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New Concepts

We introduce a new approach for creating textile-integrated, multilayer liquid metal (LM)
soft circuits that combines high flexibility with advanced electrical functionality and envi-
ronmental resilience. Integrating multilayer architectures and rigid components into wear-
able electronic textiles is challenging, and our method enables robust vertical interconnects
through vias, strong interlayer adhesion (up to 11,000 J m™) through synergistic soft weld-
ing techniques, and compatibility with surface-mounted components within a fully stretch-
able, textile-conformable platform. Furthermore, new mechanistic guidance is provided for
designing interlayer adhesion of wearable multilayer circuits, for the structure-mechanics-
functionality relationship between textile, elastomer and liquid metal, especially regarding
electromechanical properties of stretchable liquid metal conductors, and for the performance
of such soft circuits in aqueous environments. The utility of these wearable electronics is
demonstrated through several different devices including a wearable multi-camera system

that delivers a simulated bird’s-eye view, offering users an expanded, immersive awareness of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

their surroundings. This strategy advances the field by bridging soft electronics and textile-

based systems, offering a robust and adaptable foundation for next-generation wearable
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Abstract

Soft devices that are rugged yet deformable are essential for wearable technologies
that perform in diverse environments. For textile-based wearable electronics, creating
robust mechanical and electrical interconnections between electronic components on
complex, deformable surfaces like textiles remains a central challenge. In this work, we
present a scheme for the creation of textile electronics through multilayer liquid metal
(LM) soft circuits, including robust integration with textiles and water resistance. The
fabrication method enables multilayer construction with vertical interconnect access
or vias, as well as the integration of rigid electronic components, to enable advanced
electrical functionality while maintaining flexibility and stretchability. We achieve ro-
bust interlayer adhesion (up to 11,000 J m™) within the soft circuits by combining
multiple soft welding processes. Furthermore, the influence of textile integration on
electromechanical performance is determined, providing mechanistic guidance to enable
textile-integrated LM soft circuits that stretch to 300% strain with resilience against
environmental damage, including water resistance. These textile-based soft circuits
enable sensing and data transfer, which we show through several examples including
a distributed wearable camera system. This process is adaptable to a wide variety
of circuit designs and layouts, providing a path forward for robust, textile integrated

electronics.
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Introduction

Creating robust interconnections between multiple electronic components across complex
surfaces like textiles is a key challenge in developing advanced wearable electronics and
sensor networks. Previous schemes to integrate conductive circuit materials with textiles
have included encapsulating rigid printed circuit boards (PCB) on textiles with hot melt
resins,! conductive threads woven into textiles,>® mask-printing directly onto textiles,’ iron-

"8 and copper lithography encapsulated in elastomer-embedded tex-

on conductive traces,
tiles.” Textile-integrated multilayer soft circuits offer a promising route to enhance wearable
electronics by providing greater interconnect flexibility and mechanical conformability. Be-
yond flexibility, ensuring reliable operation in challenging environments is essential for the
development of robust, next-generation wearables. Soft circuits are well suited to meet these
demands, as they combine environmental and damage resilience with the ability to stretch

and conform to complex, dynamic surfaces.

Emergent materials such as liquid metals (LM) have enabled soft circuits with new prop-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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erties including extensibility, conformability, and self-healing, and these materials have
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been used in different types of soft electronics.!™2® Recently, electronic functions with in-

creasing complexity have been enabled through new fabrication techniques that allow for

(cc)

multilayer LM soft circuits. The inclusion of vertical interconnect access (vias), which pro-
vide electrical connections between separate layers of a circuit, allows for greater circuit
design complexity.?” While rigid PCBs typically use drilled holes for vias, soft circuits have

2831 Tift-off patterning,? or selective strat-

found alternative methods by using laser ablation,
ification of LM droplets in a composite.*® The integration of LM soft circuits into textiles
has also provided a platform for wearable electronics,'* 343 bringing LM soft circuits far-
ther into the forefront of next-generation devices. However, a comprehensive understanding

of textile integration—including interlayer adhesion, the influence of textile substrates on

electromechanical performance, and device durability in challenging environments—remains
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incomplete, yet is essential for advancing the field.

Creating wearables that withstand both user interaction and environmental stresses is
essential for expanding their functionality and reliability in real-world applications.?**? For
example, integration of water-resistant, soft, and stretchable circuits into underwater suits
could enable new functionalities and ergonomic designs for underwater wearable electron-
ics.36:4448 This is especially compelling when multilayer circuit architectures, enabled by
vias, can be combined with rigid electronic components to form hybrid systems that main-
tain flexibility while enhancing capability. Despite their promise, the performance of LM soft
circuits under harsh conditions, particularly full water submersion, remains underexplored.
However, such conditions present a valuable opportunity, as soft circuits offer inherent advan-
tages for underwater use. Unlike rigid systems that require bulky pressure vessels, some soft
electronics have operated directly in high-pressure environments, offering increased function-
ality.450 LM-based composites are promising in this context, having demonstrated resis-
tance against degradation in aqueous environments,! as well as successful implementation in
recyclable underwater LM circuits®® and underwater sensing devices.*> Taken together, these
studies highlight the potential of LM soft circuits as robust, multilayered components for
next-generation wearables, combining stretchability, environmental resilience, and advanced
sensing.

Here, we advance textile-based wearable electronics by developing elastomer-encapsulated,
multilayer circuits that integrate both liquid metal interconnects and rigid components into
textile substrates, and we systematically characterize their electromechanical performance,
interlayer adhesion, and environmental durability. The integration of circuit components
with textiles through soft, extensible circuits allows many electronic and sensing compo-
nents to interconnect while remaining conformable to serve as wearable electronics. This
allows them to leverage advanced functionalities through traditional surface-mounted com-
ponents and integrated circuits, and their multilayer construction with interlayer vias allows

greater flexibility in circuit design. Strong interlayer adhesion, both between the elastomer
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circuit layers and to the textile substrate, provides wearable electronics with a robust en-
capsulation and protection against challenging environments. This encapsulation allows the
textile-integrated LM soft circuit to intrinsically be used underwater, even while retaining its
ability to stretch and flex alongside complex electrical operation. With this, we can create
wearable electronics with both stretchable wiring and rigid electronic components that are
integrated with form-fitting clothing and conformable to the human body, offering a method

to achieve highly interconnected networks with advanced sensing capabilities (Fig. 1a).

Results and Discussion

Fabrication of multilayer textile-integrated LM soft circuits

For the construction of wearable electronics through elastomer-integrated textiles, a matrix
material is required to both serve as a medium between LM wires and textiles and as pro-

tection against the external environment. Styrene-based block copolymers, such as styrene-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

isoprene-styrene (SIS), styrene-isobutylene-styrene (SIBS), and styrene-ethylene/butylene-

styrene (SEBS), are materials of interest for the construction of soft, extensible, and wearable
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circuits because of their unique elastomeric yet thermoplastic nature. In LM soft circuits,
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34,35,53,54 and as a matrix for

SIS has been used as both a substrate material for LM wires
conductive composites incorporating LMs.!1713:18:30 SIS block copolymers include segments
of polystyrene and polyisoprene that form physical crosslinks which provide the material’s co-
hesion and high elasticity, and they have found commercial use as hot melt pressure sensitive
adhesives, a capability which we leverage here.?>® Because the interactions between poly-
mer chains in SIS can be disrupted by either heat or solvent, the material can be processed in
a variety of ways including molding, thermal welding, and coating processes.?47:59:60 Here,
we use SIS as a substrate material for circuit construction as it allows for heat press process-

ing to textiles, self-adhesion through solvent welding for the addition of further layers, and

protection against damage.
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Fig. 1 Overview of textile-integrated LM soft circuits. (a) Capabilities enabled for wearable
electronics, including intrinsic underwater operation (top center), stretchability (top right),
and a wearable bird’s eye view camera system (second row). (b) Layup of a multilayer
textile-integrated LM soft circuit with rigid components embedded. (c) Images of a circuit
with six LEDs in series, where each is on a different layer with a via between, in its normal
state (i.) and folded (ii.).

The steps of the textile-integrated LM soft circuit fabrication scheme are shown through
the construction of a representative six-layer circuit (Fig. 1b and S1). To begin, a sheet of
SIS elastomer is bonded to a textile substrate through heat press processing. This technique

achieves strong adhesion and provides a foundation upon which the circuit is constructed.

LM, in this case eutectic gallium-indium (EGaln), is deposited through spray-coating with
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a stencil mask. To add additional layers, sheets of SIS are laser cut to include wia holes
and spaces for rigid components. These sheets are aligned and bonded to the circuit by
solvent welding with toluene. LM for subsequent circuit layers is deposited and further SIS
sheets are stacked until all layers have been completed; this process could include as many
layers as are needed. Rigid electronic components are placed in the prepared spaces after all
layers are deposited, and the completed circuit is encapsulated by casting further SIS over
the prior layers and rigid components. A sample circuit with same design as the schematic
is fabricated, in which six light emitting diodes (LEDs) are placed, each on one of six layers,
with vias in between (Fig. 1c). This forms a series circuit of LEDs in which all successfully
turn on when external power is applied. This fabrication scheme also allows for circuits to be
stretchable when constructed using an extensible textile such as spandex (Fig. 1a upper right
and supplementary video S1). Our approach, which enables textile integration with strong
adhesion, multilayer soft circuits with wvias that are extensible and conformable, and rigid

electronic component implementation, provides a robust scheme for wearable electronics.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Adhesion of elastomer layers and textiles
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Robust adhesion between elastomer films and textile substrates can be obtained by heat
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press processing of SIS films to a variety of textiles (Fig. 2a). Adhesive fracture energies

are found through T-peel testing to be consistently greater than 1,000 J m™

, and even
exceeding 11,000 J m™2 for a 1,000 denier polyester. These are calculated from the steady-
state plateau region of the force-extension curve measured during peeling (Fig. 2a inset)
using the function G, = 2F./w, where G, is adhesive fracture energy, F. is the steady-
state force, and w is the width of the T-peel specimen, with adjustments for extensibility

61 Optical microscopy demonstrates that elastomer infiltrates

of textile adherends forgone.
better into noncoated textiles of both woven and knit varieties, leading to generally higher
adhesion values (Fig. 2b and S2). In coated textiles such as polyester (Fig. 2b i. and ii.),

the elastomer remains at the surfaces. This leads to an increased dependence on the surface
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Fig. 2 Adhesion of elastomeric substrate to textiles. (a) Adhesive fracture energy for adhe-
sion of SIS to various textile adherends. Error bars represent 1 s.d. for n = 3 measurements.
Insets display a schematic of a T-peel specimen and an example force-extension curve on 156
GSM cotton. Adhesive fracture energy is calculated from the steady-state plateau region
of the curve (highlighted). Labels i-iv correspond to the (b) micrographs of the side view
of T-peel samples of (i.) 200 denier polyester, (ii.) 600 denier polyester, (iii.) polyester
spandex, and (iv.) 156 GSM cotton. Red dashed lines indicate the greatest extent of elas-
tomer impregnation. (c) Adhesive fracture energy of (x) a single layer of SIS heat pressed
to textile adherends, (y) two layers of SIS heat pressed to textile adherends, and (z) two
textile-integrated layers of SIS with a solvent welded interface between. Error bars represent
1 s.d. for n = 3 measurements. (d) A 5 kg weight hangs from an adhesive joint on an elastic
textile.

topography and compatibility, whereas textiles without coatings or a less dense weave, such

as polyester spandex (Fig. 2b iii.) or cotton (Fig. 2b iv.), achieve high adhesive strengths
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due to a greater ability to infiltrate and interlock within the threads. Further information
on the textile weaves, materials, coatings, and thread weights can be found in Table S1.
While heat press processing provides strong bonding to a textile substrate, its high pro-
cess temperature and compressive stress are not conducive to the construction of additional
soft circuit layers which include LM wires and rigid components. Instead, solvent welding
provides a powerful technique to adhere further layers of SIS to the SIS-textile substrate.
Fracture energy is therefore quantified for a textile-integrated structure that also includes
solvent welding. Here, heat press bonded T-peel samples of two thicknesses, made using
either one or two layers of SIS (Fig. 2c¢ (x) and (y), respectively) are compared to a T-peel
sample which includes a solvent welded interface between two layers of textile-bonded SIS
(Fig. 2c (z)). The sample which includes a solvent welded interface was constructed by
first heat press processing SIS to a single textile adherend, thus leaving an open surface
of elastomer, then taking two of those and welding them together with toluene to form a
T-peel sample. A comparative analysis of these reveals that the interlayer adhesion achieved

through solvent welding between layers of SIS exhibits at least comparable strength to that

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of integration with textile substrates by heat press processing. Since an increase in thickness
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of the adhesive provides a greater volume with which to dissipate energy during fracture, the

data point for solely heat press processing using two layers of SIS is provided in which the

(cc)

thickness is similar to the solvent welding sample; thickness values of test specimens were
measured to confirm parity (Fig. 2c right y-axis). Additionally, the crack propagation during
T-peel testing occurred along the elastomer-textile interface even in the test specimens with
the added solvent welded interface.

To further demonstrate the high strength of our adhesion to textile substrates, a 5 kg
mass is hung from a structure using this adhesion process (Fig. 2d). Here, a rigid textile
is mechanically fixed to a superstructure, and an adhered strip of spandex supports the
hanging weight with only two adhered regions of 25 x 25 mm each. This high strength

of adhesion enables robust textile integration of our wearable circuits to prepare them for
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rugged applications such as underwater use. Both the heat press processing and solvent
welding techniques prevent delamination of the LM soft multilayer circuits, ensuring they
both remain affixed to the textile substrate of interest and maintain their cohesion between

layers.

Stiffness of multilayer textile-integrated system

This adhesion allows textiles to be integrated with SIS-based LM soft multilayer circuits
which can stretch and fold while remaining operable. The extensible substrate textiles (span-
dex, mesh, and cotton jersey materials) serve not only to provide integration into garments,
but also serve as a mechanical reinforcement for stretchable soft circuits. Knit textiles offer
extensibility beyond that of their constituent fibers through a looped structure, in which
gaps between fibers open.®? However, the exact mechanical properties of a textile-elastomer
structure are influenced by complex geometry, material interfaces, and nonlinear effects.®
Thus, how these nonlinear textile mechanics influence the ultimate compliance of our textile-
integrated LM soft circuits needs to be investigated.

We observe that the mechanics of the textile-elastomer system under uniaxial strain vary
greatly depending on the direction of loading relative to the knit pattern (Fig. 3a). The
effect of integrating elastomer is different in each knit textile direction. When loaded in the
wale direction (in the lengthwise direction, and parallel to the selvage edge), the stiffness
is significantly increased at lower strains (Fig. 3b i.) but the structure is weakened, both
in a reduction of ultimate tensile strength and strain at break. When loaded in the course
direction, (in the crosswise direction) the material is much more compliant than in the wale
direction and the stress-strain response is similar to that of the textile alone. The elastomer
still provides an increase in stiffness at low strains (Fig. 3ci.), but this becomes negligible at
higher strains. In contrast to loading in the wale direction, the elastomer acts to strengthen
the material when loading in the course direction, as it is capable of withstanding greater

stresses and strains when elastomer is integrated. These varying changes to the mechanical
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Fig. 3 Mechanical characterization of textile-elastomer substrate. (a) Stress-strain curves
for polyester spandex textiles under uniaxial tension in the wale and course directions, both
with and without SIS adhered. (b) (i.) Stress-strain curves up to 50% strain for loading in
the wale direction. Microscope images of wale-strained textile at (ii.) € = 0% and (iii.) 100%
and textile-elastomer substrate at (iv.) e = 0% and (v.) 100% . (c) (i.) Stress-strain curves
up to 50% strain for loading in the course direction. Microscope images of course-strained
textile at (ii.) € = 0% and (iii.) 100% and textile-elastomer substrate at (iv.) € = 0% and
(v.) 100% . (d) Stiffness (taken at 50% strain) for SIS, polyester spandex textiles strained
in the wale direction as is and with added layers of SIS. Error bars represent 1 s.d. forn =3
measurements.

Open Access Article. Published on 25 2025. Downloaded on 27/07/25 10:56:48.
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performance of a textile-elastomer system compared to either of its constituents suggests
that in knit textiles, the manner in which elastomer infiltrates the textile structure results
in a composite-like response rather than a layered response (Fig 3b,c ii-v.).9%% This further
varies significantly across different extensible textile materials integrated with elastomer (Fig

S3). Because many of the textile structures exhibit non-homogeneous strain distributions
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by opening up gaps between threads when stretched®® (Fig. S4), the mechanics could be
altered through the infiltration of elastomer between the textile fibers.

With this fabrication method for multilayer textile-integrated LM soft circuits, each
added layer expands the circuit’s functional complexity through additional routing, sens-
ing, or interfacing capabilities, while only reducing deformability of the device to a lesser
extent through slight increases in overall thickness. To understand how additional layers
impact compliance, we measure the stiffness at 50% strain in the wale direction, represen-
tative of upper-bound deformations in typical wearable use cases, for devices with varying
numbers of elastomer circuit layers (Fig. 3d). While the first elastomer layer introduces the
greatest increase in stiffness through embedding into the textile, subsequent layers contribute
more modestly, indicating that the added layers behave mechanically as discrete additions
rather than forming a fully bonded composite structure. This layered architecture preserves
overall compliance while enabling increased functional density. This structure-mechanics-
functionality relationship allows for the integration of complex soft circuits with multilayer
interconnects and hybrid components with dramatic deformability, enabling greater func-

tionality without compromising ergonomics.

Electromechanical properties of textile-integrated LM soft circuits

To evaluate the applicability of textile-integrated LM soft circuits in highly stretchable tex-
tiles such as spandex, electromechanical characterization was performed. In these tests,
a single representative wire of the LM soft circuit, encapsulated between elastomer layers
formed into tensile dogbones, is extended under tensile loading while the resistance is mea-
sured with a four-point probe. Samples for these tests include both elastomer and LM only
and ones integrated with a textile layer (polyester spandex). The LM-elastomer system (SIS-
LM wire) is shown to stretch to greater than 2000% strain at fracture under tensile loading,
while the addition of a bonded stretchable textile layer (SIS-LM wire on spandex) reduces

this to about 600% strain (Fig. 4a i. and S5).

10
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Fig. 4 Electromechanical characterization of textile-integrated LM soft circuits. (a) (i.)
Tensile mechanical response of LM wires in the soft circuits, both with and without bonded
textile. Inset depicts sample layout. (ii.) Normalized resistance for same specimens as in
(i.). Inset shows initial range from 0 to 100% strain during which minimal change occurs.
(b) Demonstration of a textile-integrated LM soft circuit with a rigid LED structure on a
polyester spandex substrate strained to 300% of original length. (c¢) Microscope images of a
LM wire on elastomer-integrated textile at (i.) e = 0%, (ii.) € = 100%, (iii.) € = 200%, and
(iv.) € = 300%. (d) Microscope images of a LM wire on elastomer-integrated textile and
encapsulated by further elastomer at (i.) € = 0%, (ii.) € = 100%, (iii.) € = 200%, and (iv.)
e = 300%. (e) (i) Normalized resistance during 1000 cycles of folding, with inset displaying
test setup, and (ii) measured data and running average for 3 representative cycles.

Open Access Article. Published on 25 2025. Downloaded on 27/07/25 10:56:48.
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Normalized resistance (R/Ry), the electrical resistance (R) relative to the initial unde-
formed state (Rp), is measured over the same tensile extension (Fig. 4a ii.). Here, the
specimens bonded to textile substrates show electrical failure of the LM wire at lower strains

than material fracture. For all cases, system conductivity is lost prior to specimen fracture
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due to discontinuities developing in the LM wire that prevent a continuous conductive path-
way. One textile-bonded test specimen retains some conductivity up until mechanical failure
at about 600% strain, but prior to that showed a sharp increase in electrical resistance above
250% strain. Both samples with and without textile layers show similar electromechanical
trends at low strain (~ 100%), indicating that the integration of a textile layer for LM soft
circuits does not degrade conductivity at the strains expected in wearable electronics. This
suggests that the relationship between the layup of the structure and the electromechanics
of a LM wire does not have an influence at low strains. At higher strains, the specimens
with bonded spandex begin to lose conductivity prior to specimens of just elastomer and
LM. This may be due to highly localized stress concentrations resulting from the nonlinear
deformation response of stretchable knit textiles and their interaction with the elastomer
integrated between their fibers. Even with the addition of rigid components such as LEDs,
the textile-integrated LM soft circuit retains functionality at strains of up to 300% (Fig. 4b
and supplementary video S1).

To further investigate the mechanics driving electrical continuity disruption, we examine
LM wires subject to uniaxial strain under a microscope. For LM wires without encapsulation,
we observe the emergence of gaps normal to the direction of the applied tension (Fig. 4c).
These gaps provide an explanation for why resistance sharply increases at different strains
for each specimen in the electromechanical data previously measured (Fig. 4a ii.); since a
disruption of electrical continuity could be caused by propagation of only a single gap across
the entire width of the LM wire, the presence of many gaps in even only 1 mm of LM wire
leads to this failure being highly driven by probability. When encapsulated by elastomer,
it appears that these gaps may not form as readily (Fig. 4d). Additionally, the stretchable
knit textiles exhibit significant out-of-plane bending (i.e., curling) at high strains, which may
also contribute to the electromechanical performance.

Textile-integrated specimens are also subjected to a cyclic folding test (Fig. 4e and

supplementary video S2) and a cyclic tensile test (Fig. S6), and show stable behavior. This
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measures the resilience of soft circuits subjected to the manipulation they would see in use,
as this response can be dependent on the materials present.> " For textile-integrated LM
soft circuits, resistance is shown to have minimal change over 1000 cycles of folding (Fig. 4e
i.). Both stretchable and inextensible textiles were investigated across 5 test specimens each
(Fig. S7), with a single, median representative being presented. The darker line is a running
average representing the overall trend in resistance, while the shaded region represents the
resistance change during each fold (see also Fig. 4e ii.). The inextensible textile backings
exhibited a slightly greater tendency to cause an increase in resistance over time. This
further shows that the integration of elastomer and textile enables LM wires to retain their
electrical properties and functionality during use. This enables a textile-integrated LM soft
circuit system that is robust against manipulation such as stretching and folding, which

provides desirable properties for use in wearable electronics.

Application of textile-bonded LM soft circuits to underwater envi-

ronments

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

By fully encapsulating the soft circuit, these textile-integrated wearable electronics are resis-

Open Access Article. Published on 25 2025. Downloaded on 27/07/25 10:56:48.

tant to aqueous environments. We demonstrate this by immersing circuits in water, during

(cc)

which the circuits retain functionality. This includes a tensile test after water immersion for
24 hours, showing no change in the electromechanical nor mechanical response of the LM
wire (Fig. S8), as well as a test of ingress protection against water based on the IPX7 rating
in the IEC 60529 standard (Fig. 5a and Supplementary video S3), which demands submer-
sion to a depth of 1 meter for 30 minutes to evaluate water resistance. We immerse a fully
encapsulated textile-integrated LM soft circuit consisting of a battery, resistor, and LED to
this depth and record it with a camera and timer. Continual operation of the LED is shown
during the entire duration, demonstrating successful protection against water damage under
the same conditions as a standardized rating for consumer electronic devices. Furthermore,

we show stable functionality of textile-integrated and encapsulated LM wires immersed in
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Fig. 5 Underwater demonstrations of flexible and stretchable textile-integrated LM soft
circuits. (a) IPX7 water immersion test of a representative circuit, which is still functioning
after 30 minutes at a depth of 1 meter. (b) Sample two-layer circuit in which two LEDs
blink in alternate using a 555 timer chip, and (c) its operation in underwater and (d) dry
environments, including (ii., iii.) folding and (iv.) stretching.

hot and cold environments, including 0°C freezing water, 50°C hot water, and 80°C air, with
only minimal temperature dependence in the resistivity of the LM wire and a return to its
original properties after temperature exposures (Fig. S9).

The integration of more complex circuits is shown through the construction of an al-
ternating flash LED circuit utilizing an IC, onboard power, and multiple rigid electronic
components (Fig. 5b). This circuit includes an 8-pin timer IC, a coin cell battery, and
resistors and capacitors which make a pair of red and green LEDs flash in an alternating
pattern. Due to the required connections, this circuit would not be possible in a single-layer

configuration using this specific model of timer IC, and multiple vias are used to allow LM
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soft conductive traces to cross over each other in a multilayer design. The elastomer encap-
sulation enables this circuit to operate when immersed in water, including still being foldable
and stretchable (Fig. 5c¢,d and supplementary video S4). This inherent water resistance is
enabled by the elastomer encapsulation, which neither absorbs water (Fig. S10) nor permits
the transmission of water vapor (Fig. S11). The capability of these textile-integrated LM
soft circuits to survive submersion in water without additional protective structures or pot-
ting compounds shows potential for their use in more varied applications, such as wearable
components on dive suits or as part of soft underwater robots. Furthermore, by removing
rigid-rigid interfaces, soft circuit structures such as these show future possibilities for hydro-

static pressure resilient electronic systems.

Thus, in addition to multilayer construction
and textile integration, this fabrication method also provides multiple benefits through inher-
ent fortification against aqueous environments and hydrostatic pressure for next-generation

underwater electronics.

Application of textile-bonded LM soft circuits to wearable sensing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In addition to underwater applications, we also demonstrate the ability of these textile-

Open Access Article. Published on 25 2025. Downloaded on 27/07/25 10:56:48.

integrated LM soft circuits to facilitate advanced wearable electronics capable of functions

(cc)

such as environmental sensing. Using a multilayer LM soft circuit bonded to an extensible
textile, we create a wearable device that provides a user with a complete overhead bird’s eye
view of their surroundings in all directions. This device is designed as a conformable and
unobtrusive headband-like garment which serves as a mounting point for four orthogonally-
facing cameras (Fig. 6a). Each camera requires a devoted power, ground, and analog signal
wire connected to a processor, which warps and stitches the video feeds into the overhead
view; this is provided through a circuit containing two layers with six traces of LM wiring
each for a total of 12 traces, with a sum total of 4.2 meters of LM wiring throughout (Fig. 6b).
The LM wiring is capable of transmitting 25 frames per second (through a phase alternating

line protocol) from four cameras to the central processor, demonstrating the capability of
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Fig. 6 Applications of textile-integrated LM soft circuits to wearable sensing. (a) Image
of headband with four cameras placed on a mannequin. (b) Exploded-view schematic of
wearable headband circuit. (¢) Demonstration of the four-camera headband system being
moved through an outdoor environment while (d) recording a stitched overhead view, shown
at three different times, t1, to, and ¢3. Inset image in (c) shows satellite view of area (Maps
data: Google (©)2024). (e) Demonstration of the four-camera headband system being moved
through an indoor office space environment while (f) recording a stitched overhead view,
shown at three different times, t4, t5, and tg.

the LM wires to carry large amounts of data in real time over extended lengths.

The camera system is trialed in outdoor (Fig. 6c,d) and indoor (Fig 6e,f) environments.
In both open and constrained environments, the wearable bird’s eye view system is capable
of collecting and recording not only the four independent camera views, but also the stitched

overhead view (supplementary video S5). Additionally, the stitched overhead view is pro-
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vided in real-time to an external screen. This wearable device expands beyond current body
camera technology in that it provides information in real time for situational awareness and
can record 360° context for body cameras used for incident recording. The networking of
multiple body cameras together using LM wires to transmit power and data enables new
functions like the overhead bird’s eye view in wearable sensing, but also shows potential for
multiple wearable sensors to form sensor networks, such as for health monitoring or situa-
tional awareness. This type of sensor fusion can greatly benefit from the ability to create
advanced, multilayer circuits that are integrated with textiles, and this textile-integrated

process provides a foundation for the addition of advanced sensor networks to garments.

Conclusions

We create LM soft circuits which achieve robust adhesion to textiles, are foldable and stretch-
able, can use multilayer designs with vias as well as many rigid components, and survive sub-

mersion in water. We characterize critical mechanisms in textile-integrated soft circuits, in-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cluding how textiles impact electromechanical performance of stretchable conductors, which

informs how these techniques can be employed for wearable electronics across a range of ap-

Open Access Article. Published on 25 2025. Downloaded on 27/07/25 10:56:48.

plications. The use of multiple adhesion techniques enables our circuit construction, as both

(cc)

heat press processing and solvent welding are employed together to achieve strong interlayer
adhesion within textile-integrated LM soft circuits. Using both techniques grants the ability
to create multilayer circuits in our scheme without limiting the adhesion either to textiles
or between circuit layers, ensuring the entire multilayer circuit has a robust construction.
The structure-mechanics-functionality relationship we characterize for this layup allows for
multilayer circuit designs to enable increases in functionality without significant penalties to
deformability. For manipulations expected of wearable electronics, these textile-integrated
circuits are shown to maintain electrical continuity under both extension and folding, as LM

can deform and flow along with multiaxial mechanical strains. This provides a reliable inter-
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connect between circuit elements for wearable electronics, including resistances low enough
to enable longer transmission distances. Environmental resilience is also shown through
submersion in water, demonstrating the inherent ruggedness of these soft circuits and their
benefits for underwater wearables.

With this method, wearable electronics can be made to suit many different complex
applications, such as our wearable bird’s eye view imaging system. Multilayer construction
enables the manufacture of complex soft circuits, as does the integration of many types of
rigid components; many electronic functionalities are not possible with the single-layer-only
designs present in many prior works on LM soft circuits. As improving circuit complexity
is currently a primary challenge in the LM field, advancement into multilayer LM circuits
and manufacturing methods is crucial. Additionally, the fabrication method uses techniques
such as lamination and spray deposition that could be integrated into high-speed, roll-to-roll
manufacturing processes in future work. By using the adhesion of multiple elastomer layers
and the extensibility and conformability of LM wires to create stretchable soft circuits which
are robustly integrated with textiles, a new scheme for wearable electronics is achieved with
both ruggedness for various environments and multilayer construction for advanced wearable

devices.

Experimental

LM fabrication

Eutectic gallium-indium (EGaln) liquid metal was made by combining a 3:1 by mass ratio

of gallium and indium on a hot plate at 200°C overnight.
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SIS sheet fabrication

A 1:5 by mass mixture of 35 g SIS pellets (Sigma-Aldrich part 432393) and 175 g toluene
was combined in a 250 mL airtight jar and kept on a hot plate at 55°C with a stir bar until
fully dissolved. SIS sheets were made by casting 10 g of SIS:toluene mixture into a 110 mm
by 85 mm laser cut acrylic (McMaster part 8589K42) mold coated in mold release (Ease
Release 200). These were left for 24 hours in a fume hood such that the toluene evaporates,
and the SIS sheets which remain were removed and demolded by hand. Edges were trimmed
to remove any meniscus that formed at the edge of the mold. The thickness of the final SIS

sheet is 0.20 — 0.25 mm.

Heat press processing for SIS and textile adhesion

SIS sheets used in adhesion tests were adhered to textiles using a heated press (Carver Bench
Top Model 4120) at 200 °C and 500 kPa for 3 minutes. To achieve a smoother surface for

use in demonstration samples utilizing LM, some samples were prepared at only 150 °C. The

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

processing parameters for hot melt adhesion were determined through an investigation using

Open Access Article. Published on 25 2025. Downloaded on 27/07/25 10:56:48.

Box-Behnken methods on several textiles; results were generalized to the full selection of

textiles using a scoring system (Fig. S12).

(cc)

Textile-integrated LM soft circuit fabrication

SIS sheets for each layer were cut to desired size with holes for vias and rigid components
using a laser cutter (Universal Laser Systems VLS4.75). Spray masks (Blazer Orange Laser
Mask, Johnson Plastics Plus) were cut to the desired trace pattern for each layer. LM was
spray-coated with an airbrush onto the first layer (SIS sheet heat pressed to textile) using a
mask. Toluene is applied to the surface using a misting spray bottle, and the next SIS layer
is placed on top in alignment with the circuit pattern. Toluene is evaporated by leaving the

circuit in a fume hood overnight. LM is spray-coated onto the second layer with the proper
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mask for its desired pattern. This process is repeated for any subsequent layers as desired.
Once all layers are made, rigid components are placed and the circuit is encapsulated by

either solvent welding another SIS film or casting additional SIS:toluene mixture on top.

Adhesive peel testing

Adhesion was measured using T-peel geometry based on ASTM D1876 on an Instron 5944
Universal Testing Machine. Samples were prepared in panels 75 mm wide by 175 mm long,
bonded over 100 mm of their length. Three test specimens were cut from each panel to a
width of 25 mm. Adhesive fracture energy was calculated using G, = 2F,/w, where F, is the
critical force in the steady-state plateau region of the load-displacement curve during peel

(See inset of Fig. 2a).

Tensile electromechanical testing

Sheets of SIS and SIS bonded to polyester spandex (Fabric Wholesale Direct SKU SV578475)
were cut into tensile dog bone specimens of 50% size of the ASTM D412 type C standard
using a die cutter. Copper tape was applied the ends of a specimen, and LM was deposited
as a single soft wire using a spray mask and airbrush. Another SIS dog bone specimen
was applied via solvent welding with toluene to encapsulate the LM soft wire. Specimens
were tested using a Instron 5944 Universal Testing Machine at a rate of 60 mm/min until
mechanical fracture, and the electrical resistance was simultaneously measured by a Keithley

2461 SourceMeter connected to the copper tape interfaces at each end of the LM soft wire.

Cyclic folding electromechanical testing

Sheets of SIS and SIS bonded to polyester spandex (Fabric Wholesale Direct SC578446)
and 600D Polyester (Rockywoods RBC600) were cut into rectangles of 10 x 100 mm using

a laser cutter. Copper tape was applied the ends of a specimen, and LM was deposited as
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a single soft wire using a spray mask and airbrush. Another layer of SIS was applied via
solvent welding with toluene to encapsulate the LM soft wire. Specimens were tested using
a custom setup consisting of a position control motor (DYNAMIXEL XC430-T150BB-T)
and 3D-printed grips (Bambu Lab P1S and Verbatim #55000 ABS filament), which rotates
across a 270° arc (Supplementary video S2). The electrical resistance was simultaneously
measured by a Keithley 2461 SourceMeter connected to the copper tape interfaces at each

end of the LM soft wire.

Water immersion test

A sample circuit with a CR1220 coin cell battery (Digikey part numbers SY033-ND and
36-1056-ND), LED, and resistor (Digikey part number A116039CT-ND) was prepared. A 4
ft long by 3 in diameter plastic tube (McMaster part number 9176T17) was sealed at one
end and filled with tap water. The circuit was attached to a weighted line and inserted into
the water-filled tube such that it was at a depth of 1 m, while being observed by a camera

for continuous operation of the LED for 30 minutes.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Wearable sensing headband fabrication
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The wearable sensing headband circuit was fabricated in a flat configuration on a polyester
spandex substrate using the methods previously described. During fabrication, copper tape
was placed at the terminus of each LM soft wire, and a mixture of 5 volume percent cop-
per powder (US Research Nanomaterials stock # US5002) in LM was applied in a small
amount at the soft-rigid interface. In addition, the circuit was annealed in a 80 °C oven
for approximately 72 hours after assembly to relieve residual stresses. Cameras (Weivision
360° Surround View System, Amazon part number BOOZR6502G) were affixed to mounting
brackets fabricated through 3D printing that clamp onto the headband, and their connec-
tion wires were soldered to the copper tape. An additional sheet of SIS was applied through

solvent welding to connect the two ends of the circuit, forming the headband shape. The
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wearable circuit is connected to a mini-computer which computes the stitched overhead view.
This system is powered by a battery (Turnigy 12000 mAH 4S LiPo pack, HobbyKing SKU

9067000425-0).
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