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Abstract

Advances in soft electronics are enabling the development of mechanical sensors that can
conform to curved surfaces or soft objects, allowing them to interface seamlessly with the human
body. In this paper, we report on intrinsically deformable tactile sensing arrays that achieve a
unique combination of high spatial resolution, sensitivity, and mechanical stretchability. The
devices are fabricated via a casting process that yields arrays of microﬂuidic channels in low
modulus polymer membranes with thickness as small as one millimeter. Using liquid metal alloy
as a conductor, we apply matrix-addressed capacitive sensing in order to resolve spatially
distributed strain with millimeter precision over areas of several square centimeters. Due to the
use of low-modulus polymers, the devices readily achieve stretchability greater than 500%,
making them well suited for novel applications in wearable tactile sensing for biomedical
applications.
Keywords: tactile sensor, soft electronics, eutectic gallium indium, microﬂuidics, capacitance,
soft lithography
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

Stretchable or soft tactile sensors have been realized via a
variety of electronic structures and materials (e.g., piezoresistive composites [15–20] and liquid metal conductors
[1–5, 21–23]) embedded or integrated in bulk polymer
materials, most commonly polydimethylsiloxane (PDMS)
[9, 10] or other photocurable rubber like resin [24]. The
relative stiffness of PDMS-like substrates limits the level of
stretchability that can be accommodated, with the result that
most devices of this type are far stiffer than human skin.
Extrinsic stretchability has also been achieved through the use
of very thin polymer layers imprinted with geometrically
patterned metal ﬁlms [11–14]. However, the stretchability that
can be accommodated by such devices is limited by the ﬁlm
geometry. Moreover, the utility of these devices for tactile
sensing is limited by the thin, two-dimensional structure of
the devices.
Another approach described in the literature involves soft
polymer substrates (e.g., addition-cured silicone rubber) and
the measurement of resistance in arrays of conductive

The possibility of electronic devices with capabilities that are
similar to human skin has been a source of inspiration for
engineering over the course of many years. This vision has, to
date, eluded realization, despite progressive advances in
functional materials, devices, and integrated systems, as
existing devices are not yet able to match the sensory and
mechanical capabilities of biological skin. Here, we report on
research aimed at realizing this vision, including novel design
and fabrication methods for soft tactile sensors.
Soft tactile sensors described in the literature can largely
be described as operating based on resistive [1–5] or capacitive [6–14] principles. In addition, many ﬂexible tactile
sensors, with low bending stiffness, have also been developed, but these devices typically exhibit low stretchability,
due to the high elastic modulus of the substrate or conductive
elements, which prevent them from stretching to conform to
arbitrary curved or deformable objects.
0964-1726/16/075009+10$33.00

1

© 2016 IOP Publishing Ltd Printed in the UK

Smart Mater. Struct. 25 (2016) 075009

B Li et al

microchannels [1, 2, 25]. While this approach is useful for
force or strain sensing, these devices are unable to perform
tactile imaging, i.e., they are unable to capture spatial variations in strain induced by arbitrary surface pressure distributions. This is because greatly disparate strain patterns can
elicit identical measurements. Our approach, based on matrixaddressed capacitance measurements, avoids this shortcoming, enabling our devices to resolve strain or pressure
distributions with high spatial resolution.
Here, we describe and characterize soft tactile sensors
formed via liquid metal conductors (eutectic gallium indium,
(eGaIn), 75% Ga, 25% In by mass, melting point 15.7 C
[26, 27]) into microchannels cast in low modulus additioncured silicone polymer, using a custom mold designed using a
network of thin (200 or 300 μm diameter) nylon monoﬁlaments. Casting yields arrays of orthogonally arranged channels that, when ﬁlled, act as electrodes on distinct layers
within a thin (1 mm) silicone membrane, preserving high
stretchability (greater than 500%). Matrix-addressed capacitance sensing allows the device to resolve strain or pressure
distributions with spatial resolution as ﬁne as 1 mm−1. The
results hold the potential to enable new tactile sensing devices, from wearable personal computer interfaces to medical
sensors, that can conform to curved objects or to soft biological tissues, including the skin.

2.1. Configuration

The basic conﬁguration of the capacitive sensing array consists of two sets of eight microchannels (ﬁgure 1(a), 8×8
channel array), which are ﬁlled with liquid alloy eGaIn. In the
prototype shown in ﬁgure 1(d), the channel diameter is
300 μm, and the parallel channel spacing is 1700 μm. The
membrane thickness is 3 mm. The two microchannel planes
divide the thickness evenly into 3 parts (ﬁgure 1(b)). After the
microchannel array is ﬁlled with eGaIn and sealed, it retains a
high degree of stretchability, readily conforming to a human
ﬁnger (ﬁgure 1(d)).
Capacitance sensing principle. Each eGaIn-ﬁlled
microchannel functions as an electrode, forming a capacitor
with every orthogonal microchannel in the opposing layer.
Using electromagnetic transmission line coupling theory and
solid mechanics (see appendix), we obtained an analytical
model for the strain-induced change in mutual capacitance
between orthogonal pairs of cylindrical channels. The model
was experimentally validated through indentation testing
below (ﬁgures 2 and 6), yielding good agreement with measurements. The dominant effect is due to bulk compression of
the sample, which yields an increase in capacitance due to a
reduction in inter-channel distance. In the appendix, we
derive the effective mutual capacitance Ceff between a pair of
cylindrical electrodes, yielding an integral over the length of
the upper channel
Ceff =

2. Design, fabrication, and performance

2pe
log [h2 r +
´

We fabricated highly stretchable capacitive tactile sensor
arrays using a method we refer to as direct ﬁlament casting,
with a mold constructed from arrays of ﬁne nylon monoﬁlaments guided by a 3D printed ﬁxture frame. Two groups of
microchannels are embedded in orthogonal orientation on
separate planes of the silicone polymer substrate (ﬁgure 1(a)).
Microchannels ﬁlled with eGaIn serve as electrodes for
strain-sensitive capacitors. The change in electrical capacitance between every horizontal and vertical channel pair
reﬂects the local strain in region of intersection of the two
channels. In this way, the capacitive sensing array is capable
of detecting local strain through changes in capacitance
accompanying deformation. Since the mechanical properties
of the material and geometry of the device are known,
mechanical quantities, such as normal pressure or force, can
be directly calculated.
Prior approaches to fabricating circuits of eGaIn
embedded in soft elastomer have been described in the literature (e.g., microcontact printing, photoresist-based soft
lithography, and mask-based deposition). These methods
often terminate with the alignment and binding of two or
more separate layers of soft elastomer, which is difﬁcult to
control accurately. The fabrication method we introduce in
this paper can be used to create complex multi-layer eGaIn
circuits constructed via microchannels that are formed in a
single cast of addition-cured silicone polymer.
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where L is the length of the conductive channel, h1 and h2 are
the respective distances between the channels and the ground
surface, r is the channel radius, and ε is the material
permittivity. A ground surface at the base of the sensor
mimics our measurement conﬁguration.
Compressing the sample yields an engineering strain ò
that decreases the vertical displacement between electrodes,
so that hi ¢ = hi (1 -  ), for i=1, 2. By substituting this
relation in equation (A.14), one can then predict the extent of
change in Ceff with strain ò. Continuum mechanics dictates
that the electrode shape also deforms when subjected to an
applied stress [29]; this would also affect capacitance, but the
correction can be shown to be suppressed by a factor (r h 2 )2 ,
so we neglect it here. In the large strain limit (  1),
equation (A.14) predicts a quadratic change in capacitance
with strain, Ceff = C0 + a 2 , where α is a geometry-dependent constant. We assessed the resulting predictions via
laboratory measurements under indentation testing (ﬁgure 6;
see experimental section).
2.2. Fabrication

The device fabrication involves three main stages (ﬁgure 3). It
begins with the preparation of a mold to be used for casting
2

Smart Mater. Struct. 25 (2016) 075009

B Li et al

Figure 1. A sample of the soft, stretchable tactile sensing array, as fabricated via direct ﬁlament casting. (a) and (b) Illustration of the sensing
array. (c) Single capacitive element of the sensing array. (d) A stretchable 8×8 microchannel array embedded in a silicone rubber
membrane with dimensions 4 cm×4 cm×3 mm. Channels have circular cross section with diameter 300 μm.

Figure 2. Modeling the mutual capacitance between two orthogonal conductive channels. (a) Three-dimensional view of the channels. (b)

section view, illustrating geometric parameters. Reproduced from [28] with permission of AIP publishing.

the addition-cured polymer. This is followed by the casting of
the polymer membrane and microﬂuidic channels. Finally, the
channels are injected with eGaIn and the electrodes are
inserted into the channel ends for electrical interfacing.
Complete fabrication details for the samples described here
are given in the experimental section.
The ﬁlament ﬁxture frame was designed in CAD software and printed using a photopolymer 3D printer (Objet 30,
Stratasys Ltd.). After the printing and cleaning of the frame,
nylon ﬁlaments (South Bend Monoﬁlament, 200 or 300 μm
diameter) were spray coated with silicone polymer casting
release agent (Ease Release 200, Smooth-On, Inc.), and were
arranged in tension on two planes, guided by the frame.
Figure 3(b) shows the mold, ready for casting, with orthogonally arranged casting ﬁlaments. Liquid polymer components were mixed and poured into the mold. After curing,
ﬁlaments were extracted under tension, forming a membrane
with open microchannels. After sealing, the microchannels
were ﬁlled with eGaIn via syringe injection [4]. Electrodes
were then inserted and terminated on electronic data acquisition hardware in order to functionalize the stretchable
capacitive sensing array.
The diameter of a microchannel is determined by that of
the casting ﬁlament. A larger diameter channel yields a higher
nominal capacitance value. We explored trade-offs between
spatial resolution and capacitance magnitude, determining
that a diameter of 200–300 μm yielded the best results.
To further examine the possibility of fabricating smaller
features (<10 m m ) with this method, we varied the spacing,
Ds, of adjacent parallel channels and the separation, Dd , of

upper and lower channel layers. Filament positioning is
constrained by the resolution of the ﬁxture frame, which was
limited by the 3D printer resolution (600 dpi, or 42 μm) in our
experiments. Using ﬁlaments of diameter 300 μm, we fabricated devices with spacings of 100, 200, 700, and 1700 μm,
see ﬁgure 4. Despite the limited frame resolution, were able to
achieve channel layer separations of 8–30 μm. Depending on
application requirements, a smaller parallel channel spacing is
possible, limited only by the frame resolution. As further
illustrated by ﬁgure 4, a high-deﬁnition ﬁnish is achieved with
this casting method at length scales as small as 10 μm. This is
helpful toward ensuring that there are no defects that could
impair the ﬂow of liquid conductor, which could cause the
electrode to fail.
In further experiments, we fabricated thinner, higherresolution sensing arrays using the same method, including
23×23 microchannel sensing arrays with thicknesses 1 mm
(ﬁgure 5), and a spatial resolution of 1 mm×1 mm. The two
microchannel planes were positioned at depths of 200 and
800 μm from the top surface. Figures 5(a) and (b) illustrates
prototypes fabricated with ﬁlament diameters of 200 and
300 μm respectively. Stretchability of over 500% is easily
achieved without damaging the device (ﬁgure 5(c)).
2.3. Functional testing

In order to characterize the performance of the sensor, we
tested the device under displacement-controlled indentation,
and assessed its ability to perform tactile array imaging under
patterned indentation conditions. To further shed light on the
3
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Figure 3. Overview of the direct ﬁlament casting method. (a) Illustration of the procedure for sensor array fabrication method, based on direct
ﬁlament casting and 3D photopolymer printing. (1) Casting ﬁlaments of diameter of 300 μm are ﬁrst coated with release agent by spray
coating (Ease Release 200, Smooth-On, Inc.) and dried at room temperature. (2) The ﬁlament ﬁxture mold is modeled in CAD and prepared
via photopolymer 3D printer (Objet 30, Stratasys Ltd.), subsequently cleaned with isopropanol alcohol, then baked at 65 °C for 3 h to
eliminate any residual composites that would interfere with the silicone curing. (3) Release agent coated ﬁlaments are ﬁxed in parallel on two
planes that are aligned perpendicularly. (4) and (5) Uncured silicone rubber (Ecoﬂex 00-30, Smooth-On, Inc.) is degassed under vacuum
pressure (–29 inHg) and cast into the mold. After a complete cure is achieved, the ﬁlaments are extracted under tension, leaving open
channels in the silicone membrane. (6) and (7) The demolded membrane is transferred to a sealing mold, and all open channels are sealed in
an edge ﬁlling casting step. h,i) After the complete cured of the sealing material, eGaIn is injected into the channels via syringe, and ﬁne
electrodes are inserted, forming an electrical connection with the eGaIn. (b) The casting mold, with ﬁlaments.

300 μm, channel layer separation 700 μm, thickness 3 mm).
At zero load, the capacitance C0 was 0.32 pF (LCR meter,
LCR-819, GW Instek; ﬁgure 6(a)). Percent capacitance
change increased monotonically to a maximum of 240%
under a pressure of 630 kPa (ﬁgure 6(b)). Capacitance grows
monotonically over a range from 50 to 450 kPa, as shown,
and extending to 600 kPa (off scale). At very high pressure
and strain ( p > 630 kPa,  > 0.95, not shown) capacitance
decreased abruptly, due to the collapse of one or both
microchannels and concomitant loss in electrical connectivity.
The measurements were captured with a signal-to-noise ratio
(SNR) of 60 dB, which was limited by the instrumentation
rather than the device.
We compared these measurements to our model predictions by evaluating the integral expression (equation (A.14))
numerically for values of strain up to  = 0.75 (equivalent to
pressure 180 kPa), and utilizing a quadratic approximation for
large strain values (see appendix). As illustrated in ﬁgure 6,
the model exhibits excellent qualitative and quantitative
agreement with measurements at both low values of strain,
where it correctly predicts a non-monotonic nonlinear change
in capacitance, and high values ( > 0.75), where a quadratic
regime is observed, as expected.

limitations of this design, we measured performance during
high-amplitude stretching, characterized the hysteresis of the
sensor, and quantiﬁed coupling between adjacent sensing
elements.
In the ﬁrst set of experiments, we characterized the stress
and strain response of an individual capacitive sensing elements under indentation testing. Indentation was performed
using a circular metal plate with a diameter of 4 mm, centered
at the intersection of two orthogonal channels. A high-precision digital LCR meter (LCR-819, GW Instek, ﬁgure 6(a))
was connected to the interface electrodes of the two conductive channels that form the sensing element in order to
measure the capacitance change. During loading, we concurrently measured capacitance change, strain, and pressure
(force per unit area). Because the measured capacitance value
is small (sub-picofarad range), the LCR meter was conﬁgured
to work in parallel circuit mode with the probe frequency
setting at 100 kHz.
A high resolution force test stand (ES-20 and M5-20,
Mark-10, Inc.) was used to apply vertical indentation and to
measure displacement and force. A ﬁrst set of tests was performed with a single sensing element comprised of two
orthogonal microchannels (ﬁgure 1(b), channel diameter
4
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Figure 4. Optical microscopy of the fabricated devices. (a) An 8×8 microchannel array, channel diameter 300 μm, channel spacing

1700 μm, layer. (b) Microscope image (top view) showing two adjacent channels in the upper channel layer. A channel in the lower layer is
visible in the background. (c) and (d) Microscope images (side view) of the channel array, showing the vertical separation between upper and
lower channels (c) and the channel cross-section (d). (e) Microscope image showing the range of achievable channel spacing channel
spacings. The minimum shown here is 100 μm, limited by the accuracy of the 3D printer used to prepare the casting mold. Side view images
were formed by transecting the membrane with a razor. Deviations of the channel cross section from circularity are due to the impreciseness
of cutting the elastomer substrate. (f) A group of optical microscope images illustrating the range of achievable layer separations, which may
be as small as 8–30 μm.

Figure 5. Microchannel arrays of different geometries fabricated by direct ﬁlament casting method. (a) and (b) 23×23 channel arrays with

thickness of 1 mm, channel diameter of 200 and 300 μm respectively. (c) The thin sensing array yields high stretchability, well over 500%.
Reproduced from [28] with permission of AIP publishing.
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change in output capacitance that could primarily be attributed to the roughly four-fold decrease in the thickness of the
device under stretching. This quantity of stretching was far
greater than what is needed for conforming to curved or soft
objects. When the imposed stretching is released, the normal
performance of the device (ﬁgure 6) is reproduced with high
accuracy (change in capacitance is less than 0.13%), and no
further change is observed after 20 or more cycles of
stretching and relaxing.
In principle, the output of a sensing element could be
inﬂuenced by a load that is imposed over an adjacent cell, due
to mechanical or electrical coupling. However, we found this
effect to be small, averaging less than 1% over the operating
range of the device (ﬁgure 8(c)). We also measured hysteresis
during a loading–unloading cycle, and observed less than 3%
difference in measured values over the entire operating range
of the device (ﬁgure 8(b)). A modest strain-rate dependent
attenuation of approximately the same size (i.e., 3% or less) is
observed at loading speeds greater than about 2 Hz.

3. Discussion and conclusions
This paper presented highly deformable tactile sensing arrays
based on a combination of low modulus addition-cured
polymers with microﬂuidic conductor circuits and matrixaddressed capacitive sensing. We reviewed the design of
these sensors, presented a model of their operating principle,
described a new method for fabricating similar devices, and
characterized the performance of sensors that we produced.
Compliant, thin tactile sensing devices with high spatial
resolution are desirable for emerging applications in biomedical sensing, wearable computing, and related areas.
The direct ﬁlament casting method presented here is low
in cost and complexity, yields devices with high resolution
and sensitivity, and does not require specialized facilities.
Fabrication can be accomplished via a single-step casting
procedure. It does not require the alignment and binding of
polymer sheets, a procedure that is often required in soft
lithography, but which is difﬁcult to control when applied to
very soft polymers. The channel diameter, channel spacing
and channel layer separation can be freely speciﬁed. We used
this method to produce highly deformable, thin, 23×23
element sensor arrays with 1 mm−1 spatial resolution. The
sensors prove to be sufﬁciently sensitive for tactile sensing,
exhibiting a monotonic increase of capacitance, up to 240%,
with applied pressure (ﬁgure 6(b)). Using a matrix-addressed
capacitance sensing scheme, we demonstrated the ability of
these sensors to capture tactile images that encode pressureinduced strain in the two-dimensional array (ﬁgure 7). Our
method depends on the preparation of a casting mold via
additive or subtractive manufacturing. To this end, we used
high-resolution 3D printing to construct a mold and frame for
guiding ﬂexible monoﬁlaments that create microchannels in a
membrane. Although this approach is capable of realizing
dense linear arrays of electrodes (ﬁgure 4), and provides
considerable ﬂexibility of design, it offers only limited control
over microchannel path shape. Straight channels are simplest

Figure 6. Single point characterization of the sensor response under
stress-controlled loading. Capacitance values were measured via
LCR meter, averaged over ﬁve readings. (a) Apparatus, with LCR
meter, force gauge, and digital micrometer. (b) Change in
capacitance with increasing load, compared with predictions of our
model (equation (A.14)), demonstrating excellent qualitative and
quantitative agreement.

We further evaluated the spatial imaging capabilities of
the array using indentation stamps of varying geometry.
Percent capacitance change was recorded under strain-controlled loading (ﬁgure 7). A circular indentation plate with
diameter of 4 mm (enclosed by dash line) was used to indent
the 8×8 capacitive array. Two indentation depths were
used: 1.88 mm and 2.41 mm (ﬁgures 7(b) and (c)).
A four-point stamp made of plastic (VeroBlue,
RGD:840, Stratasys Inc) was used to indent the sensing array
(ﬁgures 7(d) and (e)), each point contacting the device at a
circular area with diameter 2 mm. Sensing elements within the
indented area (denoted by dashed circles) demonstrated
increased capacitance, while the adjacent elements outside
this area did not. The use of a plastic tip also led to reduced
fringing electromagnetic ﬁeld effects in nearby sensing elements (ﬁgure 7(d)). Since the contacting material cannot
generally be speciﬁed, we discuss further measures for
electromagnetic disturbance rejection below. A cross-shaped
indentation stamp yielded increased capacitance over a
similarly shaped area (ﬁgure 7(f)).
In order to shed further light on the performance of this
device in limiting regimes, we measured sensor output during
large-amplitude biaxial strain (200% ´ 200%, ﬁgure 8(a)),
using a measurement conﬁguration that was otherwise identical to results reported above (ﬁgure 6). This yielded a
6
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Figure 7. Tactile imaging by fabricated stretchable sensing array with different indentation patterns: (a) The conﬁguration of experimental

vertical indentation set-up with a circular indentation plate of diameter 4 mm. (b) and (c) Capacitance change imaging under circular plate
indentation. Discrete measurements at each sensing element are interpolated. Two indentation depths d are shown, 1.88 mm and 2.41 mm. (d)
and (e) Interpolated capacitance change image from a plastic four-point indentation pattern. Two indentation depths d are shown, 1.88 and
2.41 mm. (f) Image obtained from a cross-shaped indentation tip. Dashed lines in each image show the indentation stamp proﬁle.

Figure 8. (a) Sensor performance is altered under high biaxial strain, but exhibits similar qualitative behavior as in the unstretched case. The

increase in lateral stretching simulates an increase in normal load on the device, since thickness is decreased. (b) Measurement of hysteresis
effects in the device during loading (upper curve) and unloading (lower curve) indicated a mean difference of 3% between the two. (c)
Despite the potential for mechanical and electronic crosstalk, there was little change (1% increase) in the output of sensing elements adjacent
to those placed under load.
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Table 1. Geometric parameters used for capacitive sensing array fabrication.

Parameters
Spatial resolution
Capacitance upper layer depth
Capacitance lower layer depth
Device thickness
Mold size
Microchannel diameter

Conﬁguration 1

Conﬁguration 2

Conﬁguration 3

2 mm
1 mm
2 mm
3 mm
4 cm×4 cm
300 μm

1 mm
100 μm
500 μm
1 mm
3 cm×3 cm
300 μm

1 mm
200 μm
600 μm
1 mm
3 cm×3 cm
200 μm

Stratasys, Inc) with a UV cured polymer (VeroBlue
RGD:840, Stratasys, Inc). The mold surface is rinsed with
isopropanol alcohol and is baked in a thermal chamber at
65°C for 2 h in order to remove any residual chemicals that
could affect silicone curing.
Plastic nylon ﬁlaments (South Bend Monoﬁlament, 4 or
12 lb) are lightly coated with a thin layer of silicon rubber
release agent (Ease Release 200, Smooth-On, Inc.) via spray
coating. The ﬁlament is dried at room temperature for 10 min,
and stretched across the 3D printed mold using a ﬁxture to
maintain tension in the ﬁlaments (ﬁgure 5(a)). Geometric
parameters used in the fabrication of the prototypes are listed
in table 1.
The device is cast using addition-cured polymer elastomer, Ecoﬂex 00-30 (Smooth-On, Inc.), which is compliant
and stretchable with excellent mechanical and dielectric
properties: M100 modulus of 10 psi, 900% elongation at
break, 0.1% shrinkage and dielectric strength of
13.8 ´ 106 V m−1. Depending on application requirements,
other soft polymers could be used.
Following the preparation of the casting mold, the
uncured liquid polymer mixture is prepared. Both parts are
dispensed in a ratio of 1:1 by volume into a plastic beaker and
thoroughly mixed. Within the pot life of the mixture (45 min),
the period of time this reactive mixture remains castable, the
viscosity of the mixture increases with time and temperature.
The low viscosity mixture is degassed under vacuum pressure
of –29 inHg before being cast into the mold. Mixing should
be completed in at most ﬁve minutes in order to ensure that
trapped air bubbles can be eliminated before ﬁnal curing. In
order to ensure uniform sample thickness, the mold is overﬁlled and covered with a glass slide, using light pressure to
squeeze out excess material. At room temperature, the silicone rubber requires 4–6 h to cure completely. By increasing
the environmental temperature, the curing process can be
expedited, at the risk of trapping residual air bubbles in the
mixture, yielding degraded rubber. After complete curing (6 h
at room temperature), all ﬁlaments are extracted out under
mild tension, leaving open channels embedded in the silicone
rubber substrate.
The sample is then transferred into another casting mold
for channel sealing. The cured silicone rubber can readily
bond to uncured silicone rubber. Using this property, all
channels are able to be sealed by casting partial cured silicone
rubber mixture around the edges with a second mold. Four
hours are then required for curing at room temperature.

to realize. We are exploring extensions of this method for
creating more complex channel geometries in ongoing work.
Nonetheless, these geometric constraints constitute a source
of limitation to our approach.
The use of liquid metal electrodes in this device is
instrumental to realizing very high levels of stretchability, but
does introduce its own limitations that may affect its applicability in different domains. The eGaIn alloy used in our
prototypes solidiﬁes below 15.7 °C. Other commercially
available Indium alloys exist that remain liquid to 6.5 °C. (In
contrast, the polymer substrate operating temperature extends
from –53 °C to 232 °C.) Thus, the device is well-suited to
applications to wearable sensing of signals near the body’s
surface, which would regulate the temperature, while in other
application domains, such as tactile sensing for ﬁeld robotics,
thermal regulation may be a signiﬁcant concern. In such
applications, ionic liquid conductors could also be used.
Apart from phase changes, thermal ﬂuctuations are expected
to yield strains that affect the sensor performance in ways that
are negligible compared to the variations (such as hysteresis,
see section 2.3) due to the material properties.
Our results suggest several potential areas for improvement, which we are pursuing in ongoing work. The ﬁrst is to
reﬁne the mechanical design of the device, in order to allow
greater control over the sensitivity and dynamic range of the
sensor. In one approach, we are designing a method for
introducing further geometric structure, including air cavities,
that can affect the constitutive (stress–strain) behavior of the
sensor, and, through it, the sensing performance. Another area
of potential improvement is to increase the effective overlap
between channels, which would increase the capacitance
magnitude and reduce fringe capacitance effects. A further
measure that we are investigating is to add additional conductors, including ground traces or planes, to the bulk and/or
surface of the device to reduce interference. Such conductive
elements may be integrated using a number of techniques
described in the literature, including polymer doping (with
carbon or nickel), spray coating or deposition (with, e.g.,
carbon nanotubes or silver nanowire).

4. Experimental details
The fabrication process begins with the design and preparation of the ﬁlament ﬁxture frame and casting ﬁlaments. A
ﬁlament ﬁxture frame is modeled in CAD software and
printed via photopolymer-based 3D printer (Objet30,
8
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Figure A1. Modeling of mutual capacitance between two orthogonal conductive channels. (a) and (b) A potential distribution at each point (x,

y) in a semi-inﬁnite half-space is induced by a line charge parallel to a grounded surface, and may be computed using the method of images
and superposition principle. (c) A transmission line coupling model of capacitance between two channels, conventionally labelled as the
aggressor line and the victim line, as noted in the ﬁgure.

Consider a line charge parallel to a large ground surface
at a distance h1 (ﬁgure A1 (a) and (b)). At any location (x, y)
in the semi-inﬁnite half space delimited by the ground surface, the electrostatic potential f (x, y) can be computed using
the method of images, together with the superposition principle. One obtains
-q
q
f (x , y ) =
log R 2 +
log R¢2
4pe
4pe
⎛ R¢ 2 ⎞
q
(A.1)
=
log ⎜ 2 ⎟ .
⎝R ⎠
4pe

Once the channel sealing material is cured, a syringe with
a needle gauge of 29 is used to inject eGaIn into every sealed
microchannel. A second syringe is used to evacuate air in the
microchannel. Copper electrodes are then inserted, and sealed
with silicone adhesive (Sil-Poxy, Smooth-on, Inc) to prevent
possible leakage along the electrodes.
For the sensor characterization, the equivalent circuit of
the LCR meter was set to parallel mode, and the probe frequency was set to 100 kHz; both the metal indentation plate
and the metal platform where the sensor was seated are
connected to the signal ground of the LCR meter to minimize
environmental electromagnetic interference. For array-based
measurements, we developed a custom measurement circuit
on a printed circuit board, designed around a capacitance
measurement integrated circuit (AD7745/7746, Analog
Devices, Inc.). We used matrix-addressed circuitry to sample
sensor values across the entire array, with a per-sample time
interval 12.5 ms.

Here, R and R¢ are the distances between the point (x, y) and
the location of the line charge and its image line charge
(below the ground surface), respectively, given by
R 2 = x 2 + ( y - h1)2 ,

(A.2)

R¢ 2

(A.3)

=

x2

+ ( y + h1

)2 .

The capacitive coupling of two orthogonally intersecting
transmission lines (conventionally referred to as the ‘aggressor’ and ‘victim’ line; see ﬁgure A1(c)) can be computed
using the theory of capacitive transmission line coupling and
current conservation. First, a potential is induced on the victim line by the aggressor, yielding a current iav, which ﬂows
from aggressive line to victim line, with an equal current, ivg,
returning to ground from victim line. Applying current conservation yields
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Appendix
In this appendix we present a derivation of the model for
electrical capacitance between microchannel electrodes that is
the basis of the sensing principle applied in the paper. One
can compute the mutual capacitance between a pair of
orthogonally arranged conductive microchannels, like those
that constitute the sensing elements in our device, by combining the electrostatic method of images, the superposition
principle, and elements of transmission line coupling theory.
A model for capacitance as a function of engineering strain
can be obtained as follows.

iav = ivg

(A.4)

iav = (fa - fv ) jwCm

(A.5)

ivg = fv jwCv,

(A.6)

where Cm is the mutual capacitance per unit length. Thus, we
have
Cm =

fv
Cv,
fa - fv

(A.7)

where fa and fv are the electric potential ﬁeld of the aggressor
and victim line respectively. Cv is the victim line capacitance
per unit length relative to ground surface, which can be
9
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calculated using the electrostatic method of images. This
yields
pe
(A.8)
Cv =
,
log [(h2 r ) + (h2 r )2 - 1 ]

measurements over the same range. In the high strain limit
(  1), the dominant contribution to (A.14) is found to be
proportional to (1 -  )2 , implying a quadratic dependence
of capacitance on strain. This was found to correspond
well to the empirical behavior of the device in the high strain
limit.

where, h2 is the height of the victim line above the ground
surface. r is the radius of the channel. We may compute the
potential fv of the victim line by substituting its coordinates
(x, h1) into equation (A.1), yielding
⎡ x 2 + (h2 + h1)2 ⎤
q
log ⎢ 2
⎥.
⎣ x + (h2 - h1)2 ⎦
4pe

fv =
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In order to compute the electric potential of the aggressor
line, note that the charge q on this conductive channel is
distributed on the surface of the channel. If the charge density
along a circumference is ρ, the we may readily compute fa in
polar coordinates. From the method of images, there are two
contributions to account for:
fa = f q- + f q+
f q- =

ò0

2p

- rl
log (r 2) r dq
4pe

rl
log (r 2 + 4h12 - 4hr sin (q )) r dq
4pe
Performing the integrals yields
f q+ =

ò0

(A.11)

2p

⎞
⎛ r 2 + 4h 2
4h
1
log ⎜
- 1 sin (q ) ⎟ r dq
2
r
r
⎠
⎝
⎛ 4h 2 ⎞
q
log ⎜ 21 ⎟ .
=
4pe
⎝ r ⎠

fa =

(A.10)

rl
4pe

(A.12)

2p

ò0

(A.13)

The effective mutual capacitance between the conductive
channels can be calculated by integrating the mutual capacitance per unit length Cm(x) along the victim line. Applying
equation (A.7), and exploiting the symmetry of the problem,
we obtain
Ceff = 2Cv
=

ò0

L 2

Cm (x ) dx
2pe

log [(h2 r ) +
´

ò0

L 2

(h 2 r )2 - 1 ]
⎡ x 2 + (h + h )2 ⎤
log ⎣ x 2 + (h 2 - h1)2 ⎦
2
1
dx
4h12
⎡ x 2 + (h 2 + h1)2 ⎤
log r 2 - log ⎣ x 2 + (h - h )2 ⎦
2
1

( )

(A.14)

where L is the length of the victim line.
The model expressed in equation (A.14) predicts the
sensor performance through the change in capacitance Ceff
with strain  or pressure p. The integral over L cannot be
performed analytically, but is readily computed numerically.
For our system, this is possible up to comparatively high
values of strain (  0.75), at which the numerical integration
becomes unstable. As illustrated in the manuscript, this
model yields good quantitative agreement with laboratory
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