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Room temperature liquid-metal microfluidic devices are attractive systems for hyperelastic strain sensing.
These liquid-phase electronics are intrinsically soft and retain their functionality even when stretched to
several times their original length. Currently two types of liquid metal-based strain sensors exist for in-
plane measurements: single microchannel resistive and two-microchannel capacitive devices. With
winding serpentine channel geometry, these sensors typically have a footprint of about a square
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centimeter. This large footprint limits the areal density that the devices that can be embedded into a
wearable electronic skin. In this work we introduce an alternative capacitor design consisting of two
liquid metal electrodes separated by a liquid dielectric within a single straight channel. Using a liquid
insulator instead of a solid elastomer enables us to tailor the system’s capacitance by selecting high or low
dielectric constant liquids. We quantify the effects of the electrode geometry including diameter, spacing,
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and meniscus shape as well as dielectric constant of the insulating liquid on the overall system’s
capacitance. We also develop a procedure for fabricating the two-liquid capacitor within a single straight
Polydiemethylsiloxane channel and demonstrate that this device can have about 25 times higher
capacitance per sensor’s base area when compared to two-channel liquid metal capacitors. Lastly, we

2 characterize response of this compact device to strain and identify operational issues arising from
complex hydrodynamics near liquid-liquid and liquid-elastomer interfaces.

1. Introduction capacitive strain sensors have been proposed as alternatives to the
resistive devices.”® ?’ These capacitive devices consist of two

Stretchable electronic components have applications in flexible microchannels filled with liquid metal separated by the dielectric
electronics, biomedical devices, and soft robotics."* Room- PDMS matrix (see schematic in Fig.1a). For in-plane sensing an
»s temperature liquid metals are attractive materials for fabrication s, order of magnitude estimate for the required sensor footprint can
of such devices because they retain their functionality even when be obtained using the parallel plate capacitor model, C = gyeA/
stretched to several times their original length.> Whitney strain d (i.e. A = Cd/ey¢). To achieve a capacitance (C) of ~1 pF, two
gauge developed in late 1940’s is the earliest example of liquid liquid metal-filled microchannels with both height (k) and
metal electronics.® This device measures strain of a mercury- separation (d) of ~400 pm within a PDMS matrix (e~2) must
% filled rubber tube by measuring change in electric resistance of s have a length of [~10 cm (from conductor-dielectric interfacial
the metal. While in the last two decades mercury and rubber have area, A~lh~4x10° m?). By winding the parallel channels in a
been replaced by non-toxic liquid gallium alloys (i.e. Galn and serpentine arrangement, such a sensor can fit within a base area
GalnSn) and more elastic Polydiemethylsiloxane (PDMS), the of several square centimeters. Fassel and Majidi27 recently
resistive design of the liquid metal strain sensor remains popular. showed that such base area is required for a variety of winding
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s One of the limitations of the resistive devices is that their large ¢ two-channel capacitive strain sensor designs to achieve C~1-15
footprint limits the areal density that they can be embedded into a pF. With such a large footprint the sensor output is affected by

wearable electronic skin. For example a ~1 Q resistor made out of stretching in multiple directions, not only in the desired principle
GalnSn with resistivity of 0.29 pQm in a 200 um diameter direction. As a result, correlation of the physical strain with the
channel has a length of ~10 cm. By winding the channel 10 times sensor output is complex.?’

wsuch sensor can be fit into an area of ~I cm” Improved o  Since parallel plate capacitance is proportional to both the
understanding of the Galn and GalnSn wetting characteristics’ " conductor-dielectric interfacial area and the dielectric constant, a
and advances in their micro-fabrication® '*** are enabling decrease in the required length of the parallel channels, and with
fabrication of smaller liquid metal filled microchannels with that the sensor footprint, should be achievable by increasing the

. . . . dielectric constant of the insulator material. While solid
higher areal density; however, the required serpentine geometry . .
ws of these resistors remains quite complex. Several desiens of clastomers with & greater than that of PDMS (£~2) are not readily
> q plex. & available, common liquids like glycerol and water have e~40 and
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Fig. 1 Schematic comparison of capacitor geometries comprising of (a)
two winding liquid metal filled channels separated by solid elastomer and
(b) single channel filled with liquid metal and liquid dielectric.

£~80, respectively. According to the parallel plate model scaling,
replacing PDMS with these dielectric liquids would decrease the
required conductor-dielectric interfacial area of a sensor by 20 to
40 times.

Motivated by these simple scaling arguments we explore the
concept of a capacitor composed of two liquid metal electrodes
separated by a liquid dielectric within a single straight cylindrical
microchannel (see schematic in Fig.1b). We use simulations and
an experimental setup consisting of two GalnSn filled tubes
submerged within a dielectric liquid bath to quantify the effects
of the cylindrical electrode geometry including diameter, spacing,
and meniscus shape as well as dielectric constant of the insulating
liquid and the presence of tubing on the overall system’s
capacitance. Next, we describe a procedure for fabricating the
two-liquid capacitor within a single straight cylindrical PDMS
channel. We characterize capacitance and response of this
compact device to strain and identify operational issues arising
from complex hydrodynamics near liquid-liquid and liquid-
elastomer interfaces.

2. Results and Discussion

2.1 Effects of Geometry and Dielectric Liquid on Capacitance
of the Two-Liquid System

In order to systematically study the effects of geometry on
capacitance of the two-liquid system without the hassle of
fabrication of multiple devices we have developed a simple
testing setup shown in Fig. 2a (see also Fig.S2). This system
consists of two GalnSn filled thin-walled PVC tubes (£~3.2) that
are aligned along the same axis and submerged in a dielectric
liquid bath. The tubes were filled with GalnSn up to their open
ends, which were arranged to face each other. The separation
distance between the two tubes was adjusted using a micrometer
and the shape of the each of the liquid metal-liquid dielectric
interfaces was controlled by applying pressure to the syringes that
were used to supply the liquid metal. We also numerically
simulated the capacitance of the various systems with 2D
axisymmetric geometry using COMSOL Multiphysics 5.0
modelling software. Example potential fields around flat-ended
cylinders with and without tubing as well as parallel plates with
and without electric fringe effects are shown in Fig.2b. We note
that due to high solubility of oxygen in glycerol and water as well
as its high permeability through PDMS'> '* a ~2 nm thick gallium
oxide skin is likely to form at the two liquid interface. However,
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its presence will have negligible effect on the system’s
capacitance.tt Further details of the setup fabrication are
described in the Experimental Section and those of of the
numerical simulation in Support Information, while experimental
and simulation results are described below.

2.1.1 Effects of separation distance and dielectric liquid

We first measured capacitance of two flat-ended cylindrical
electrodes with diameters of 1 mm and 2 mm separated by 0.1
mm to 13.5 mm that were submerged within glycerol, water, and
as reference, silicone oil. The latter insulator has a dielectric
constant between 2.2 to 2.8 and served as a control to mimic the
PDMS elastomer. The plots in Fig. 2c¢ and 2d show that by
replacing silicone oil with glycerol and water the system’s
capacitance increases from ~1-1.5 pF to ~4-5 pF and ~6-7 pF for
electrode separation distances below ~0.5 mm, respectively. This
3 to 5 fold capacitance increase is significantly smaller than the
~15 (40/2.8) to ~30 (80/2.8) increase predicted by dielectric
constant ratios described in introduction section. In addition,
doubling of the electrode diameter increases the measured
capacitance by a factor of two not four as predicted by the basic
parallel plate model. To explain these trends we compared
experimental data to simulations as well as theoretical predictions
using the parallel plate model with and without fringe effects.
The latter model derived by Landau et al. *® takes into account
that electrical field does not end abruptly outside of the electrode
plates, and incorporates the electrical field fringe effects
illustrated in Fig. 2b around the edges of the two electrodes (but
not along the cylinder):

C= sos[(”Trz) +rin (% - 1)]

where r is the electrode radius. The plot in Fig.2e compares
typical measured capacitance (in this case 1 mm diameter
electrodes wrapped in 0.5 mm thick tubing separated by glycerol)
as function of separation distance to the simulation and analytical
predictions. For small separation distances, the experimentally
measured capacitance decreased proportionally to 1/d, in
agreement with the parallel plate model scaling. However, when
the separation distance was greater than ~1 mm, the measured
capacitance values exceeded those predicted by either of the
models by two to three times. In contrast, the simulation results,
which capture the effects of electrical field along the cylinders as
well as presence of the tube and the dielectric liquid outside the
separation gap match the experimental data well (see Fig.S3a and
S3b for more simulation results). The simulations results in Fig.2f
also show that the addition of tubing around the liquid metal
electrodes results in a large decrease of the system’s capacitance.
Without the tubing, switch from silicone oil to glycerol and water
for 1 mm ID cylinders separated by 10 mm increases the
capacitance from 0.37 pF to 3.93 pF and 7.76 pF, respectively.
This corresponds to a ~11 and ~21 fold capacitance increase
related to the dielectric liquid change. The ~30% discrepancies
between these values and those predicted from dielectric constant
scaling likely stem from the finite dielectric bath volume in
simulations, which were designed to represent our experimental
“bath” system. The presence of tubing, however, does not
account for the capacitance scaling with radius of the cylinders,
not their end-areas. In particular, according to simulations,

Eq. 1
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Fig.2 (a) Schematic of the setup used to characterize the capacitance of the

separation distance (mm)
liquid metal (LM)-liquid dielectric capacitor, (b) example simulated potential

fields around capacitors consisting of flat-ended cylinders with and without tubing as well as parallel plates with and without electric fringe effects, (c-d)
measured capacitance of two flat-ended cylindrical metal electrodes with diameter of (¢) 1 mm and (d) 2 mm separated by silicone oil, glycerol, and water,

s (e) comparison of experimentally measured, simulated, and calculated capacitance using parallel plate model with and without fringe effects for two flat-

ended cylindrical metal electrodes with 1 mm diameter separated by glycerol, and (f) comparison of simulated capacitance values for cylinders with and
without tubing.

increase of two “tube-less” metal cylinder diameters separated by
10 mm from 1 mm to 2 mm in silicone oil, glycerol, and water
10 increases the capacitance by ~2.2 (7.9/3.7), ~2.5 (8.6/3.4), and
~2.2 (16.9/7.8), respectively. This confirms strong influence of
the electric field fringe effects along the tube as well as outside
the electrode separation area, the latter of which scale with the
radius of the electrode according to Eq. 1.
15
2.1.2 Effect of Liquid-Liquid Interface Shape
Next we investigated how curvature of the liquid metal-liquid
dielectric  interfaces affects the system’s capacitance.
Quantification of this effect is particularly relevant for the two-
2 liquid capacitor because a meniscus is likely to form at the
liquids’ interface due to the large difference between their surface
tensions.'* We measured capacitance of electrodes with two types

of menisci shown in Fig.3a. The geometry of the menisci
approached that of spherical-caps with liquid metal-tube contact
25 angles () of ~55-60° and ~90-100°, as defined from the line
connecting the edges of the tube. We also simulated the
capacitance of the two-electrode system with 6=90° (see Fig.
3b).We report the results in Fig.3c and 3d in terms of meniscus-
tip to meniscus-tip separation distance, while data in terms of
3 meniscus base-to-meniscus base (i.e. end-of-tube to end- of-tube)
separation distance is provided in Support Information. We
decreased the tip-to-tip distance until the electrodes touched and
short-circuited by merging. Plots in Fig.3c to 3d show that
highest capacitance was measured for the systems consisting of
35 two  electrodes with menisci with 6~90-100° (i.e. about
hemispherical), irrelevant of how the separation distance was

This journal is © The Royal Society of Chemistry [year]
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Fig.3 (a) Example images of two-liquid capacitors with meniscus-ended electrodes with 6~60° and 6~90°, (b) example simulated potential fields around
capacitors consisting of hemisphere-ended cylinders with and without tubing as well as two spheres, (b-d) plots of measured capacitance of two

simulations and series solution predicting capacitance of two

conducting spheres. The analytical solution to this problem was
0 first derived by Maxwell using method of images® and recently

solved using bispherical coordinates by Gongora and Ley-Koo:*’

C= 4118(,8%2}";0(1 + %)Cl(coshnl)C,(coshnz)csch [(l +
1
;) (1 = m2)] Eq.2

In Eq. 2 the two spheres are positioned along z-coordinate are
15 defined by a and 7; in the bi-spherical system with r; =

alcschn;| and z; = acothn;. The function C;(coshn,) is defined
as:

Ci(coshny) =

1 In 1, 11,3 3 2
ZI_NI(S@ChTh)Z 2F1(E+Z’E+Z‘l+5'sec}l ’71)

Eq.3
20 In Eq.3 N; are normalization factors of the Legendre polynomials
(Ng=1,N; =1,N, =0.5,N; = 0.5,N, = 0.125,N; = 0.125
etc.) and ,F; is the hypergeometric function. Unfortunately, as
shown in Fig.3b, the two-sphere model does not capture well the
potential field distribution outside of the two-electrode separation

symmetrical meniscus-ended electrodes separated by (b) glycerol and silicone oil, (c-d) water as function of (b-c) separation distances (base-to-base) and
(d) tip-to-tip separation distances defined in (a).
specified. To theoretically take into account the meniscus shape,

we also compare the experimental data in Fig. 3d to both

s gap and along the cylinders (with and without tubing).
Consequently, the analytical model significantly under predicts
the capacitance. However, as in the case of flat-ended cylinders,
the simulated values match the experimental values reasonably
well (see Fig. 3d). As observed in the experiments, the simulated

s capacitance of the hemisphere-ended cylinder system exceeds
that of flat-ended cylinder system for separation distances greater
than ~0.1 mm. This effect likely stems from combination of the
electric field distribution and larger interfacial “cap” area of the
hemisphere (2mr? vs. ).

35

2.2 Single Channel Two-Liquid Capacitive Strain Sensor

2.2.1 Device Fabrication Procedure
The results presented in Section 2.1 show that a two-liquid
capacitor can have C~5-8 pF with a footprint of only 1-2 mm?
w0 (i.e. ~50 fold reduction comparing to two channel capacitors).
Motivated by these results, in this Section we explore viability of
a single-channel two-liquid capacitive strain sensor. This device
differs from the experimental setup used in Section 2.1 in that the
liquid metal electrodes and the liquid dielectric are encapsulated
4s within a single channel as oppose to having two liquid metal
filled tubes separated by a liquid dielectric bath. As shown in

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 4

Page 4 of 8



Page 5 of 8

o

2

Y

15

S

Lab on a Chip

schematic in Fig.4, the device was fabricated by casting
clastomer solution over a 3D printed rectangular casing pierced
by a horizontal stainless steel shaft. After thermal curing of the
elastomer, we created the two-open ended cylindrical channel by
removing the casted elastomer from the mold and pulling out the
steel shaft. Filling of this channel with liquid metal electrodes
separated by the liquid dielectric was the primary challenge in
fabricating the two-liquid capacitive strain sensor. In principle
this could be achieved by altering flow of the two liquids.
However, flowing of silicone oil, glycerol, and water into the
PDMS channel filled with GalnSn resulted in residual liquid
metal patches adhering to the channel walls (see Fig. 4c). In
general, this can be attributed to the formation and resulting
morphology of the gallium oxide shell-substrate interface.'> To
resolve this issue we “lubricated” the PDMS channel prior to
flowing GalnSn with flow of the dielectric liquid, preventing
residual GalnSn adhesion to the PDMS walls. This observation
was also recently reported by the Dickey group.®' After
lubricating the channel with the dielectric, we injected liquid
metal via a small temporary vertical hole near the middle of the
channel. Temporarily sealing of one of the channel ends enabled
the liquid metal to push out about half of the dielectric liquid out

(a) (2) PDMS casting

R = T |
[ —— |
bl L \ J

|

3D printing casing stainless steel shaft uncured PDMS

(3)'post-thermal curing
— . ey = P
{ |

ready PDMS channel

(4) channel lubrication

= glycerol injection=>

(5) 1%t center hole & LM injection
pushing ~50% glycerol out

(6) 2" center hole & LM injection
pushing majority of glycerol out
)
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electrical wire/ /
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.
(d) "ppms
liquid metal
(LM) glycerd

Fig.4 (a) Schematic of the single channel two-liquid capacitor fabrication

25 procedure and its mounting in the (b) strain testing setup; (c) image

showing residual liquid metal (LM) after it was partially pushed out with
glycerol flow, (d) image of fabricated 1.6 mm diameter two-liquid
capacitor fabricated using procedure shown in (a).

of the channel through the open-end. After sealing of the first
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vertical hole with PDMS, majority of the remaining liquid
dielectric was pushed out through the previously sealed end by
liquid metal that was injected through a second temporary
vertical hole made nearby the original one. The image in Fig.4d
shows that this procedure avoids sticking of liquid metal to the
walls and can be used to fabricate single channel GalnSn-
glycerol-GalnSn and GalnSn-water-GalnSn junctions. Since the
surface tension of glycerol (63 mN/m) and water (72 mN/m) is
much smaller than that of GalnSn (718 mN/m), the liquid metal
forms a convex or “bulging” hemispherical meniscus on both
sides of the junctions.

2.2.2 Device performance

The described procedure could be used to repeatedly fabricate
single channel two-liquid capacitors with glycerol and water as
dielectric liquids. However, fabrication of a complete two-liquid
device that was stable in “static” conditions did not guarantee its
stability during stretching. For example, the image in Fig.5a
shows that during initial stages of stretching of the GalnSn-water-
GalnSn capacitor, the liquid metal electrodes did not move
gradually, but “snapped” leaving behind residue on the PDMS
walls. The sudden movement and residual GalnSn indicate that
the oxide shell grew at the liquid metal-PDMS interface causing
the high adhesion. Consequently, we found use of water as
dielectric liquid to be impractical, and focused on capacitors
filled with glycerol.

Due to the manual nature of the current fabrication process the
electrode-to-electrode separation distance was difficult to control.
The minimal menisci tip-to-tip distance that we were able to
fabricate using this procedure was ~2.3 mm. This system had an
unstrained capacitance (Cy) of 1.1 pF with a footprint of about 3
mm’. We observed that the separation distance between the two
electrodes can be reduced by compressing the other edges of the
PDMS channels filled with liquid metal. This forced some of the
glycerol stored in-between the electrodes to flow into the thin
annular gap along the PDMS and GalnSn interface. Using this
approach we were able to reduce the tip-to-tip electrode
separation distance down to ~0.5 mm to ~1 mm, which produced
capacitance of ~2 pF to ~1.4 pF with a corresponding footprint of
~0.8 mm” to 1.6 mm?.

We measured the capacitance of several glycerol-liquid metal
capacitors channels during stretching using the setup illustrated in
Fig.4b. The plot in Fig.5b shows the response to strain of devices
that had as-fabricated electrode separation distance (s5 to s7) as
well as several devices that had the electrode-separation distance
reduced by compressing the outer edges of the PDMS channels
(s1 to s4). All the devices had initial tip-to-tip separation distance
in the range of ~0.5 mm to ~2.5 mm. Since the devices had
different initial electrode-to-electrode spacing, the data is
presented in absolute terms. While all the data follows the trends
expected from Fig. 2 and 3 as well as simulation of the system,
the geometry of devices was by the stretching process in two
ways. The first mode involved separation of the liquid metal
electrode induced by the device stretching. The plot in Fig. Sc
shows stretching data for the “s2” device with corresponding
images of the electrodes prior to and at the end of stretching. One
of the electrodes in this device was separated into two parts
through gradual necking as

This journal is © The Royal Society of Chemistry [year]
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glycerol outflow into the annual region separating PDMS and the electrodes.

the device was stretched. Separation of the two electrodes created
two capacitors in series, which significantly decreased the total
capacitance. The role of the glycerol outflow from the electrode
separation region is clearly highlighted in the second scenario
illustrated in Fig.5d and Se. Specifically, neither of the electrodes
separated as the menisci tip-to-tip distance was increased from ~2
mm to ~5 mm (stretch ratio of 5/2~2.5). Plot in Fig. Se shows that
during this part of stretching the PDMS length and the menisci
tip-to-tip distance were roughly proportional, with a stretch ratio
of ~2 observed for PDMS. However, during the retraction the two
distances did not decrease proportionally. In particular, the
separation distance between the electrodes decreased below the
starting ~2 mm to ~0.1 mm. Naturally, for this to occur the
glycerol must have been displaced by the liquid metal. The
decrease of the electrode distance increased the capacitance to
~2.5 pF from the starting Cy ~1.4 pF. For this device, glycerol
outflow to the annual region only caused necking during the first
stretching and retraction (back) cycle. The images in Fig.5e show
that the one of the electrodes finally separated during the second
stretching cycle. We schematically show in Fig.5f that both the
electrode necking and breaking are due to glycerol outflow into
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a

device length and electrode menisci tip-to-tip separation distance during stretching, and (f) schematic of the glycerol device failure modes induced by

the annual region between the electrode and PDMS. Once excess

s glycerol is stored within this region, stretching of the device
induces radial stresses which force the glycerol to break up the
liquid metal electrode.

3. Conclusions

In this work we introduced a novel concept for a capacitor
consisting of a liquid dielectric sandwiched in-between two liquid
metal electrodes within a single straight cylindrical channel. In
the first part of this paper, we used simulations and a simple setup
consisting of two liquid metal filled tubes submerged in dielectric
liquid bath to quantify the effects of the electrode geometry
including diameter, separation distance, and menisci shape as
well as dielectric constant of the insulator liquid on the system’s
capacitance. We demonstrated that by replacing silicone oil with
glycerol and water a three to five fold increase in the system’s
capacitance can be achieved. This increase is substantial but not
as large expected based on the ratio of the dielectric constants of
the insulator liquids. Using simulations we showed that this effect
is due to the presence of low dielectric constant tubing (PVC and
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PDMS). Using simulations we also demonstrated that electric
fringe effects outside the separation gap and along the cylinder
are responsible for the capacitance scaling with radius of the
electrodes not its square. We found that for all geometries the
measured capacitance cannot be predicted by classical analytical
models for parallel plate or two-spheres capacitors and that full
system numerical simulation is required to adequately capture the
electrical field distribution. With optimal geometry comprised of
hemispherical menisci and minimal separation distance, we found
that glycerol and water systems with capacitance of ~5 pF to ~8
pF and a footprint of only ~1-2 mm? are feasible.

In the second part of this paper, we explored feasibility of
using a two-liquid capacitor within a single PDMS channel for
hyperelastic strain sensing. Residual GalnSn adhesion to the
channel walls was prevented by lubricating the PDMS channel
with water and glycerol prior to liquid metal injection. This
enabled fabrication of single-channel liquid metal capacitors
separated by glycerol and water. Unfortunately, oxide regrowth at
the GalnSn-PDMS interface in presence of water rendered strain
sensors with water as dielectric material impractical. In particular,
when stretching, the liquid metal electrodes did not deform
gradually, but suddenly “snapped” leaving behind residual
GalnSn on the PDMS walls. This behavior was not observed in
glycerol devices, indicating persistent PDMS wall lubrication by
this dielectric liquid. For glycerol devices fit within a 1.6 mm
diameter channel, the minimal menisci tip-to-tip distance that we
achieved with and without compressing of the device’s outer
edges was ~0.5 mm and ~2.3 mm, corresponding to capacitance
of ~2 pF and ~1.1 pF with footprint of ~0.8 mm? and ~3 mm?
respectively. Thus, we demonstrated that a single PDMS channel
two-liquid capacitor can have about a ~25 fold higher capacitance
per sensor base area as compared to current winding two-channel
capacitors (2 pF/0.8 mm? vs. ~10 pF/100 mm?). However, further
experiments revealed that the liquid metal electrode geometry
was altered by stretching. In particular, pressure induced by the
stretching caused outflow of glycerol from the region separating
the electrodes to the annual region between the electrode and the
PDMS channel wall. As a result, necking and breaking of the
liquid metal electrodes was observed. Thus, while enabling
fabrication and facile movement of the liquid metal electrodes,
the presence of the “lubricating” glycerol also causes failure of
the two-liquid capacitor.

Our work illustrates that single channel two-liquid capacitors
could provide a ~25 times more compact alternative to current
capacitive liquid metal strain sensors. However, application of the
two-liquid capacitor to strain sensing is limited by glycerol-liquid
metal fluid dynamics induced by stretching. We note that this
does not represent a fundamental barrier, rather a problem that
could be resolved by an alternative fabrication procedure or
altered design. Possible alternative designs could include
modification of the channel wall surface to reduce GalnSn
adhesion,'> '** 3% ** alternative channel filling procedure®® or
hybrid approach between the single channel design and
multichannel design recently introduced by Ota et al.*> Another
possibility is to include an “overflow” region for the glycerol
squeezed out of the center region.

4. Experimental Section
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Materials

6 GalnSn with the composition of 68.5% Ga, 21.5% In, and 10%

Sn was purchased from Rotometals. Water was purified to a
resistivity of 18 MQ-cm using Thermo Scientific™ Barnstead™
NanoPure™ system. Glycerol (=99.5%, Sigma-Aldrich G9012)
and silicone oil (viscosity 100cSt, Sigma-Aldrich, 378364) were
used as the other two dielectric liquids. Elastomer substrates for
capacitive strain sensors were fabricated by mixing elastomer
base weighing 10 parts (around 15 g) and curing agent weighing
1 part (around 1.5 g) (Dow Corning, Sylguard 182, silicone
elastomer kit).

Two liquid metal filled tube within dielectric bath setup

The ABS system housing was 3D printed using Makerbot
Replicator 2X and filled with the dielectric liquids. The housing
had two ports for passing liquid metal channels made of 1mm or
2mm internal diameter (ID) Masterkleer PVC tubing (Mcmaster-
Carr), which was connected to 1 mL plastic syringes (Mcmaster-
Carr) with corresponding 0.08 cm or 0.2 mm ID and 1.26 cm
length blunt tip dispensing needles (Mcmaster-Carr). The spacing
between the ends of the liquid metal tubes was adjusted using two
micro-positioning stages (Deltron, 1201-XYZ) attached to the 3D
printed syringe holders using adhesive tape. For all of the tests,
we used 889B Bench LCR/ESR Meter to measure capacitance
and dissipation factors at frequency of 200 kHz and voltage of 1V
in parallel mode. A home-made faraday cage was used to shield
the devices from electromagnetic interference during
measurements. To make electrical contacts, copper wires were
soldered onto the conductive syringe needles. The stray
capacitance of the system was quantified with just air at different
levels of relative humidity as well as long electrode separation
distances. The results presented in Fig. S4c-e show that the stray
capacitance was negligible.

To study the effect of the liquid metal meniscus shape on
device capacitance, the bottom of the 3D printed housing was
replaced by pre-cleaned glass slide (Thermo Scientific). This
modification enabled detailed visualization of the meniscus shape
using transmitted light in Zeiss Axio-Zoom V 16 microscope
fitted with a Z 1.5x/0 37 FWD 30mm lens. Menisci with two
different spherical-cap shapes characterized by the metal-tube
contact angles of ~60° and ~90° were fabricated by manually
adjusting the syringes. The capacitance was measured off-site
within the faraday cage after the geometry of the device was
adjusted under the microscope.

Single channel two-liquid capacitor fabrication procedure
The channel was fabricated within a single step by casting the
elastomer solution over a 3D printing rectangular casing pierced

s by a 1.6 mm diameter and 7.6 cm length stainless steel shaft

(McMaster-Carr). The PDMS solution was mixed in petri dishes
and poured into the mold. Before curing the PDMS mixture was
degassed for around 30 minutes until all air bubbles escaped.
Subsequently, the casted was heated for 1.5 h at 85°C on hot
plate. After curing, the cast was removed from the mold, with the
steel shaft simply pulled out to create the two open-ended channel
with circular cross-section. To fabricate the three sandwiched
liquids layout while preventing the liquid metal from adhering to
the wall of the channel during stretching, we injected the

us dielectric liquids first in order to lubricate the channel. Next, we

blocked one side of the channel with a syringe and injected
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GalnSn by piercing a hole through the top of the PDMS into the
channel using 1 mL syringe with 1.26 cm long 0.03 cm ID blunt
tip dispensing needles (McMaster-Carr, 75165A686). As a result
the insulating liquid was ejected from the free side of the channel.
To prevent leakage during testing, we sealed the vertical hole
with a few drops of the uncured elastomer to the hole on the top
and let it cure naturally without additional heating (to prevent
hardening of the PDMS). After the first hole was sealed, another
point located a specified distance away from the first one was
made and liquid metal was injected again to push out majority of
the dielectric liquid from the channels. The result was a
controlled amount of dielectric liquid separating the GalnSn. To
finalize the device fabrication, wires were inserted into the ends
of the channels.

PDMS sensor stretching experiments

The ends of the PDMS devices were mounted onto two micro-
positioning stages (Deltron, 1201-XYZ) by sandwiching them
between flat acrylic “clamps”. For experiments involving the
devices with “compressed” non-facing ends, the channel ends
were fitted with a thin copper wire and sealed using silicone prior
to mounting on the stage (thus clamping compressed the ends of
the device). For testing of the not squeezed devices, the channel
ends were sealed after clamping onto the stage. During each
stretching step the device was photographed from top-down using
Nikon 3200 camera. The capacitance of the system without the
PDMS channel being filled with liquid metal electrodes (so wires,
stages etc.) in air below 50% relative humidity was below 0.15
pF for PDMS with length of ~2.7 cm.
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