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ABSTRACT: We introduce a method for sealing liquid metal
(LM) circuits with soft anisotropic conductors that prevent
leaking, while simultaneously allowing for electrical contact
with skin and surface mounted electronics. These films are
composed of polydimethylsiloxane (PDMS) embedded with
vertically aligned columns of ferromagnetic Ag—Ni micro-
particles. The microparticles are magnetically aligned and
support electrical conductivity only through the thickness (z-
axis) of the elastomer film. Measurements on 10—40% (by wt)
composites show moderate volumetric resistivity (as low as p
= 0.03 ©/m) through the thickness and no conductivity

between adjacent traces. Functionality is demonstrated with several illustrative applications related to tactile sensing and

electronics hardware integration.
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1. INTRODUCTION

Liquid-phase electronics are composed of microfluidic channels
of liquid metal (LM) or ionic solution embedded in a soft
elastomer.' ™ Ga-based LM alloys are especially attractive due
to their hi%h conductivity, low toxicity, and “moldable”
properties.””” Together, these features enable room temper-
ature liquids like eutectic gallium—indium (EGaln) (75%Ga-
25%In, by wt; 1S °C MP) and Galinstan (68%Ga-22%In-10%
Sn; —19 °C MP) to be patterned using a broad range of
fabrication techniques® and function as stretchable circuit
wiring and sensors for soft wearable technologies.'””'* In
contrast to other approaches to stretchability, liquid-phase
electronics need not rely on deterministic architectures based
on thin films, wavy circuits, or percolating networks of
conductive fibers to avoid failure during extreme deforma-
tions.">~*® Moreover, in the case of EGaln, pH and/or electric
bias can be used to reversibly manipulate the shape, position,
and surface composition of a liquid droplet suspended in an
ionic medium. This occurs through redox reactions at the LM-
medium interface and has been used to tune conductivity for a
soft-matter memristor'~ and diode as well as to perform low-
voltage electrowetting and microfluidic pumping.”' =
Although promising for applications in wearable computing
and soft microfluidics, further progress in Ga-based LM
electronics depends on robust methods for sealing and
electrical interfacing. Sealing is essential to prevent the liquid
from leaking, staining skin and clothing, or reacting with other
metals through corrosion (e.g, Al) or alloying (e.g, Cu). At
present, the terminals of LM circuits are typically accessed by
manually inserting rigid wires. While reliable for prototyping
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and proof-of-concept demonstrations, these connections are
not mechanically robust and introduce fluidic-rubbery-rigid
boundaries that are susceptible to leaking, changes in electrical
contact resistance, or even wire pull-out. Increasing the rigidity
of the elastomer near the terminal can reduce the interfacial
stress concentration between the polymer and solid wiring to
prevent tearing and leaking.'> However, this method is not
applicable to tactile sensing or stretchable circuits that rely on
electrical contact with skin or preservation of elastic
compliance. Another approach is to seal the terminals with
conductive elastomers, such as polydimethylsiloxane (PDMS),
filled with carbon (CPDMS) and Ag powder (AgPDMS).”°
When embedded above the terminal points, they function as
electrical vias for direct electrical contact with skin or external
electronics without altering the integrity or elasticity of the
surrounding microfluidic circuit. However, conductive elas-
tomers typically exhibit isotropic conductivity and therefore
need to be patterned and aligned to prevent shorting between
adjacent circuit terminals. This can be performed with a CO,
laser engraver, which allows for simultaneous patterning of
liquid metal and both conductive and insulating elastomer.”®
However, other fabrication methods, such as stencil lithog-
raphy, microcontact printing,27 and additive fabrication,”®
require separate patterning and alignment of the liquid metal
circuit and the conductive elastomer vias. While possible, the
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(a)

Figure 1. (a) PDMS embedded with an array of vertically aligned columns of Ag—Ni microparticles that support conductivity only through the
thickness of the film, that is, along its z-axis. (b) Ag—Ni columns function as electrical vias between embedded EGaln circuit terminals and surface
mounted electronics. (c) EGaln traces attached to LEDs via a commercial z-axis conductive film (ECATT 9703; 3M). PDMS/Ag—Ni z-axis film (“z-
film”) functions as a transparent seal and electrical interface for tactile sensing in an (d) arrowpad and (e) 6 X 6 node touchpad.

10(5 pm

Figure 2. (a)Top down and side views of PDMS film embedded with magnetically aligned columns of 1S ym diameter Ag—Ni microparticles (20
and 40%, by weight). (b) An environmental SEM image of a particle at the surface of the z-film. (c, d) An environmental SEM image of the particles
at the surface of z-film and the corresponding EDS image indicating the distribution of the elements.

additional alignment step requires specialized hardware and
remains to be demonstrated.

Here, we introduce a robust and versatile alternative for LM
interfacing using an elastomer film that is only conductive
through its thickness (z-axis) (Figure la). An anisotropically
conductive “z-film” simultaneously prevents leakage while
creating electrical vias for accessing LM without the need for
alignment. It is composed of polydimethylsiloxane (PDMS)
embedded with vertically aligned columns of conductive Ag-
coated Ni microparticles. As shown in Figure 1la, the
ferromagnetic particles are magnetically aligned to form
percolating networks that support electrical conductivity only
through the thickness. Z-axis anisotropic conductors were first
reported in 1988 by researchers at AT&T” and have since
been used for touch-sensitive screens,”” tactile shear sensing,31
solder replacement for surface mount technology (SMT) > and
electronics packaging.””** In this study, we extend the use of z-
axis conductors to LM circuits and demonstrate compatibility
for illustrative examples presented in the Figure 1 overview.
These include surface mounted electronics (Figure 1b and 1c),
tactile sensing (Figure 1d and le), and joint proprioception,
which are described in greater detail in section 2. In all cases,
stretchable functionality is preserved by the elasticity and
compliance of the soft z-film composite.

2. RESULTS AND DISCUSSION

The z-axis conductive films are composed of PDMS (Sylgard
184; 10:1 base-catalyst ratio, by wt.; Dow Corning) embedded
with vertically aligned columns of D = 15 ym diameter Ag-
coated Ni microparticles (SN15P30:69.5%Ni-30.5%Ag, by wt;
Potters Inc.). Optical images (InfiniteFocus, Alicona, Inc.) of
the samples are presented in Figure 2a for samples with 40%
(top and side views) and 20% (side view only) by weight of
Ag—Ni filler. The sample with 40% (f = 0.4) concentration has
a thickness of t = 256 ym and an estimated column—column
spacing in the range of x = 50—75 um. Noting that Ag and Ni
have y = 10 times the density of PDMS, the microparticle
volume fraction is v = 1/[1 + y(f' — 1)] = 0.0625. Assuming
hexagonal spacing, each column will contain between N ~ 20

and 44 microparticles, where N = 3/3twx*/zD’. This
corresponds to staggered columns that are approximately 2—
4 particles wide, which is consistent with what is observed in
the side view. Since the columns are separated by polymer, no
in-plane conductivity is measured. Instead, the capacitance of
two coplanar capacitors sealed with z-film were measured to be
1.85 and 1.29 pF with Q factors of 24.7 and 11.4, respectively,
indicating that the electrodes were well insulated. Details of the
corresponding test are described in section S.1. Lastly, an SEM
image of the top of a column (Figure 2b) shows protrusion
through the surface and an EDS (energy-dispersive X-ray
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spectroscopy) scan (Figure 2¢, d) indicates the abundance of
Ag and Ni. Together, these results provide evidence for the
presence of Ag—Ni microparticles for forming direct electrical
contacts at the surface.

2.1. Conductivity. Figure 3a presents conductivity
measurements for z-film composites with a A = 9 mm? area
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Figure 3. (a) Z-axis resistance of composites for f = 0.1, 0.2, and 0.4; A
=9 mm’ (3 mm X 3 mm), t = 90 um thickness. (b) Results for z-film
with 40% filler concentration; varying A and ¢.

(3 mm X 3 mm) and t = 90 ym thickness. As expected, the z-
axis resistance R and volumetric resistivity (p = AR/L) decrease
with increasing mass fraction f. Likewise, for a sample with fixed
mass fraction, resistance decreases with increasing area and
decreasing thickness. This is demonstrated in Figure 3b for f =
0.4 and samples with dimensions of 1 X 1,2 X 2, and 3 mm X 3
mm. In the case of a 3 mm X 3 mm sample with a thickness of
69 pum, the electrical resistance is 0.2€2, comparable to typical
values for cm-scale wiring and contacts. Even for samples with a
lower concentration of 20 wt %, the electrical resistance is low
enough (0.6Q for A = 9 mm?and ¢ = 90 um) to support basic
circuit and sensing functionality. The conductivity of z-film with
strain and cyclic loading is also measured. Since the Ag—Ni
columns are semirigid and do not change size with the
deformation of surrounding elastomer, we do not anticipate
significant electro-elasto coupling. This is confirmed by the
electromechanical measurements presented in section S.2.

Connecting LM circuits to external electronics through
ribbon cables is challenging since they typically require
mechanical adapters that clip on to the circuit terminals. For
liquid-phase soft electronics, the clip will exert stress
concentrations that may puncture the seal or otherwise damage
the circuit. To avoid this, conductive paper is used to connect
the terminal ends of the liquid circuit to the cable adapter, as
described in section S.3. The conductive paper is 60 pm thick
and composed of Ni/Cu-coated nonwoven polyester fiber
(CN-3490; 3M). As with the other materials, it can be
patterned with a CO, laser and readily bonds to both uncured
PDMS and pressure sensitive polyacrylate adhesives (e.g., F-
9473PC, VHB 4905, and ECATT 9703).

2.2. Mechanical Durability. The mechanical properties of
z-film samples with particle mass fractions of f = 0.2 and 0.4

(three samples for each) are tested using a materials testing
system (5969 Instron) and a typical strain—stress curve of
sample with f = 0.4 is shown in Figure 4. Samples with both
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Figure 4. Strain—stress curve of sample with f = 0.4 particle
concentration.

contents were cured at 100 °C. Samples with 20 wt % content
were stretched 3X to 30%, 60%, and 90% strains in sequence.
Samples with 40 wt % content were loaded 3X to strains of
20%, 40%, and 60%. After the nine loading cycles, each sample
was stretched to mechanical failure. The average 10%-strain
elastic moduli are 1.974 MPa (SD = 0.109 MPa) and 2.596
MPa (SD = 0.172 MPa) for f = 0.2 and 0.4, respectively, which
are higher than that of unfilled PDMS cured at 100 °C for 2 h
(1.758 MPa). For all samples, a moderate Mullins effect with
low subsequent hysteresis was observed and the maximum
failure strain was 94% (SD = 5.1%) and 80% (SD = 1.7%) for f
= 0.2 and 0.4, respectively.

To assess the durability of the electrical interface, circuits
with surface mounted LED chips were fabricated and subject to
tensile loading. Two samples were tested, both with a 130-ym-
thick PDMS substrate and a 230-um-thick z-film (f = 0.4) layer
embedded with EGaln traces. LED chips were then mounted
above the z-film. One of the samples was coated with an extra
encapsulating layer (60 pm) of PDMS to seal the LED
contacts. The samples were then fixed on a vertical tensile
tester and powered with 2.4 V as they were stretched (Figure
S). In the absence of the extra layer of PDMS, the LED chip
remained fully functional until delamination occurred at
approximately 30% strain. As delamination developed, the
contact between LED and EGaln was weakened and the circuit
completely failed at about 67% strain. For the sample with the
PDMS seal, although delamination was observed at a strain of
approximately 60%, the circuit remained functional even after
elastomer tore below the LED at a maximum strain of
approximately 110%.

2.3. Tactile Sensor: LM Circuit with Human Skin.
Referring to Figures 1d and 6a, a soft-matter tactile sensors is
produced by sealing a laser-patterned film of EGaln between
layers of insulating PDMS and PDMS-based z-film (f = 0.2).
An image showing the quality of the line cut with a CO, laser
(VLS 3.50; Universal Laser Systems) is shown in section S.4.
The combination of low elastic modulus and <400 pm
thickness allows the tactile sensor to conform to the skin
without introducing mechanical constraints or causing dis-
comfort. The sensor contains five leads that are connected to
an external microcontroller (Arduino Uno) for recording
fingertip-activated changes in voltage drop between the sensor
electrodes. The leads interface through a ribbon cable and
adapter. The sensor is composed of a central electrode that is
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Figure S. Tensile test of samples with a surface mounted LED.
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Figure 6. (a) Wearable touchpad with z-film seal to allow for direct
electrical contact with skin. (b) Schematic of voltage divider
architecture for tactile sensing. (c) Voltage output on each electrode
for user test with S V input and 10MQ resistor.

connected to S V input and four outer electrodes that are
electrically grounded through a R = 10 MQ resistors (Figure
6b). The 470 pF capacitor in the diagram is used to filter out
high frequency noise. When the fingertip makes simultaneous

contact with the central and outer electrode, the outer electrode
charges and the voltage rapidly increases above 0 V. Fingertip
contact can also be detected by monitoring the electrical
conductivity between the central and outer electrodes (Figure
6b). In the absence of fingertip contact, there is no measurable
conductivity between the electrodes. When a finger is lightly
pressed against a sensing node, a ~1 MQ resistance is
measured. This resistance is dominated by the resistivity of the
skin and its contact resistance with finger contact the z-film.
Measurements performed with the tactile sensor are presented
in Figure 6¢. As shown by the plots, the voltage output on each
electrode rises when the electrode is connected to the input
trace via the fingertip. With different placements of the finger,
the electrodes can be activated either individually or
simultaneously.

An example of a multilayer tactile sensor is presented in
Figure le and a similar sensor is demonstrated in the
Supporting Information (section S.5). In this implementation,
rows and columns of EGaln electrodes are embedded inside a
z-film matrix (f = 0.4). There is a thin strip of insulating PDMS
at the bottom of each electrode in the top layer that prevents
direct electrical shorting. Each column and row pair become
electrically connected to a voltage input by touching the surface
with fingertip and forming electrical vias beween the electrodes
and the voltage input. As with the other sensor, the multilayer
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Figure 7. (a) Capacitive strain sensor for measuring joint motion. EGaln electrodes embedded in PDMS are connected to a ribbon cable via z-film
and CN-3490 conductive paper. Plots show sensor output for bending on a (b) mechanical joint and (c) wrist.
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sensor shows satisfactory voltage change in each channel as a
response to the interaction with human skin.

Tactile sensing is also implemented with commercial acrylate
elastomers, with details presented in section S.6. As shown in
Figure S6a, the EGaln circuit is embedded within layers of
adhesive acrylate elastomer (F-9473PC and 4905 VHB; 3M)
and z-axis electrically conductive adhesive transfer tape
(ECATT 9703; 3M). The arrowpad is used to operate a Tetris
gaming script in Python (Figures S1b, c). Referring to Figure
S6d, the circuit is produced through a combination of CO, laser
patterning and stencil lithography. In contrast to PDMS-based
EGaln circuits, fabrication with commercial acrylates eliminates
the need for time-consuming and labor intensive steps with
elastomer preparation and curing.

2.4. Wrist Motion Sensor: Interfacinig LM Circuit with
External Wiring. Another example of robust electrical
interfacing with a soft LM circuit element is the joint motion
sensor presented in Figure 7a. The sensor is composed of two
overlapping films of EGaln that function as capacitive
electrodes insulated by a thin layer of PDMS. When placed
on a wrist, the joint motion causes the electrodes and dielectric
to deform and change capacitance. As in the tactile sensor, z-
film and conductive paper are used to connect the LM circuit
element to off-board electronic hardware through a ribbon
cable. An LCR meter is used to measure the relative change in
capacitance AC/C, in response to changes in bending angle 6.

When undeformed, the circuit has a capacitance of C, = 7
pF. When placed on a mechanical joint (Figure 7b) the
capacitance changes linearly with 6, with an R? value of 0.99
and bending-mode gauge factor GF = {AC/C,}/0(rad) of
0.077. When placed above the wrist (Figure 7c), the response is
nonlinear: {AC/Co} = af(rad)*{sgn(6)}, where a = 1.67 X
107 and R* = 0.95. Although the internal contact resistance
does not factor into the capacitive measurements, the reliability
of these results (smooth, monotonic, low hysteresis)
demonstrates the ability of the interface to support bend
sensing applications without electrical failure.

3. EXPERIMENTAL SECTION

Z-axis anisotropic conductors are produced by first mixing PDMS
(Sylgard 184, 10:1 base-to-catalyst ratio; Dow Corning) with 15 pym
diameter Ag-coated Ni microparticles (69.5%Ni—30.5%Ag, by wt;
SN15P30, Potters Inc.). Next, the uncured polymer/particle mixture is
deposited on a substrate by spin coating (Model KW-4A; SPI
Supplies) or with a thin-film applicator (ZUA 2000 Universal
Applicator; Zehntner GmbH). Prior to deposition of the mixture,
the substrate may be covered with layers of conductive paper (CN-
3490; 3M) and insulating PDMS that will bond to the z-film after
curing. For mixtures with 40% Ag—Ni powder (by wt), spin coating at
600, 1200, and 1800 rpm for 10s results in the following film
thicknesses: 173, 107, and 69 um, respectively. The sample is then
placed on top of a flat magnet (2" X 2” X 1/4” NdFeB; K&J
Magnetics, Inc.) and cured in an oven at 100 °C for 25 min. The
magnetic field aligns the particles as the elastomer cures, as has been
previously discussed in the literature.*>*® During or prior to curing,
surface mounted electronics may be deposited on the z-film.

The tactile sensor is produced using the laser patterning techniques
previously introduced in ref 26 and summarized in Figure S3. First, the
cutting substrate is prepared by covering one edge with CN-3490.
Next, z-film is deposited and cured using the steps described in the
previous paragraph. EGaln is then deposited on the cured z-film using
a roller (e.g., a PDMS cylinder or lint roller) followed by a layer of
insulating PDMS applied with spin coating or a thin-film applicator.
After the PDMS seal is partially cured on a hot plate or in a curing
oven (at 100 °C for S min), the sample is patterned with a CO, laser

(VLS 3.50; Universal Laser Systems), as illustrated in Figure S3a. After
the excess material is removed (Figure S3b), a second layer of
insulating PDMS is deposited and cured (Figure S3c). Lastly, the
patterned CN-3490 traces are clipped into a ribbon cable adapter for
external wiring (Figure S3d).

Anisotropic electrical conductivity is measured by inserting the
probes of a multimeter (34401A; Agilent Technologies) into EGaln
droplets deposited above masked portions of the z-film (see Figure S2-
1). Serial resistance is accounted for by measuring total resistance with
and without the z-PDMS film. The values presented in Figure 3 are
only estimates since they include both the volumetric resistivity of the
bulk as well as the contact resistance between the z-film and EGaln.
For tactile sensing, voltage measurements are obtained with an
Arduino Uno microcontroller. Changes in the capacitance of the wrist
motion sensor are measured with an LCR meter (889B; BK
Precision).

4. CONCLUSION

Z-axis anisotropic conductors (z-film) are a versatile material
for electrically interfacing Ga-based liquid metal (LM) circuits
with human skin and external electronics. Previous studies of z-
film have focused on solid-state electronics, packaging, and
other applications that take advantage of their optical
transparency and bonding properties. Here, we show that z-
film elastomers are also well suited as electric vias for LM-based
circuits since they seal in liquid without introducing elastic
rigidity or electrical shorts within the plane of the circuit. This
work improves upon previous efforts with EGaln-based
microfluidics by eliminating the need for manual wire insertion.
Wire insertion is not only labor intensive and prone to error,
but also introduces mechanical mismatches, stress concen-
trations, and nonbonded interfaces that can result in elastomer
rupture, wire slip/pull-out, and LM leakage. Alternative
interfacing methods based on isotropically conductive
elastomers™® and rigidity graded materials'®> address these
issues but are challenging to implement because of their
dependency on precise alignment and specialized materials and
fabrication methods. In contrast, a single layer of z-film can be
applied to the entire surface of the LM circuit without any
additional alignment step.

Since the use of z-film in conventional electronics is already
well-established, the purpose of this work is to demonstrate
their reliability for forming interfaces with LM alloys. We have
not investigated the principles of ferromagnetic microparticle
alignment as this has already been addressed in the
literature.""*> In summary, the z-axis column formation is
controlled by a magneto-rheological response to external
magnetic field. Once the surrounding elastomer has cured,
the particles are constrained to their relative configuration and
the field can be removed. The length and spacing of the
columns is controlled by the composition (ie, wt % of
microparticles) and field intensity. For example, as previously
shown, we find that the length of the columns of ferromagnetic
microparticles scales with the intensity of the magnetic field. If
the field is too weak, the column length will be less than the
film thickness and z-axis conductivity will not be achieved. If
the field is too strong, the microparticles will break the surface
tension of the uncured elastomer and the column length will
exceed the thickness of the film and form dendrite-like
structures.

While successfully implemented with the help of z-axis
condcutive film, the tactile sensing devices demonstrated in this
work still need to be further studied to clarify their tolerances
and resistance against environmental factors such as humidity,
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sweat, and oil, etc. User-based studies, by which devices are
tested by human participants, should be performed in the future
to assess input accuracy for prescribed data entry tasks.”” Lastly,
As with other LM circuits, we observe mechanical and electrical
failures when a sample is stretched to beyond the strain limit of
the elastomer sealing. In the case of surface mounted
electronics, poor bonding between the rigid circuit and z-axis
conductor will lead to delamination and eventual mechanical
failure. This is caused by stress concentrations that initiate at
the edges of the interface due to elastic mismatch between the
soft elastomer and rigid electronic component. As external
loading increases, a mode II crack forms and propagates toward
the center of the interface. Further studies are required to
characterize the bond strength between z-axis adhesives and
rigid or semirigid circuit elements. Nonetheless, the current
study shows that under tensile strains of up to 50%, the
bonding is adequate for supporting electronic functionality.
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