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ABSTRACT: When encapsulated in elastomer, micropatterned traces of Ga-
based liquid metal (LM) can function as elastically deformable circuit wiring that
provides mechanically robust electrical connectivity between solid-state elements
(e.g., transistors, processors, and sensor nodes). However, LM-microelectronics
integration is currently limited by challenges in rapid fabrication of LM circuits
and the creation of vias between circuit terminals and the I/O pins of packaged
electronics. In this study, we address both with a unique layup for soft-matter
electronics in which traces of liquid-phase Ga−In eutectic (EGaIn) are patterned
with UV laser micromachining (UVLM). The terminals of the elastomer-sealed
LM circuit connect to the surface mounted chips through vertically aligned
columns of EGaIn-coated Ag−Fe2O3 microparticles that are embedded within an
interfacial elastomer layer. The processing technique is compatible with
conventional UVLM printed circuit board (PCB) prototyping and exploits the
photophysical ablation of EGaIn on an elastomer substrate. Potential applications
to wearable computing and biosensing are demonstrated with functional implementations in which soft-matter PCBs are
populated with surface-mounted microelectronics.

KEYWORDS: eutectic gallium−indium, liquid metal, conductive elastomers, anisotropic conductivity, stretchable electronics,
wearable computing, biomonitoring, photonic biosensing

1. INTRODUCTION

Skin-mounted electronics for wearable computing and health
monitoring require stretchable circuits that match the
mechanical properties of soft natural tissue.1 Current
approaches include so-called “deterministic architectures” in
which mechanical compliance is introduced through geometry
(e.g., PANI or Ag−Ni alloy coated on a woven fabric2−5 or thin
metal interconnects with serpentine6,7 or prebuckled wavy8−10

geometries). Because the conductive materials are intrinsically
rigid (elastic modulus ≥ 1 GPa) and inextensible, stretchable
functionality must be engineered through microscale geometric
design and cleanroom fabrication. Another popular approach is
to use conductive polymers and composites that are intrinsi-
cally soft and deformable. Polyurethanes (PU), polydimethylsi-
loxane (PDMS), polyacrylates, fluoropolymers, and styrene
ethylene butylene styrene copolymer (SEBS) are typically used
as the carrier medium. In order to be conductive, they are
typically embedded with percolating networks of rigid metallic
nano-/microparticles11,12 or carbon allotropes (e.g., MWCNT,
graphene)13−17 or grafted with polyaniline, ionomers (e.g.,
PEDOT:PSS), and other conductive polymer groups.18,19

While promising for low-load/moderate-strain applications,
these composites are typically more rigid and less elastic than
homogeneous elastomers, stretchable elastene fabrics, or
natural biological tissue. Nonetheless, they have adequate
mechanical properties for electronic skin applications and can
be patterned using a variety of rapid fabrication methods.20−22

Liquid metal (LM)-based circuits represent a versatile
alternative for stretchable electronics that bypass some of the
limitations of deterministic architectures and polymer compo-
sites.23,24 Ga-based LM alloys like Ga−In eutectic (EGaIn; 75%
Ga and 25% In, by weight) and Ga−In−Sn (Galinstan; 68%
Ga, 22% In, 10% Sn) are particularly attractive because of their
low viscosity (2 mPa·s), high electrical conductivity (3.4 × 106

S/m), low melting point (−19 °C for Galinstan), low toxicity,
and negligible vapor pressure.25,26 When encapsulated in a soft
elastomer (e.g., PDMS), liquid-phase traces of Ga-based alloy
can provide highly robust electrical connectivity between solid-
state elements within a circuit and enable extreme elastic
deformability. Another feature of Ga-based LM alloys is that in
O2-rich environments like air they form a self-passivating
surface layer of Ga2O3 (thickness ∼1−3 nm) that dramatically
reduces surface tension and allows patterned traces to hold
their shape.27−29

This oxidation and moldability has enabled EGaIn to be
patterned with a variety of techniques26,30 based on stencil
lithography,31,32 selective wetting,33,34 reductive patterning,35

microcontact printing,28,36−38 jetting,39 and 3D direct-write
printing.40−42 Since the mid 2000s, EGaIn microfluidic systems
have been engineered for a broad range of applications.23,24 In
the last couple of years, this includes continued efforts in
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sensing and electromechanical transducers,43−50 force charac-
terization for medical endoscopy,51 reconfigurable metamate-
rials,52,53 and radio antennae that exhibit tunable operating
frequency and enhanced range.54−61

Despite their extraordinary potential, progress in LM
electronics is currently limited by methods for integration
with MOSFETs, microprocessors, chipsets, cable adapters, and
other solid-state technologies (SSTs). Recent efforts with so-
called dual-trans printing38 and z-axis conductive elastomer62

have successfully addressed integration but only with
millimeter-scale pins and traces. Successful integration of LM-
based circuits and microscale SSTs requires processing
techniques that are (i) compatible with conventional PCB
manufacturing, (ii) enable reliable interfacing between the
terminals of the LM circuit and I/O pins of packaged
electronics, and (iii) allow for planar circuit features with
dimensions below 100 μm.

Here, we report a unique layup for LM-based soft-matter
electronics that simultaneously addresses these challenges
through innovations in materials selection and processing
(Figure 1A). As in conventional PCB prototyping, a UV laser
micromachining (UVLM) system (Protolaser U3; LPKF) is
used to pattern an ∼20 μm coating of LM on a polymer
substrate. The Protolaser U3 is a Nd:YAG laser with 355 nm
wavelength, 200 kHz pulse rate, and 15 μm diameter beam that
is capable of direct photophysical ablation of metal. Using a 1
W beam power, the liquid metal features can be reliably
patterned with planar dimensions of 50 μm. In contrast,
previous attempts at EGaIn patterning with a CO2 laser require
indirect material expulsion through vapor recoil force that limits
the minimum feature size to ∼250 μm.63 We also show that
UVLM-patterned EGaIn circuits can interface with surface-
mounted SSTs using an anisotropically conductive “z-axis film”
composed of vertically aligned columns of EGaIn-coated Ag−
Fe2O3 μ-spheres embedded in a PDMS matrix (Figure 1B).

Figure 1. Liquid−metal soft-matter electronics. (A) Illustration of soft-matter bioelectronic skin. (B) Vertically aligned columns of Ag−Fe2O3
microparticles coated in EGaIn act as z-axis interconnects between LM trace terminals and surface-mounted components. (C) Illustration of EGaIn
patterned using UVLM. During patterning within an oxygen-rich environment, the growth of Ga2O3 is necessary to hold the shape of the LM circuit
(see inset). (D) Soft-matter bioelectronic skin with integrated pulse oximeter that can be worn as a wrist band and (E) support mechanical
deformation during operation.

Figure 2. Fabrication process with UVLM. (A) PDMS substrate is applied onto a glass plate. Placement openings and fiducials are patterned with
UV laser for placing surface mount components and laser alignment, respectively. (B) Surface mount electronic components are placed into the
openings with PVA as a bonding agent. (C) The components are then sealed in PDMS. (D) The chip-embedded elastomer is peeled from the glass
plate, flipped over, and coated with a layer of zPDMS. (E) A film of EGaIn is applied on the zPDMS with a PDMS roller and then (F) patterned with
a UVLM system. Lastly, the LM circuit is sealed in PDMS and released from the glass substrate.
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Unlike conventional z-axis films with “dry” ferromagnetic
microparticles,62 the LM-coating allows for electrical con-
nectivity even as the rigid μ-spheres separate under mechanical
deformations induced by circuit bending, stretching, or twisting.
As with EGaIn stencil lithography and additive manufactur-

ing, the ability to laser-pattern EGaIn on an elastomeric
substrate depends on the formation of a self-passivating,
nanometer-thin Ga2O3 “skin.” The oxide skin allows the
patterned liquid metal to hold its shape after laser ablation
(Figure 1C) and during deposition of an elastomer seal. This
feature of liquid moldability is critical for extending conven-
tional UVLM PCB prototyping to Ga-based LM alloys.
Combining UVLM processing with liquid metal and z-axis
connectivity allows for a versatile method to produce elastically
deformable electronics that are mechanically robust and
compatible with natural human tissue. Referring to Figure
1D,E, potential applications include an elastomeric band that
contains a surface-mounted pulse oximetry unit for reflective
photoplethysmogram (PPG) recordings. The PPG waveforms
can be used to noninvasively measure blood oxygenation
saturation and heart rate, which in turn can be used for tracking
physical activity and monitoring a broad range of health
conditions.64 As with other recent photonic bioelectronic
devices,65,66 the circuit is naturally soft and flexible and can
conform to the skin without requiring significant attachment
forces.

2. RESULTS

Soft-matter PCBs with embedded LM wiring are produced
using the fabrication steps presented in Figure 2, details of
which are presented in Section S1 of the Supporting
Information. The steps presented in Figure 2A−C involve
embedding SST chips inside a layer of PDMS (Sylgard 184;
10:1 base-to-curing agent ratio; Dow Corning) such that the
board side of the chips are exposed and flush with the elastomer
surface. As shown in Figure 2D, the exposed chips are covered
with an uncured layer of zPDMS that is composed of the
following: 35 wt % 40 μm diameter Ag-coated Fe2O3 particles

(20% Ag by weight; SM40P20, Potters Industries, LLC), 15 wt
% EGaIn (75 wt % Ga and 25 wt % In; Gallium Source), and
50 wt % PDMS. Before adding PDMS, the Ag−Fe2O3 and
EGaIn are mixed together so that the ferromagnetic micro-
spheres have an LM coating, as illustrated in Figure 1B. Next,
the zPDMS layer is deposited on top of the exposed SSTs with
a spin coater (1500 rpm for 10s; KW-4A, SPI) and is then
cured in an oven (100 °C for 20 min) while the entire sample is
placed on top of a flat magnet (∼1448 G, 2 in. × 2 in. × 1/4 in.
NdFeB; K&J Magnetics, Inc.). As the elastomer cures, the
applied magnetic field causes the EGaIn-coated ferromagnetic
particles to assemble into vertically aligned columns. After the
zPDMS layer is cured, it is coated with a ∼20 μm thick film of
EGaIn that is then patterned using UVLM. Laser ablation is
performed with a beam power of 1 W and marking speed of
150 mm/s.
As shown in Figure 3A, a film of EGaIn on zPDMS can be

patterned into features with dimensions as small as 50 μm. The
widths of the traces are 500, 200, 100, and 50 μm and the
diameters of the circles are 1000, 500, 200, and 100 μm,
respectively. For the selected laser settings (1 W power, 150
mm/s mark speed), the trace width and spacing are limited to
50 and 100 μm, respectively, which is consistent with
conventional PCB manufacturing. If it is narrower than 50
μm, then there is a significant likelihood that the traces can be
nonconductive due to poor localized wetting or excessive
removal of EGaIn. Likewise, for minimum line spacings below
100 μm, residue from unablated EGaIn or the presence of
EGaIn-coated ferromagnetic particles could lead to in-plane
electrical shorting.
As shown by the scanning electron microscopy (SEM) (FEI

Quanta 600) image presented in the inset of Figure 3A, the
laser not only removes EGaIn but will also texture the zPDMS
substrate. The effect of laser ablation on EGaIn removal is
further examined by comparing Ga content on the surface of a
zPDMS substrate before and after coating and ablation (Figure
3B) using energy dispersive spectroscopy (EDS). For uncoated
and unablated zPDMS, Ga is mostly observed on the surface of

Figure 3. Samples of UV laser-patterned EGaIn features. (A) The planar dimensions of patterned traces can be as small as 50 μm. The SEM image in
the inset shows the rough surface of zPDMS after laser ablation. (B) The EDS image of elemental distribution of Ga before and after EGaIn coating
and laser ablation. (C) Serpentine circuit used to measure electrical resistance during stretch. (D) EGaIn circuit with multiple terminals for
measuring the influence of trace length on resistance. (E) Interdigitated capacitor for measuring trace length on capacitance.
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the ferromagnetic particles that support z-axis conductivity in
the zPDMS. After an EGaIn coating is applied and removed by
UVLM, the substrate is found to be covered in a uniform
coating of Ga residue. Moreover, coating and ablation results in
an increase in Ga weight fraction (from 2.21 to 5.48 wt %) as
shown in Figure 3B, which suggests that not all of the EGaIn
coating is ablated. Similar results are observed with EDS
analysis of In content (weight fraction increases from 0.51 to
1.27 wt %), as shown in Figure S1. The laser fume extraction
system evacuates any of the ablated particles that become
airborne (CSA626, Quartro Air Technologies Inc.). In
conventional UVLM-based PCB fabrication, this same exhaust
system is used to remove 120 μm × 20 mm strips of copper
from a copper clad substrate.
The electrical and electromechanical properties of UV laser-

patterned EGaIn traces on zPDMS are examined using a variety
of circuit designs (Figures 3C−E and 4A−C). A serpentine
EGaIn trace is used to measure electrical resistance as a
function of stretch (Figure 4A). The serpentine part of the

EGaIn trace is 120 mm long and 0.5 mm wide and stretched to
60% strain (in increments of 5%). Resistance versus stretch is
fitted using the following Ohm’s Law formulation: R = R0 +
R1λ

2, where R0 = 3.7 Ω is the resistance of the leads and R1 =
4.3 Ω is the initial resistance of the unsstretched serpentine
trace. Stretch, λ, is defined as the final length of the sample
divided by its initial length. Beyond 60% strain, the sample fails
mechanically (as further discussed below). In contrast, UVLM-
patterned LM traces encapsulated between two layers of soft
polyacrylate elastomer (VHB Tape 4910; 3M) can be stretched
beyond 125% strain (Figure 4A, inset). Ohm’s law is also used
to predict the linear influence of trace length on electrical
resistance for EGaIn traces of widths 100 and 200 μm (Figure
4B; R2 > 0.96).
Capacitance is measured with interdigitated electrodes of 250

μm width, 150 μm spacing, and varying overlap length (Figure
4C). As expected from electrostatic field theory (see
Supporting Information Section S2 and Figure S4), the
dependence of capacitance on overlap length is approximately

Figure 4. UVLM patterned planar resistors and capacitors. (A) Experimental measurements (markers) and theoretical fit (curve) for electrical
resistance versus stretch for serpentine LM trace (120 mm length, 0.5 mm width); Inset: measurement of laser-patterned LM trace encapsulated
between two layers of soft polyacrylate elastomer (VHB Tape 4910; 3M). (B) Resistance versus trace length for 100 μm (red) and 200 μm wide
(blue) traces. Markers and curves correspond to experimental measurements and theoretical fit, respectively. (C) Experimental measurements
(markers) and theoretical fit (curve) for capacitance versus overlap length of interdigitated LM traces (250 μm width, 150 μm spacing). (D) Average
capacitance of comb capacitors patterned with (gray) UVLM and (hatched gray) stencil lithography for various testing frequencies. The black bars
are the standard deviation (N = 9). (E) Plot of change in electrical resistance versus stretch for surface mount resistors oriented at 0° (blue), 45°
(red), and 90° (green). (F) Photographs of sample when strained (0, 20, 40, and 60%) and after failure. Inset: Close up of sample showing
placement of resistors. All circuits were pattern on zPDMS unless otherwise noted.
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linear (R2 > 0.9). The laser-processed method was compared to
stencil lithography and is statistically similar (Figure 4D).
Lastly, a soft-matter printed circuit board with three 331 Ω
surface mount resistors oriented at 0, 45, and 90° was
characterized under tensile loading to evaluate performance.
The sample was loaded at 10 mm/min, and only a modest
increase in resistance (<10%) was recorded until mechanical
failure occurred at slightly over 60% strain (Figure 4E,F). This
suggests that tensile loading had only negligible influence on
the contact resistance between the chip pins, zPDMS, and LM
leads.

3. DISCUSSION
With the method presented in Figure 2, packaged SST chips
can be embedded in elastomer and wired together with EGaIn
interconnects that share dimensions similar to those of
conventional copper PCB traces (≥50 μm (2 mil) width,
≥100 μm (4 mil) spacing). The experimental results reported
above show that the UV laser-patterned EGaIn traces exhibit
properties consistent with classical predictions for electrical
resistance and capacitance. However, as noted, the patterning
resolution of EGaIn with UVLM is limited by excess liquid
metal that remains on the surface after laser processing. This
condition is confirmed by comparing SEM and EDS scans of
bare zPDMS and those of surfaces that have been coated with
EGaIn and then ablated. In particular, we observe a scattering
of droplets with dimensions ∼1−10 μm that are rich in Ga and

In (Figure S2). Although diffusely scattered, the likelihood that
these droplets induce in-plane shorting becomes significant
when the spacing between circuit features is below 100 μm.
On the basis of the electrical resistance measurements

presented in Figure 4A,B and the known resistivity of EGaIn,
we can use Ohm’s law to infer trace thickness. For a volumetric
resistivity of 29.4 × 10−8 Ω·m,25 we measure nominal
thicknesses ranging from 16.3 to 27.1 μm with no correlation
to trace width or pattern geometry. This is roughly consistent
with the 17.8 μm average thickness measured for an EGaIn-
coated sample that was frozen with liquid nitrogen and then
shattered to expose its cross-section for image analysis (Figure
S3A). The variation in film thickness is attributed to the
nonuniform thickness of the EGaIn film prior to UVLM
patterning. While not a critical factor for circuit functionality,
the deposition method could be improved to ensure a more
uniform distribution and tighter control on EGaIn film
thickness. One possible solution is to adopt the atomized
spraying technique introduced by Jeong et al. in which LM
alloy is deposited using an airbrush and pressure regulator.32 It
should also be noted that visual examination of the sample
cross sections suggest that Ag−Fe2O3 particles are coated with
EGaIn and that liquid bridging between particles can be
observed (Figure S3B).
From the slope of the fitted curve in Figure 4C, the effective

relative permittivity of the zPDMS substrate can be
approximated as ϵr ≈ 5.6. This calculation is based on a

Figure 5. Soft-matter printed circuit board implementation. (A) Top and bottom of a circuit containing a circular array of LEDs. Inset, bottom left:
close up of interface between resistor and EGaIn trace; inset, bottom right: soft-matter LED array undergoing deformation during operation. (B)
Top and bottom of soft-matter pulse oximeter circuit. (C) PPG waveform recorded from soft-matter pulse oximeter shown in (B); (C) inset:
magnified view of single cardiac beat from the measured PPG waveform. (D) Possible implementation of soft-matter pulse oximeter worn as
wristband. PPG waveform can be recorded by placing finger on top of wristband while applying light pressure.
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theoretical prediction for the capacitance of interdigitated
electrodes introduced by Gevorgian et al.67 (see Supporting
Information Section S2). This relatively large permittivity is
likely a result of the EGaIn-coated ferromagnetic μ-spheres,
which induce an “artificial dielectric” effect68 within the
elastomeric matrix.
As shown in Figure 4D, capacitance measured with

electrodes deposited using stencil lithography (1.13 ± 0.05
pF; N = 9) is statistically similar to that for the laser-processed
electrodes (1.19 ± 0.03 pF; N = 9). The small discrepancy
could be related to additional contributions to the artificial
dielectric effect from EGaIn residue that remains after laser
ablation. Regardless, such a dielectric enhancement will not
influence circuit functionality since the composite remains as an
electrical insulator within the plane. This is confirmed by the
low dielectric loss tangent, which remains well below 0.1 for the
1 and 10 kHz measurements. It should also be noted that unlike
in typical circuits, the substrate on which the metal is patterned
is electrically anisotropic, with enhanced permittivity in the
plane and conductivity through the thickness.
As shown in Figure 4E, the soft-matter PCB is capable of

being stretched with a tensile strain of greater than 60%. The
device fails at 62.7% strain due to mechanical failure within the
center of the sample. During tensile loading, the encapsulating
PDMS layer delaminates from the surface mount component,
causing mechnical failure at 62.7% strain (Figure S5). During
the experiment, all three resistors experience less than 0.6%
change in resistance. It is significant that the strain limit is
governed by mechanical rather than electrical failure. This
suggests that a higher strain limit may be possible by selecting a
more elastic substrate, such as VHB tape (see Figure 4A inset).
The layup and fabrication process presented in Figure 2 is

used to produce several representative circuits that integrate
UVLM-patterned traces of EGaIn with packaged SSTs (Figure
5). This includes an array of surface-mounted LED and 331 Ω
resistor chips (Figure 5A; Figure). We have also fabricated a
soft-matter bioelectronic circuit for noninvasive measurements
of heart rate (HR) and arterial blood oxygenation (SpO2).
Shown in Figure 4B, the circuit contains an integrated pulse
oximetry unit (MAX30100; Maxim Integrated Products, Inc.)
that houses a red and IR LED, photodetector and optics, and a
low-noise analog signal processor for reflective PPG waveforms
(details in Supporting Information Section S3 and Figure S6).
A flex PCB with Cu traces is used as an interface board that
connects the circuit to a battery-powered Bluetooth module
that transmit signals to a host computer for signal processing.69

The device is configured to collect the PPG waveforms at 200
Hz using LED pulse widths of 400 μs and a current of 20.8 mA
(Figure 5C). With appropriate filtering and calibration, the
waveforms can be used to obtain HR from spacing of Systolic
peaks and SpO2 by comparing the amplitude (i.e., optical
reflection) of IR and red light, which are absorbed differently by
oxygenated or deoxygenated hemoglobin within arterial
blood.70 Because the circuit board is intrinsically soft and
deformable, the pulse oximetry band can wrap around the wrist
and form intimate contact with skin with limited interfacial
pressure (Figure 5D).

4. CONCLUSION
We report on a novel layup and processing technique to
produce soft and deformable circuits with liquid metal and UV
laser micromachining. In order to match the mechanical
properties of soft natural tissue, the relatively stiff materials

typically used in existing PCBs (metal wiring, soldered
connections, and glassy polymer substrate) are replaced with
liquid-phase metal alloy and elastomer. This biomechanically
compatible “soft-matter” PCB is rapidly produced (∼3 h) using
the same commercial UVLM system (Protolaser U3) used for
conventional electronics prototyping. Since the circuit is
composed entirely of soft and deformable material, fabrication
does not depend on a limited selection of geometric patterns or
the specialized microfabrication techniques required for thin-
film metal circuits with deterministic architectures. In this
respect, the proposed approach represents a relatively
inexpensive, scalable, and user-accessible alternative that
complements previous achievements in stretchable and thin-
film electronics based on cleanroom lithography.
The intrinsic compliance of the soft-matter PCB is of

particular importance in wearable bioelectronics and comput-
ing. For these applications, mechanical impedance mismatch
can constrain natural body motion or cause irritation,
discomfort, or tissue damage due to interfacial stress
concentrations. Impedance matching is especially critical in
optical or electrode-based bioelectronics applications, such as
pulse oximetry, that depend on intimate contact with the skin
for accurate physiological measurements. Incorporating soft
materials, SSTs, and processing steps into a single UVLM-based
fabrication method enables the rapid production of custom-
izable wearables. Such systems could be user-/patient-specific
and capable of physiological sensing for activity, fitness, and
health monitoring.
While we have been able to report successful soft-matter

PCB prototyping with UVLM, there remain plenty of
opportunities for further exploration and improvement. In
this manuscript, characterization was limited to a z-axis
elastomer substrate. Additional studies are required to under-
stand the influence of substrate material on EGaIn wetting and
ablation. It is also worthwhile to examine nonsubtractive
fabrication techniques that are compatible with conventional
circuit printing. While UVLM processing is well-established for
PCB prototyping, it has considerably higher materials waste
than inkjet printing and other additive techniques. Lastly, the
LED and pulseox demonstrations are intended to validate the
fabrication method and compatibility of materials. Further
efforts are needed to implement wireless, fully functional
devices that have practical use for wearable computing and
health monitoring.
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