2d).
Fig. 2e-h shows the LM and SF coated SEM images depending
on the number of coatings and the sintered one. In Fig. 2e, many
parts of the fiber remain uncoated, while the three-times-coated
fiber in Fig. 2g exhibits uniform coverage. The result after we apply
pressure on it is the Fig. 2h. All the LM particles get sintered being
connected to each other and the SFs are randomly dispersed
within the LM.

Next, we examine the electrical and electromechanical
characteristics of our LM circuit on the smart textile. First, we
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Fig. 2 Basic electrical properties. (a—d) The fabrication process of the circuit-designable smart textile. (a) A clean bare textile. (b) LM and SF sonicated
solution is poured on the textile, placed on a 75 °C hot plate to evaporate the solvent. (c) LM particles and SF are evenly coated on the textile. (d) By adding
pressure, LM particles get sintered forming a conductive circuit. (€)-(g) SEM images of the LMs particles and SFs coated on textiles for (e) one, (f) two, and
(g) three times of coating. (h) The SEM image when the three times coated textile gets sintered by pressure. (i) The conductance depends on the depth of
a 1 mm diameter rod. When exceeding 90 um, the opposite side becomes conductive, losing its bilayer characteristic. (j) A thicker rod generates higher
conductance as the circuit width increases. (k) The vertical conductance through the textile depends on the 1 mm diameter rod pressure. () The
conductance depends on the number of coatings and the SF portion.
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measure the electrical conductance as a function of the depth
of indentation during mechanical sintering. The overall thick-
ness of the smart textile is approximately 300 pm, and the
experiment was performed by indenting with a rigid 1 mm
diameter rod while maintaining a constant depth as it was
dragged across the textile. In Fig. 2i, the indenting depth was
gradually increased by 15 um increments. Our objective was to
identify the depth that yields the highest conductivity without
penetrating the opposite side, as we aim to facilitate a double-
sided circuit design with controllable interconnections between
the layers. As the depth reached up to 105 pm, the conductance
continued to increase. However, at 90 pm, the bottom side had
already become conductive. Consequently, the optimal indent-
ing depth for achieving the highest conductivity while main-
taining electrical insulation between both sides was established
at 75 pm under a pressure of 53 kPa, resulting in a conductivity
of 3.14 x 10° S m~". Notably, the insulation between the two
sides of the smart textile was preserved even when circuits were
designed to overlap at an indenting depth of 75 pm at both
sides, ensuring that the two layers function independently
unless intentional interconnections are made. As shown in
Fig. S3a (ESIt), this insulation is maintained due to the textile’s
ability to recover unless high pressure applies. Thus, by con-
trolling the pressure depth, circuits on either side of the textile
can either remain insulated from each other or be electrically
connected, enabling versatile circuit reconfiguration across the
textile layers. If a connection between the sides is desired,
simply applying a pressure exceeding 200 kPa (Fig. 2k) enables
the formation of a reliable conductive. The impact of the rod
diameter was also assessed in Fig. 2j. As the rod’s diameter
increases, the conductance increases, correlating with the
increased cross-section area of the circuit. The minimum
circuit width that can be fabricated using the rod-drawing
method is 0.3 mm (Fig. S6, ESIT). For all subsequent experi-
ments, unless otherwise mentioned, a 1 mm rod was used.
Fig. 2k presents measurements for the vertical conductance
through the top and bottom layers, where the conductance was
measured under varying pressures. As pressure is intensified,
the conductance between the layers also increases, demonstrat-
ing that mechanical force can be used to dynamically establish
or break interconnections. Eventually, conductance is observed
to increase and saturate at around 200 kPa, indicating that a
stable interlayer connection can be maintained beyond this
threshold.

In Fig. 2l, a more precise examination of the data was
conducted, reflecting variations in the SF content. The process
involved altering SF portions, with conductance measurements
taken for each number on both sides coating. Fig. S7 in the ESI}
displays the distinct particles formed as the SF portion varied.
Initially, when no SF was added, only LM particles were present,
and the SF became more pronounced, as its proportion
increased. Eventually, when SF constituted 75 wt% of LM, LM
particles are significantly less detectable. The 50 wt% ratio,
highlighted with the red box, is identified as the optimal ratio
for our research. Fig. S8, ESI,{ presents SEM images of particle-
coated fibers at different conditions. The solution with the SF
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View Article Online

Communication

portion from 0 wt% to 50 wt% showed quite a reasonable
tendency. As the SF portion increases, the fibers are better
coated and the number of coatings allow the particles to more
completely cover the fibers. SF here works as an anchor to wet
to the surrounding LM droplets and hold them in place. Again,
the 50% red box is the optimized condition for our research,
balancing conductivity and adhesion stability across the textile
layers. Interestingly, when the SF reaches 75% of the weight
fraction, adhesion with the fibers is dramatically reduced and
the coating itself failed. It appears that the coating did not
adhere properly from the beginning due to a lack of adhesion.
Perhaps this is because a critical amount of liquid metal is
required to simultaneously wet to the SF particles and fibers
and keep the coating intact.

Fig. S9 in the ESIf presents SEM images of the LM-SF
coatings after the mechanical sintering step. Fibers covered
by LM-SF coatings with the SF portion from 0 wt% to 50 wt% all
appear to show sintering of the LM droplets. However, the
relative lack of SF particles results in the presence of void when
pressure is applied, especially for the 0 wt% condition. It
underscores the necessity of incorporating SF to stabilize the
mechanical coating and ensure the uniform sintered area. For
the 75 wt% SF coating, there isn’t a sufficient concentration of
LM particles to coalesce when ruptured. The overall electrical
properties for these different cases are shown in Fig. 21. With a
single front and back side coating, the conductance was zero
regardless of how much SF was included. The best performance
was at 3 times of coating with 50 wt% SF. These results indicate
that, while LM alone can achieve partial conductivity through
sintering, the inclusion of silver flakes significantly improves
the magnitude of conductance. This clearly highlights the
critical role of SF in achieving consistent electrical performance
under practical conditions. Fig. S10 in the ESI{ shows how the
conductance changes only depending on the number of coating
layers for the 50 wt% SF concentration. Following application
of the second coating, coated textile has some conductivity and
eventually has adequate conductance following application of
the third coating. This number of coating cycles is the result of
extensive testing. Even a single coating can yield conductivity if
an amount of LM and SF equivalent to that used in three
coating cycles is applied, but this approach leads to non-uniform
coating and significant variation in conductance across different
areas. This is depicted in Fig. S11 (ESIt), where Fig. S11a (ESIt)
indicates the measurement points for conductance on the smart
textile and Fig. S11b (ESIt) compares a single coating with three
separate coatings. A single coating resulted in substantial varia-
bility in conductance and high error margins, whereas three
coatings produced uniform conductance with lower variability.
To further evaluate the practical applicability of the smart textile,
we evaluated the electrical stability under real-world conditions
with those of commercial FPCBs, including varying temperature,
humidity, and pressure (Fig. S12, ESIt). The results demonstrate
that our smart textile performs comparably to FPCBs under
conditions of 95 °C high temperature, 90% high relative humidity,
and atmospheric pressure reduced by —0.02 MPa. The results
demonstrate that our textile circuit performs comparably to

This journal is © The Royal Society of Chemistry 2025
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FPCBs. Furthermore, Fig. S13 in the ESI{ depicts the precision of
circuit patterning in our smart textile, demonstrating that adja-
cent 1 mm width circuits can be positioned as close as 300 pm
apart without interference.

To achieve the results presented here, extensive optimiza-
tion experiments were conducted, including the selection of SF.
Since the electrical properties of our double-sided textile cir-
cuits depend on the uniformity and connectivity of LM-SF
coatings, optimizing the flake size and distribution was critical
to achieving stable interconnections between the top and
bottom circuits. Fig. S14 and S15 (ESI{) summarize the experi-
mental findings for the smaller SF91 (Ames Goldsmith, average
size = 3.22 pm) and the ultimately chosen SF94 (Ames Gold-
smith, average size = 5.86 pm), respectively. The SF size
disparity between the two flakes is clearly observed in the
powder state images of the Fig. S14 and S15 (ESIt), which
highlights the smaller dimensions of SF91. In Fig. S8 (ESIt), it
was previously observed that while SF facilitates the bonding
between LM particles and contributes to fiber coating, its
inherent adhesion to the fibers is relatively weak. In terms of
coating quality, SF91 exhibited a smoother and visually more
uniform coating compared to SF94, demonstrating satisfactory
coating even at 75 wt%. This behavior is attributed to the
smaller size of SF91, which reduces the contact area between
SF and the fibers, thereby minimizing adhesion-related incon-
sistencies. However, the most uniform and defect-free perfor-
mance was still achieved at 50 wt% following the sintering
process. At 75 wt%, the high density of SF particles continued
to hinder fiber adhesion during the pressing process, leading to
the detachment of the LM from the fiber. For a direct compar-
ison with SF91, Fig. S15 (ESI}) illustrates the performance of
SF94, rearranged from Fig. S7-S9 (ESIt). As shown in Fig. S16
(ESIT), which compares conductance values based on SEM and
experimental data, both SF91 and SF94 demonstrated the
highest conductivity at 50 wt%. However, SF94 achieved
approximately 1.67 times higher conductivity than SF91, which
is attributed to the smaller size of SF91 limiting its ability to
effectively anchor neighboring LM particles. Based on these
results, SF94 was selected as the most suitable material for
double-sided circuits.

Furthermore, the impact of sonication time on SF perfor-
mance was evaluated, as shown in Fig. S17 (ESIT). At 1 minute
of sonication, incomplete particle formation resulted in liquid-
state clumps (highlighted with yellow circles). At 2 minutes,
larger LM particles were observed, leading to uneven coating.
Additionally, as shown in the sintered images, the larger LM
particles buried SF particles, reducing the area of contact with
LM and thereby weakening adhesion. Conversely, a sonication
time of 3 minutes yielded well-formed LM particles, achieving
uniform coating and strong adhesion, and was therefore iden-
tified as the optimal condition.

A further notable merit of our research is the versatility
of textiles that can be utilized. Fig. S18 in the ESI{ shows the
basic conductance data for 100% polyester, cotton, linen,
and stretchable knitted cotton. Depending on the textile, the
conductive properties may differ and require some further

This journal is © The Royal Society of Chemistry 2025
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optimization, but in general, they all have the potential to be
compatible with this process as double-sided circuit designs.
For instance, linen and knitted cotton showed higher conduc-
tivity even better than the nonwoven textile composed of
55 wt% cellulose and 45 wt% polyester used in this research.
However, this is only true after they were coated 6 times. Fig.
S19 in the ESIt displays SEM images of various textiles after
coating. These findings confirm that our approach is compa-
tible with multiple textile substrates, enabling the design of
high-density, multifunctional double-sided circuits for a range
of wearable electronic applications.

2.3. Demonstration in a wearable device

The pressure-controlled, writeable nature of the smart textile
presented here allows users to directly design their own circuit
either by hand or using a motorized stylus. After the circuit is
patterned, it is important to be able to protect the circuit from
unintended pressure that may generate additional conductive
pathways. Such pressure-induced sintering may result not only
from external indenting forces but also from mechanical
deformations inherent to the dynamic environment of smart
textiles, as demonstrated in Fig. S20 (ESIT). Fig. S20a-d (ESIT)
present SEM images of the circuit subjected to bending, fold-
ing, torsion, and stretching, respectively. Significant change
was not observed under bending with a radius of 2.5 mm
(Fig. S20a, ESIt). In contrast, folding caused local compression
of the LM and mechanical failure, leading to significant sinter-
ing (Fig. S20b, ESIf). Torsional deformation resulted in the
formation of small, scattered sintered clusters over a broad area
(Fig. S20c, ESIt). Furthermore, stretching by 20% induced
severe and continuous sintering across the circuit (Fig. S20d,
ESIT). Notably, in the stretching test, stretchable knitted cotton
was employed instead of nonwoven fabric to accommodate the
applied strain. To address these challenges, we introduce two
distinct methods for circuit protection. One method fully
protects the circuit, enabling any further LM sintering, and
the other provides some protection but still allows for modi-
fications under high pressure. For both methods, circuit-
designed textiles are passivated by PDMS in different ways.
To fully protect the circuit, the textile is coated with PDMS
and left at room temperature for 4 h, allowing the PDMS to
penetrate the porous textile before curing at 80 °C. As shown in
Fig. 3a, no matter how hard we try to connect the disconnected
LED circuit, the circuit remains fully protected, preventing
further sintering. For the semi-protected circuit shown in
Fig. 3b, the PDMS protects the circuit but the user can still
further draw on the circuit. The difference arises from the
absence of a waiting period before the PDMS curing. The LM
particles underneath the PDMS still have the freedom to be
connected. Video S1 in the ESI} clearly shows the difference.
After coating with a PDMS semi-protection layer, the pressure-
conductance data for additional circuit designs is presented
in Fig. S21 (ESIt). Although the conductance is approximately
0.54 S, which is lower than the 0.78 S observed without the
protection layer, it remains sufficient for circuit operation. More-
over, this PDMS protection layer prevents particle detachment
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when in a bare state (as shown in Fig. S22, ESIt) and significantly
enhances overall durability (as demonstrated in Fig. S23, ESIT).
Fig. S22a (ESIf) highlights the degree of particle detachment
observed after four repeated tape tests. The corresponding relative
resistance changes are shown in Fig. S22b (ESIt). Notably, after
the first peeling cycle, the circuit maintained stable resistance
values even during subsequent tape tests. Durability testing
through 10 000 cyclic bending tests is presented in Fig. S23 (ESIT),
where Fig. S23a and b (ESIt) depict the bending conditions with a
maximum diameter of 2.5 cm in the released state and a mini-
mum diameter of 0.5 cm in the bent state, respectively. The
results in Fig. S23c (ESIf) show resistance change with 10000
bending of the smart textile with a protection layer. It was because
PDMS encapsulation reduced mechanical stress in the electrode

a PDMS Full-Protection

Pressure
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and maintained uniform resistance without significant variation,
while the bare textile exhibited an initial sharp increase in
resistance during the early cycles, followed by a gradual yet
consistent upward trend over time. Building upon the mechanical
reliability conferred by PDMS encapsulation, we further demon-
strate the electrical stability of the sensor under various modes of
mechanical deformation. As shown in Fig. 3c-f, the relative
resistance changes by bending, folding, torsion, and stretching
were measured. In the case of bending, the resistance variation
remained within 1.5% at a curvature of 4 cm ™" in both directions
(Fig. 3c). Despite folding with a radius below 500 pm being a
highly critical deformation, the sensor exhibited stable perfor-
mance with resistance changes confined within 25% (Fig. 3d).
Under bidirectional 180° torsional deformation, the sensor

b PDMS Semi-Protection

Pressure

O
— Bend outward — Fold outward 12
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Fig. 3 Encapsulation strategies for circuit protection. PDMS, as a protecting layer, exhibits different abilities based on the coating method. (a) PDMS
permeates the entire circuit-designed textile, fixing all the circuits. Additional pressure can not sinter further LM particles protecting the existing circuit.
(b) PDMS covering only the surface protects the circuit and allows further LM particles to be sintered at higher pressure. A disconnected circuit can still be
modified and reconnected with high pressure. (c)-(f) Relative resistance changes of the PDMS-protection circuit under various mechanical deformations.
(c) Bending-induced resistance changes depending on the bending direction. (d) Resistance changes after the first and second folding/unfolding cycles
with a radius below 500 um. (e) Resistance changes during torsion from —180° to 180°. (f) Resistance behavior under tensile strain up to 15%, using
the previously introduced stretchable textile. (g) Textiles with circuits can be designed as separated parts and connected by conductive buttons.
(h)—(j) A wristband with adjustable indicator LEDs. (h) The wristband is covered by the full-protection PDMS layer, while the replaceable LED indicators
part is semi-protected by PDMS. (i) The LED part attaches to the wristband with the magnet buttons, and (j) applied pressure turns on the selected LED by
connecting the circuit.
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showed a relative resistance change of 3.7%, as shown in Fig. 3e.
The experimental setup for this test is detailed in Fig. S24, ESL.{ In
the stretching test, the sensor was subjected to a tensile strain of
15%, during which the relative resistance change was recorded as
9% (Fig. 3f). The stretchable smart textile used for this test,
introduced previously in Fig. S18d (ESIt), was composed of
knitted cotton. Its mechanical characteristics, including a non-
linear strain-stress profile and a maximum stretchability of 34%
before fiber failure, are provided in Fig. S25 of the ESL}

An inherent advantage of our smart textile is that, by
primarily relying on liquid metal as the conductor, it preserves
the mechanical compliance and versatility of the host textile.
Using conductive buttons, two separate parts can be easily
connected and disconnected. Fig. 3g is a simple LED circuit
with conductive magnet buttons, allowing the LED to illumi-
nate upon connection. This characteristic extends to other
conductive connectors like snap buttons and conductive Velcro
as shown in Fig. S26, ESL.{ Notably, as indicated by the yellow
dotted circle, the magnet button is attached to the opposite side
of the LED circuit, confirming the utilization of the top-bottom
connection functionality.

Combining the above two characteristics, we created a
customizable wrist LED indicator, as shown in Fig. 3h. The
wristband is composed of a power source and magnet button
connectors covered by a fully protective PDMS layer. Attachable
indicators with disconnected LEDs are prepared and passivated
by the PDMS semi-protective layer. Fig. 3i and j demonstrates
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the functionality of this wrist indicator. On the user’s demand,
the user only needs to connect the circuit using a sharp tool
while the attachable indicator is loaded on the wrist, and it can
be easily replaced. Once again, the conductive magnet button is
strategically positioned on opposite sides of the textile utilizing
the top-bottom connection, thereby improving the design and
simplifying the circuit layout. Although LED indicators were
used in this demonstration, the versatility extends to show-
casing various functions based on the specific circuit design as
seen in the next two applications.

2.4. Functional demonstrations: teddy bear cloth and DIY
heating glove

With our LM/SF-based smart textile, we made a reversible teddy
bear cloth that has different functions on each side, high-
lighting the independent circuit configuration in each layer.
Referring to Fig. 4a, the red side functions as a cloth with an
LED activated in the dark, facilitated by a photodetector acting
as a switch. Referring to Fig. 4b, the opposite green side
operates as a heating cloth when buttoned up. Both circuit
sides have magnet buttons to connect to a 3.7 V lithium-
polymer (LiPo) battery, as illustrated in the overall circuit
diagram in Fig. 4c. Despite the crossing of circuits on both
sides (indicated by the green dashed circle), they remain well-
insulated and fully operational. In Fig. 4d and e, we placed the
cloth onto a teddy bear and checked the functionality of
the circuit. The LED activates automatically in a dark place

C

Photo
detector

Heating

LED line

A\
Crossing circuits Top-Bottom Insulated

Conductive
magnet button

Joule heating
line

T ALE

]
l W]

Magnet
button

Fig. 4 Reversible cloth with two different functions. (a) A schematic of one side of the cloth with an LED and a photodetector. (b) The schematic of the
reversed version with the Joule heating system. (c) The circuit design on both sides of the cloth. The section where the circuits cross while maintaining
insulation is indicated by the green dashed circle. (d) A teddy bear with LED cloth. The LED turns on when the surroundings darken. (e) The teddy bear
after reversing the cloth. The Joule heating system operates when the cloth is buttoned up.
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(Fig. 4d). If we flip the cloth and place it on the opposite side,
the cloth can be used for heating. As we can see in Fig. 4e,
before the smart garment is buttoned up, the heating circuit is
disconnected and does not undergo Joule heating. However,
once we button up, the magnet buttons connect the circuit
and the garment generates heat of up to 40 °C. This dual-
functionality is enabled by the double-sided circuit configu-
ration, allowing independent circuits to coexist without inter-
ference. For unobtrusive audiovisual materials, the teddy bear
demonstration without the colored version is in Fig. S27 of the
ESL.¥ The demonstration of cloth flipping and the battery
connection is shown in Video S2 of the ESI.}

Combining the circuit-modifiable characteristics with a
heating system provides the ability to control the heating area
according to user preferences. Fig. 5a is a simple serpentine

Heat controller

\
G
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circuit with a temperature map taken by an infrared (IR)
camera. Applying 2 V to the circuit generates heat of up to
40 °C. Subsequently, we modify the circuit by creating an
internal electrical short (Fig. 5b). As the current tends to flow
along the path of least resistance, the heating area also shifts to
where the current flows. This phenomenon is shown starting
from powering on in Video S3 of the ESI.{ Fig. 5c illustrates the
conceptualized DIY heating glove with three distinct sections
capable of generating heat independently. Its operation is
controlled by a connected remote-operating microcontroller
unit (MCU). Moreover, if the user applies pressure to create a
short circuit, the heating area can be altered, as demonstrated
in Fig. 5a and b. The real DIY heating glove we made is shown
in Fig. 5d with the circuit diagram. The MCU’s three different
outputs can be wirelessly powered by a smartphone. Since the

#Crossing circuits
Top-Bottom Insulated

20°C

Fig. 5 Customer DIY heating glove. (a) Joule heating on the smart textile with the circuit pathway is highlighted in yellow. (b) Drawing an additional
circuit, highlighted in orange, changes the current flow direction, consequently altering the heating area. (c) and (d) A DIY glove with adjustable heating
zones. (c) Schematic image illustrating the operating mechanism. It allows users to control the heating intensity in three zones through a smartphone,
and additional circuitry on the gloves enables more precise heating area adjustments. (d) Actual wearing image of the gloves and a circuit diagram. In the
green dashed circle, the circuits cross while maintaining insulation from each other. (e)—(h) Infrared images of the heating area are adjusted by the user.
(e) Areas 1 and 3 are activated. (f) Areas 1 and 3 have their heating areas changed through additional modifications. (g) Only area 2 is activated. (h) Area 2 is
also modified, and the adjusted areas 1, 2, and 3 are all activated.
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MCU regulates the current to be below 600 mA, which is
insufficient for Joule heating, it controls the transistors con-
nected to each output. Depending on the user’s command, the
MCU-controlled transistors determine whether to allow the
flow of current from the 3.7 V LiPo battery. Notably, the circuit
connecting area 1 and area 2 passes through the bottom side of
area 3, which performs Joule heating as they are insulated. This
insulation prevents unintentional activation through heating,
ensuring that each heating zone operates independently.
Without proper layer insulation, current leakage would disrupt
circuit functionality, rendering the entire system ineffective.
Fig. 5e-h presents the user-controlled heating map. Fig. 5e
displays the temperature distribution when areas 1, green box,
and 3, yellow box, are activated. In Fig. 5f, the user modified the
heating area to a smaller region for areas 1 and 3 in the dot-
square areas. Fig. 5g illustrates only area 2 in operation, and
with further user modification to area 2 and operating all the
areas, it eventually becomes like Fig. 5h. In real-world scenar-
ios, individuals with poor peripheral circulation may require
localized heating at the fingertips, whereas those engaged in
outdoor labor or undergoing rehabilitation may prefer warmth
around the wrist or knuckles. By physically modifying the
circuit, users can tailor the system to their specific needs,
thereby demonstrating the reconfigurable and user-adaptive
capabilities of the proposed textile platform. Moreover, this
application is not confined to simple thermal control but serves
as a representative example of how the system can accommo-
date diverse, user-driven functional demands.

3. Conclusions

In summary, we developed an LM particles and SF-based
circuit-modifiable smart textile. Initially, LM particles are non-
conductive as they are surrounded by an oxidized layer. How-
ever, once they rupture and coalesce, the LM droplets combine
with the SF particles to form conductive pathways. Using this
phenomenon, the circuit can be manually designed by simply
adding pressure to the textile.

One of the important strengths of our approach is the fact
that it can be designed as a double-sided circuit, which many
recent efforts in soft electronics often overlook. Combining the
characteristics of porosity in textiles and the liquid state of
LM allows for connection between the top and bottom layer
without making a via hole, or alternatively, keeping it insulated
by controlling the pressure. This controllable inter-layer con-
nectivity is a key advantage over traditional textile circuits,
allowing dynamic circuit modifications in a simple and acces-
sible manner. Furthermore, considering that the substrate is
a textile, we could leverage all the benefits that textiles offer
and showcase several unique characteristics. It could be cut to
remove unnecessary parts and reconnected by stitching or can
be fully replaced with a blank textile to redesign the circuit.
In addition, various types of conductive connectors such as
snap buttons, magnets, or conductive Velcro can be used to
connect and disconnect diverse separated parts.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Materials Horizons

In addition to pressure-controlled circuit patterning, we also
introduce a passivation method to seal the circuit and prevent
the inadvertent formation of additional conductive pathways.
If we allow the PDMS to penetrate the textile, it fully protects
the circuit and shields it from further mechanical sintering.
On the other hand, if we cure the PDMS before it penetrates, it
somehow protects the circuit from unexpected low pressure but
can still further design the circuit with high pressure. With all
the introduced features, we demonstrate a wristband that has a
replaceable LED indicator circuit, a reversible teddy bear cloth
that has two different functions such as lighting up at night
and heating when buttoned up, and a customer DIY heating
glove that heating area can be modified by the users. These
demonstrations highlight the versatility of our double-layer
circuit design, showing how circuits on both sides of the textile
can function independently or be selectively connected when
needed. The ability to integrate multiple functionalities into a
single fabric structure without via holes provides new possibi-
lities for dynamic and reconfigurable electronic textiles.

While our approach to smart textiles with liquid metal offers
significant advancements, it is not without limitations. One of
the primary concerns is the biocompatibility of the materials
used. Liquid metals like gallium and its alloys need thorough
evaluation to ensure they are safe for prolonged skin contact or
potential use in medical implants. Current studies indicate that
gallium and its alloys are generally safe, but comprehensive
toxicological assessments are still required to fully understand
their interactions with living organisms.’® Future research
should focus on assessing the biocompatibility and long-term
stability of these materials. Additionally, given our method’s
capability for double-sided circuit designs, further exploration
into fabric stacking for multi-layer circuits could enable more
complex and sophisticated circuit configurations. Further stu-
dies on large-scale manufacturing processes and durability
under various environmental conditions are also essential to
bring this innovative technology from the lab to real-world
applications.

4. Experimental section/methods

4.1. Fabrication of circuit-designable smart textile

A solution containing 0.4 g of EGaln, 0.2 g of SF, and 20 mL of
IPA was initially prepared in a 30 mL vial. Using a tip sonication
(Sonics & Materials, Inc., USA), the solution was sonicated for
3 min at 40% amplitude, with cycles of 3 s on and 1 s off.
Subsequently, the prepared solution was gently poured onto an
11 cm X 11 cm textile (TX 1109, Texwipe, USA) consisting of
55% cellulose and 45% polyester, which was laid on a square
Petri dish. The coated textile was then subjected to heating at
75 °C for 20 minutes to ensure complete evaporation of the IPA
solvent. This coating process was iterated six times on both the
front and back sides of the textile, with three coatings applied
to each side. Finally, pressure was applied to the coated textile
to sinter the LM particles, thereby creating conductivity path-
ways following the desired circuit design.
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4.2. Scanning electron microscopy (SEM) imaging

Scanning electron microscopy (SEM Mira 300) imaging was
conducted to examine the surface morphology of the LM and
SF coatings on textiles, as well as to assess the differences
resulting from varying ratios of LM to SF, coating cycles,
and the type of textile. For the observation of cross-sectional
surfaces, samples were prepared by freezing them in liquid
nitrogen for 5 minutes to achieve a brittle state, followed by
fracturing using scissors.

4.3. X-ray diffraction (XRD) analysis

X-ray diffraction (Smartlab, Rigaku, Japan) measurements were
conducted to analyse the crystalline structure of the LM and SF-
coated textiles. The measurements were performed in the 260
range of 5° to 100° with a step size of 0.02° and a scanning
speed of 3° min~". Peak detection was carried out using Profex
5.4.1, followed by phase identification and matching using
QualX software.

4.4. Passivation methods

Two passivation methods were developed to protect the circuits
within the smart textile. For a fully protected circuit, the circuit-
designed textile was blade-coated with PDMS and cured at 80 °C
after resting for 4 hours at room temperature. This method
completely encapsulated the circuit, preventing any further modi-
fication while enabling LM sintering. For a semi-protected circuit
with modification potential, the circuit-designed textile was pas-
sivated with PDMS without a resting period before curing. This
allowed for partial protection of the circuit while retaining the
potential for further circuit modifications under high pressure.

4.4. Measurement of electrical properties

The electrical properties of the LM circuit on the smart textile
were assessed using a USB data acquisition device (USB-6002,
National Instruments) and LabVIEW system (NI PXI-4071,
National Instruments). A universal tensile testing machine
(Model 5969, Instron) was utilized to adjust indentation depth.
Conductance was measured across various depths, rod dia-
meters, and pressure levels to understand conductivity beha-
vior and fabrication process variations. These experiments
provided crucial insights into circuit performance and optimi-
zation for practical applications.

4.5. Functional wristband fabrication

The wrist LED indicator was fabricated by integrating compo-
nents such as a power source and magnet button connectors
onto the smart textile (TX 1109, Texwipe, USA) using silver
epoxy (8331D, MG chemicals, Canada). A protective layer of
polydimethylsiloxane (PDMS) was then uniformly applied to
safeguard the internal circuitry. Additionally, attachable indi-
cators with disconnected LEDs were prepared and coated with
a semi-protective layer of PDMS. These indicators were seam-
lessly attached to the wristband, allowing users to easily con-
nect the circuit using a sharp tool when needed. Through this
methodical process, a versatile and functional wrist LED
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indicator was achieved, showcasing its potential for diverse
applications in wearable technology.

4.6. Teddy bear cloth fabrication

Utilizing our circuit-designable smart textile, we crafted a
reversible teddy bear cloth with unique functions on each side.
One side features an LED activated in darkness, while the
other side serves as a heating cloth when buttoned up. All the
electrical components and magnet button connectors were
attached using silver epoxy (8331D, MG chemicals, Canada).
A simple color spray was applied, followed by sufficient drying
time to ensure proper adherence. Despite crossed circuits,
insulation ensures independent functionality. This innovation
demonstrates the textile’s versatility for novel applications in
wearable technology.

4.7. DIY heating glove

The DIY heating glove was created by integrating electronic
components onto a cotton spandex glove (DISUPPO, Canada).
Components were securely attached using silver epoxy (8331D,
MG chemicals, Canada), allowing for independent operation of
three heating sections. The microcontroller unit (ESP32-S2,
Adafruit) regulated current flow to the transistors (NSS20201LT1G,
Onsemi) and controlled the heating sections. Extensive testing
validated the glove’s functionality, showcasing its potential for
customizable heating solutions.
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