IOP PUBLISHING

JOURNAL OF MICROMECHANICS AND MICROENGINEERING

doi:10.1088/0960-1317/20/12/125029

J. Micromech. Microeng. 20 (2010) 125029 (6pp)

Hyperelastic pressure sensing with a
liquid-embedded elastomer
Yong-Lae Park1,4 , Carmel Majidi2,4 , Rebecca Kramer2 , Phillipe Bérard3
and Robert J Wood1,2
1

Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA, USA
School of Engineering and Applied Sciences (SEAS), Harvard University, Cambridge, MA, USA
3
Laboratory of Intelligent Systems (LIS), Ecole Polytechnique Fédérale de Lausanne (EPFL),
Lausanne 1015, Switzerland
2

E-mail: rjwood@eecs.harvard.edu

Received 1 September 2010, in final form 25 October 2010
Published 29 November 2010
Online at stacks.iop.org/JMM/20/125029
Abstract
A hyperelastic pressure transducer is fabricated by embedding silicone rubber with
microchannels of conductive liquid eutectic gallium–indium. Pressing the surface of the
elastomer with pressures in the range of 0–100 kPa will deform the cross-section of underlying
channels and change their electric resistance by as much as 50%. Microchannels with
dimensions as small as 25 μm are obtained with a maskless, soft lithography process that
utilizes direct laser exposure. Change in electrical resistance is measured as a function of the
magnitude and area of the surface pressure as well as the cross-sectional geometry, depth and
relative lateral position of the embedded channel. These experimentally measured values
closely match closed-form theoretical predictions derived from plane strain elasticity and
contact mechanics.

devices such as adaptive orthotics and insoles that must sustain
large deformations and pressures.
Here, we introduce a stretchable, softer-than-skin pressure
transducer (figure 1) composed of a silicone rubber (EcoFlex
0030, SmoothOn; PDMS, Dow Corning) sheet embedded
with conductive liquid microchannels of non-toxic eutectic
gallium–indium (eGaIn, BASF). Pressing the surface of the
elastomer deforms the cross-section of nearby channels and
changes their electric resistance, as illustrated in figure 2(a).
The contours in the figure correspond to the vertical
displacement of the silicone rubber when surface pressure is
applied. Previous efforts in soft pressure sensing and socalled artificial skin include capacitive sensors composed of
an elastic insulator layered between conductive fabric [12–14]
or a silicone rubber sheet embedded with thin gold film [15].
Other efforts include resistive sensors composed of elastomer
embedded with conductive microparticle filler [16–18] or ionic
liquid [19–21] and a flexible artificial skin embedded with
semiconductor nanowires [22].
This novel design for pressure sensing is adapted from
the Whitney strain gauge, which was introduced in 1949
to measure the change in circumferential girth of muscles
and limbs [23, 24]. The original Whitney strain gauge

1. Introduction
Emerging technologies such as wearable computing [1] and
soft active orthotics [2] will depend on stretchable sensors
that register deformation and surface pressure. These softerthan-skin sensors must remain functional when stretched to
several times their rest length, avoid hysteresis and permanent
deformation, and preserve the natural mechanics of the wearer
or host system. Hyperelastic transducers for strain and
pressure sensing represent just one aspect of the much broader
and potentially revolutionary fields of elastically stretchable
electronics and computing.
Current approaches to stretchable electronics include
buckled (wavy) films of semiconductors for stretchable circuits
and diodes [3–5] as well as elastomers that are embedded with
microchannels of conductive liquid [6–8]. The latter approach
utilizes many of the same molding, embossing and lithography
techniques that are used to fabricate soft microfluidic devices
[9–11]. One advantage of elastomers is their hyperelasticity,
which allows for mechanical durability and stretches as great as
1000%. Such properties are particularly favorable in wearable
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uncured EcoFlex 0030 silicone rubber (SmoothOn, elastic
modulus E = 125 kPa) into 3D printed (Connex 500, Objet
Geometries Ltd.) molds. After curing under ambient
conditions for approximately 4 h, the elastomer layers are
removed from the molds and bonded together with a thin,
uncured layer of EcoFlex via a process detailed here. To avoid
filling the exposed microchannels, the unpatterned elastomer
mold is first spin-coated with the thin, uncured layer (1100 rpm
for 45 s), which is then partially cured for 30 s at 60 ◦ C
in a convection oven. The patterned elastomer mold is
then gently bonded to the unpatterned surface. The two
elastomer layers (the smooth sheet and the sheet containing the
exposed microchannels) are then cured together under ambient
conditions for several hours. After the molds are sufficiently
bonded together, a syringe is used to fill each channel with
eGaIn. Lastly, the ends of the channel are sealed with a final
coating of EcoFlex.
Sensors with channel dimensions of 20–300 μm, shown
in figure 1(d), are fabricated by casting liquid-form PDMS
elastomer in an SU-8 mold that is patterned by maskless soft
lithography. Photoresist (SU-8 2050) is spun onto a clean
silicon wafer at 500 rpm for 10 s (spread), followed by 4000
rpm for 30 s (spin). The wafer is then placed on a hot plate at
65 ◦ C for 3 min and 95 ◦ C for 6 min. Next, the coated wafer is
patterned via direct-write laser exposure [25, 26] using a diodepumped solid-state (DPSS) 355 nm laser micromachining
system. The system was previously calibrated to expose a
20 μm thick SU-8 coating to produce channels with 25 to
1000 μm width and 50 μm spacing. The wafer is postbaked on a hot plate at 65 ◦ C for 1 min and 95 ◦ C for 6 min,
and consequently developed for 5 min in SU-8 developer.
In order to allow for easier removal in subsequent molding
steps, a hydrophobic monolayer is introduced through vapor
deposition. The patterned wafer is placed in an evacuated
chamber (20 mTorr) with an open vessel containing a few drops
of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Aldrich) for
3 h. Next, PDMS (Sylgard 184; Dow Corning, Midland,
MI) is cast in liquid form (10:1 mass ratio of elastomer base
to curing agent) against the silicon wafer. PDMS is then
partially cross-linked in the mold by oven-curing at 60 ◦ C
for 30–40 min. Microchannels are constructed by bonding
patterned PDMS to unpatterned PDMS via oxygen plasma
treatment (Technics Plasma Stripper/Cleaner; 60 W for 30 s).
The sealed microchannels are then completely cured at 60 ◦ C
overnight. Finally, the microchannels are filled with eGaIn
using conventional tubing and syringe dispensing.
The experimental setup for simultaneously measuring
applied pressure and electrical resistance is presented in
figure 2(b). The ends of the eGaIn-filled channels are wired to
a precision multimeter (Fluke 8845A). A rigid glass rectangle
of width a and length L is pressed into the sensor with a digital
height gauge (Swiss Precision Instruments, Inc.). In order to
distribute the pressure more uniformly and better simulate
tactile or elastic contact, a 5 mm thick sheet of elastomer with
the same area as that of the glass rectangle is inserted between
the glass and the sensor surfaces. The sensor is supported
by an electronic scale (6000 g OHAUS Scout Pro) that
measures the total force F exerted on the surface. The average

Figure 1. Sheets of polymer are embedded with microchannels of
conductive liquid (eGaIn). Surface pressure and in-plane stretching
are measured by the electrical resistance change in the conductive
channel. (a) Spiral-shape channel is for pressure sensing only.
(b) Serpentine-shape channels with reservoirs are for increased
sensitivity. (c) Strain gage shape channels are for both pressure and
directional strain sensing. ((a), (b), (c)) Silicone rubber (EcoFlex
0030) cast from 3D printed molds with both channel heights and
widths of 1 mm, 750 μm and 300 μm, respectively. (d) Embedded
polydimethylsiloxane (PDMS) microchannels with 20 μm height
and (from top) 25, 30, 35 and 40 μm width are produced with a
maskless soft lithography process.

was composed of a rubber tube filled with mercury and
used a Wheatstone bridge to measure the change in electric
resistance of the mercury channel corresponding to stretch.
Recently, this principle has been extended to stretchable
microelectronics, composed of eGaIn-filled microchannels
embedded in polydimethylsiloxane (PDMS) rubber [6].
Embedded channels of eGaIn can operate as a stretchable,
mechanically tunable antenna [7] or as strain sensors [8] for
measuring stretches of as much as 200%. Here we show that
embedded eGaIn channels can also operate as pressure sensors
with 1 kPa resolution and 0–100 kPa range. In contrast to
strain sensing, the mechanics of pressure sensing are complex
and we invoke elasticity and contact mechanics to derive a
predictive mathematical model for describing the relationship
between external pressure and electrical conductivity. We also
produce embedded microchannels with a maskless fabrication
method that combines direct laser writing [25, 26] with soft
lithography [9, 27] to produce micron-order feature sizes.

2. Fabrication and experimental setup
Sensors with channel dimensions greater than 250 μm are
shown in figures 1(a)–(c). These are produced by casting
2
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Figure 3. Experimental (open circles) and theoretical results (solid
line) for the change in electrical resistance R as a function of
applied pressure for a contact area of width a = 25 mm and length
L = 27 mm. The channel has a width w = 2 mm, height h = 1 mm,
and top face that is at a distance z = 2 mm from the surface. The
theoretical prediction (1) is based on an electrical resistivity of ρ =
29.4 × 10−8  m−1 and an independently measured elastic modulus
of E = 125 kPa.
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Figure 2. (a) Pressing the surface of the elastomer reduces the
cross-sectional area of the embedded liquid channel and increases
its electrical resistance. Contours represent the vertical
displacement of the silicone rubber. (b) Experimental setup for
simultaneously measuring applied pressure and electrical resistance
for a sheet of silicone rubber embedded with a straight channel of
conductive liquid.
(This figure is in colour only in the electronic version)
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Figure 4. Change in electrical resistance R as a function of lateral
displacement (x). The open squares and circles correspond to
experimental measurements for applied pressure p of 25 and
15 kPa, respectively. The solid and dashed lines are the
corresponding theoretical predictions (see equations (3) and (4));
a = 25 mm, L = 27 mm, z = 3 mm, w = 2 2 mm, h = 1 mm.

The change in electrical resistance R of the embedded,
conductive liquid-filled channels is measured as a function of
the applied pressure p using the experimental setup presented
in figure 2(b). Both experimentally measured values (open
circles) and theoretical predictions (solid curve) are plotted in
figure 3 for an elastomer containing a straight channel with
width w = 2 mm, height h = 1 mm, and with a top face that
is at a distance z = 2 mm from the surface of the elastomer.
Pressure is applied over an area of length L = 27 mm and
width a = 25 mm. For this set of measurements, the major
axis of the contact area (which has length L) is aligned with
the centerline of the channel. The plot contains data points
from multiple loading and unloading cycles, demonstrating
significant repeatability and low hysteresis.
As shown in the plot, the change in electrical resistance
R increases exponentially with applied pressure. This
curve closely matches the theoretical prediction, which is
represented by the solid line. It is important to note that
no data fitting is used; the theoretical curve is derived entirely
from the prescribed geometry, the prescribed pressure, the

known resistivity ρ = 29.4 × 10−8  m−1 of eGaIn [6] and
the elastic modulus E = 125 kPa of the rubber, which are
independently measured by comparing the pressure with the
depth of indentation. The closed-form theoretical solution and
derivation are presented in the next section.
As expected, R decreases the further the channel is
from the center of applied pressure. Figure 4 presents
a plot of R versus lateral displacement x for pressures
p = 15 kPa and p = 25 kPa. As illustrated in figure 5,
x is defined as the horizontal distance between the channel
centerline and the major axis of the contact area. For
both pressures, the signal R decreases significantly with
increasing relative displacement. The theoretical predictions,
which are represented by dashed and solid curves for 15 and
3
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halfspace. As illustrated in figure 5, the channel has width w,
height h, and a top wall that is at a distance z from the surface
of the elastomer.
A uniform external pressure p is applied to the surface of
the elastomer over an area of width a. As shown in figure 5, the
centers of the channel and the area of applied pressure are offset
horizontally by a distance x. For channels close to the center
of the applied pressure (i.e. |x| < a/2 and z < a), elastic
deformation will reduce the cross-sectional area and hence
increase electric resistance. The reduction in cross-sectional
area is primarily governed by the magnitude of the vertical
component of the stress tensor: σz = σz (x, z; p, a). Since the
applied pressure is compressive, σz will have a negative sign.
As in the case of crack growth in linear elastic fracture
mechanics (LEFM), the field lines of the internal stress σz will
concentrate about the edges of the microchannel [28, 29]. This
is in order to satisfy the boundary condition of zero traction
on the walls of the channel. Because the channel is filled
with fluid, the walls will not be traction free but are instead
subject to hydrostatic pressure. However, this internal channel
pressure is considered negligible in comparison to the induced
nominal stress σz and so zero traction is assumed.
According to LEFM, an average vertical stress σz applied
in the vicinity of a crack will increase the gap between the
crack faces by an amount h = 2(1 − ν 2 )wσz /E, where ν
is Poisson ratio and E is the elastic modulus [28]. Because
the microchannels are small compared to the dimensions of
the elastomer, their influence on the stress distribution will be
negligible except in the immediate vicinity of each channel.
Therefore, for channels below the area of contact (|x| < a/2
and z < a), the average stress in the neighborhood of the
channel may be approximated as σz = −p. Substituting this
into the expression for h implies that the total change in
electrical resistance will be approximately


1
ρL
−
1
.
(1)
R =
wh 1 − 2(1 − ν 2 )wp/Eh
In general, p should be replaced with χp, where χ = χ (x, z)
is a correction that depends on the relative position (x, z) of the
channel centerline. The correction χ = −σz /p is obtained by
solving σz using Boussinesq’s method: [30]
 a/2  ∞
3pz3
−
σz =
{(x − X)2 + Y 2 + z2 } dY dX. (2)
2π
−a/2 −∞
A closed-form, elementary expression for σz is obtained with
Maple 13 (Waterloo Maple Incorporated, 2009). Solving for
χ yields
c1 c2 − c3
,
(3)
χ=
c4
where




−1 a + 2x
−1 a − 2x
+ tan
c1 = tan
2z
2z
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Figure 5. Two-dimensional, plane strain representation of elastomer
embedded with a microchannel of width w and height h. The
surface of the elastomer is subject to a pressure p uniformly
distributed over a width a.
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Figure 6. Change in electrical resistance R as a function of
channel depth z. The open squares and circles correspond to
experimental measurements for applied pressure p of 25 and
15 kPa, respectively. The solid and dashed lines are the
corresponding theoretical predictions (see equations (3) and (4));
a = 25 mm, L = 27 mm, x = 0 mm, w = 2 mm, h = 1 mm.

25 kPa, respectively, are reasonably consistent with
experimental measurements, which correspond to the open
squares and circles.
While the surface pressure is
approximately uniform, there are small stress concentrations
near the edges of the contact zone. Hence, when x = 4 mm
and the channel is between the center and the edge of the
contact zone, the nominal stress is slightly greater and a larger
response R is measured.
Lastly, a plot of R versus channel depth z (for x = 0)
is presented in figure 6. Referring to figure 5, z is defined
as the distance between the surface of the elastomer and the
top wall of the channel. As demonstrated in the experimental
results, the resistance change R decreases the farther the
channel is from the surface. This trend is also predicted by
the theory, although the theory appears to overestimate the
absolute change by as much as a factor of 2.

c2 = −8x 2 a 2 + 32x 2 z2 + 8z2 a 2 + 16x 4 + 16z4 + a 4
c3 = −16zax 2 + 4za 3 + 16z3 a
c4 = π(4x 2 + 4xa + a 2 + 4z2 )(4x 2 − 4xa + a 2 + 4z2 ).
This is used to evaluate the change in electrical resistance as a
function of x and z:

ρL
1
R =
−
1
.
(4)
wh 1 − 2(1 − ν 2 )wχp/Eh

4. Theory
The mechanics of the microchannel embedded elastomer
are complex and can only be modeled with an approximate
mathematical analysis. For the sake of simplicity, consider
a two-dimensional representation of a straight channel
with rectangular cross-section embedded in an elastomeric
4
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order of 100 kPa, which would result in an approximately
50% change in electrical resistance. For all applications, the
design parameters E and h/w should be selected such that
the characteristic pressure p̂ is comparable to the range of
anticipated pressures p.

5. Discussion
As demonstrated in figures 3, 4 and 6, the theory is consistent
with the experimental measurements for a wide range of
pressures p and relative positions (x, z). In figures 4 and
6 there appears to be close to 50% discrepancy between the
theory and the experiment. This is due to the simplifying
assumptions of the theoretical model, which is based on
plane strain linear elasticity, ignores the influence of the
channel on global stress distribution, and assumes uniform
channel collapse with zero surface traction and constant width.
Relaxing these assumptions will lead to a more accurate
theoretical prediction that better matches the experimental
result. However, these models require numerical computations
or finite element analyses that will not yield an algebraic
closed-form solution, such as the one presented in (4).
In addition to capturing the principal mechanics of the
elastomer pressure transducer, the theory reveals several key
properties that can be exploited for customized functionality.
The first property allows for mechanical decoupling between
pressure sensing and stretch sensing. This is critical in
being able to distinguish whether the change in microchannel
conductivity is induced by pressure or stretching. The second
property relates to the sensor bandwidth, i.e. the range of
pressures that the sensor can detect.
Sensor response to pressure and stretch are decoupled by
selecting the appropriate microchannel depth z and path (e.g.
straight, serpentine and spiral). As demonstrated in figure 6,
the sensor response vanishes as z exceeds the width a of the
contact area. In contrast, the change in electrical resistance
due to channel elongation is invariant with microchannel
depth. Instead, elongation response is governed by the simple
formula R/R0 = λ2 − 1, where R0 = ρL/wh is the original
resistance of the unstretched channel and the stretch λ = Lf /L
is the ratio of the stretched length Lf to the natural length L.
This implies that a microchannel embedded deep within the
elastomer (a distance z > a from the surface for anticipated
values of a) will only measure stretch and not pressure.
Alternatively, a spiral-shaped microchannel embedded close
to the elastomer surface, as shown in figure 1(d), will detect
pressure but not uniaxial stretching. This is because increased
electrical resistance in one direction is balanced by reduced
resistance in the perpendicular direction.
Sensor bandwidth is controlled by a characteristic
pressure p̂ = Eh/w and thus depends only on the elastic
modulus E of the elastomer and the aspect ratio h/w of
the microchannel cross-section. Noting that R0 = ρL/wh
is the natural resistance of the channel, it follows from
(1) that for a channel embedded near the surface of the
elastomer, R/R0 = 1/(1 − 2(1 − ν 2 )p/p̂). Depending
on the ratio p/p̂, the relative change in electrical resistance
can range from fractions of a percent to orders of magnitude.
Consider, for example, EcoFlex (E = 125 kPa) embedded
with a microchannel of width w = 100 μm and thickness
h = 20 μm. In response to a typical keystroke pressure in the
range of 1–10 kPa, the electrical resistance of the embedded
microchannel would change by an order of 1%. In contrast,
peak pressure in foot–ground contact during walking is in the

6. Conclusion
A hyperelastic pressure sensor is introduced that measures
pressures in the range of 0–100 kPa with 1 kPa resolution. The
sensor is composed of a soft elastomer that is embedded with
eGaIn-filled microchannels. The width of the microchannels
ranges from 25 μm to 2 mm. They are fabricated by casting the
elastomer in molds that are produced with either a 3D printer
(250 μm to 2 mm channel dimensions) or laser-based soft
lithography (25−300 μm). Applying pressure to the surface of
the elastomer deforms the underlying channel and reduces its
electrical resistivity. For pressures in the range of 0–100 kPa,
the resistance changes by tens of milli-ohms (m), as much
as 50% of the original resistance. The relationship between
the change in resistance R, pressure p and geometry are
captured by an algebraic, closed-form equation that is derived
from theories of plane strain elasticity, contact mechanics and
LEFM.
Future efforts will focus on integrating the hyperelastic
sensors into orthotic devices and soft robots in order to sense
pressure and ground contact. The principles and fabrication
techniques presented here may also be used to explore other
potential sensing modes and electronic functions. Lastly, the
theoretical analysis can be applied or modified to predict sensor
performance for a broad range of designs, length scales and
materials.
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