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Abstract— Highly stretchable strain sensors, with embedded
microchannels filled with conductive liquid, have been widely
used in various applications in soft robotics for detecting
different types of deformation modes, when attached to human
or robot bodies. One of recent applications that draws an
attention is direct integration of soft sensors with soft actuators
for proprioceptive feedback. However, it is not easy to obtain
a high resolution in curvature sensing when combined with
bending actuators in which curvature is indirectly measured
from strain sensing, since the placement of soft sensors are
limited to the location where the strain sensitivity is relatively
small. Therefore, we propose a new design of high gauge factor
strain sensors using a multi-material structure. By alternately
arranging low and high stiffness elastomers, the structure
experiences amplified strain changes on each of the low-stiffness
regions. The gauge factor was significantly increased as high
as over three times of a conventional single material sensor. In
this paper, the design and fabrication of the proposed sensor
are described with an analytical model. The sensor was tested
while integrated with a PneuNet bending actuator for curvature
detection as an application.

I. INTRODUCTION

The sensing mechanism of a soft actuation system must be
studied along with the development of target soft robots. Soft
bodied systems with soft actuators work in a variety of ap-
plications including biomimetic robots [1],[2], rehabilitation
devices [3], and soft grippers [4]. For control, implementing
a proper sensing mechanism inside the soft system is a
key requirement. Thus, there have been approaches that
measure deformation of flexible structures using different
mechanisms, such as optical and magnetic sensing. However,
each of these approaches has limitation in producing a fully
soft system [5], detecting large deformation [6], or diversi-
fying materials for the substrates [7]. Especially, embedding
electronics in highly flexible and stretchable elastomeric
substrates has been a challenging issue in many applications.
Researchers have suggested special structures that allow
unstretchable electronics to be embedded in soft substrates,
such as arranging a stiff platform of electronic circuits in
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a compliant pattern [8], inducing buckling mechanics to
produce a wavy shape of the metal which endures both
stretch and shrinkage [9], [10].

Meanwhile, many researchers have tried to employ soft
sensors embedded with microchannels and conductive liq-
uid, such as room-temperature liquid metal (e.g. eutectic
gallium-indium (EGaIn) and Galinstan) [11], [12] and room-
temperature ionic liquid [13] for detecting deformation of
soft system [14], [15]. The microfluidic sensing mechanism
has an advantage of holding a large deformation without frac-
ture while it is not imposing a constraint on the host material.
Therefore, this type of soft sensors has been implemented in
a number of applications, such as soft artificial skin [16]
and muscles [17], wearable devices and robots [18] and soft
grippers [19] since the early age of soft robotics.

For a soft bending actuator, the curvature of the actuator
can be estimated by measuring the strain change above its
neutral axis using the relationship of ∆ε = d∆κ, where
∆ε, d and ∆κ are the strain change, the distance from the
neutral axis, and the curvature change, respectively [15]. For
sensitive measurement, the sensor must be placed as far away
as possible from the neutral axis of the bending motion,
which maximizes the strain change. Certain types of bending
actuators, such as fiber-embedded actuators [20] allow the
sensor to be placed on the top surface [19] where the strain
becomes the highest during bending.

However, for PneuNet-type bending actuators, the sensor
layer needs to be placed under the air chambers due to the
separation of the chambers, which makes it difficult to have
sufficient distance d for sensitivity. Although it is possible
to produce a thicker bottom layer, it not only increases the
form factor of the actuator but also degrades the actuation
performance by constraining the deformation with increased
bending stiffness. To address this issue, a sensor of high
enough sensitivity is in demand with which a small form
factor of the actuator can be achieved.

Therefore, we propose a new design of soft strain sensors
with high gauge factors that can be easily embedded in the
bottom layer of PneuNet-type actuators while maintaining
a small form factor. The proposed sensor is composed of
multiple elastomer segments with two different stiffnesses.
This unique structure creates nonuniform strains in the seg-
ments and significantly increases strain changes in the low-
stiffness region. Thus, uneven strain distribution is generated
along the sensor, which consequently amplifies the gauge
factor. In other words, selective strain concentration on the
microchannel is made by the physical deformation of the
sensor structure. This concept is similar to but distinguished
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Fig. 1: Silicone segments of different stiffnesses connected in series. When
each segment is modeled as a spring with its own stiffness, the total
assembly can be considered as a series of springs.

Fig. 2: Three sets of springs in series. Their stiffness distribution and
initial lengths affect the final deformation. The softer and/or shorter spring
stretches more.

from the structures which isolate the strain of the stiffer
sensing material from its host substrate [8], [9], [10], in
that our approach amplifies the strain of the sensing material
while previous approaches use stiff sensing materials placed
in the area of less strain concentration.

Furthermore, since the length ratio of the two materials is
considered as a design parameter that affects the magnitude
of the gauge factor, it is easy to control the gauge factor
during the fabrication stage in our design. Finding how the
parameter changes the sensitivity is important for achieving
a desired sensor response. Even though similar work has
suggested controlling the sensor response by changing the
channel geometry [21] or dimensions [22], which makes
fabrication complex and more expensive, the design of this
work has its own contribution in that it does not directly
manipulate the sensing medium, microchannels.

In this paper, the proposed sensor and its microchannel are
first modeled. Then, the experimental results are compared
with the prediction of the modeling, and the performance
of the sensor is discussed with respect to its sensitivity
and mechanical properties. Considering these characteristics,
the PneuNet-type bending actuator is suggested as one of
applications of the sensor. Several experiments with the
actuator induce further discussion on how the multi-material
high gauge factor strain sensor can be utilized and improved.

II. MODELING

According to previous studies, the strain response of
microfluidic soft sensors are nonlinear in general [16], which
is not desirable for accurate sensing. However, we take
advantage of this characteristic to increase the strain sen-
sitivity in this research. A long microfludic resistive channel
is considered as a set of finite numbers of small segments

Fig. 3: Material characterization with Ogden nonlinear stress-strain relation-
ship. (a) Ecoflex 00-30 (µ1 = 2.06 · 104, µ2 = 1.14 · 104). (b) Dragon
Skin 30 (µ1 = 9.88 · 104, µ2 = 4.94 · 104).

connected in series, embedded in a silicone substrate. Then,
the total resistance of the sensor can be calculated as the
sum of those of all the microchannel segments. When we
model each silicone segment as a spring (Figure 1), the
deformation of the entire springs is determined by their
stiffness distribution and the initial length (Figure 2). When
the stiffness through the length is distributed, softer part
stretches more. The initial length of the distributed-stiffness
segments also affects the shape of deformation. With this
simple spring analogy, we expect that we can control the
strain distribution of the sensor by designing the stiffness
and the initial length of the silicone substrate. By controlling
the strain distribution, the total resistance change of the
sensor, which is calculated using a nonlinear strain-resistance
relationship, can be controlled as well. In this section, this
design concept is verified with mathematical modeling.

A. Material Characterization: Ogden Model

We used Ecoflex 00-30 (Smooth-On, Inc.) as the soft
material and Dragon Skin 30 (Smooth-On, Inc.) as the stiff
material, which are expressed as the two springs of different
stiffness in Figures 1 and 2. The elastic modulus of the stiff
material is 8.6 times larger than the soft material. The length
ratio of the two materials is considered as a design parameter,
which determines the sensor characteristic as the final result.
To verify the result, the deformation of each segment in
Figure 1 should be determined first. The Ogden model for
nonlinear elastic material relates strain ε or stretch λ (= ε+1)
to the force P under uni-axial tension.

P = µ1A0(λ− 1

λ2
) + µ2A0(λ3 − 1

λ3
) (1)

where µ1 + 2µ2 = E/3, and A0 is the cross-sectional area.
The two materials were modeled by fitting the equation (1)
to its experimental result with µ1 and µ2 (Figure 3). 100%
modulus of silicone provided from the manufacturer was
used as the elastic modulus for the Ogden model.

B. Strain: Force Equilibrium on Each Segment

When the silicone segments connected in series are
stretched, the cross-sectional force through the length is
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Fig. 4: Calculated strain of each segment. (a) Due to the constant tensile
force through the length, soft material experiences larger stretch. (b) When
total strain is fixed (=1), the length ratio of the segments affects the strain
distribution. As the portion of the soft material decreases, strains on both
segments increases.

Fig. 5: (a) Microchannel design. The entire microchannel in (a) can be
considered as a set of small microchannels on a segment in (b).

constant, so

P = µe,1A0(λe −
1

λ2e
) + µe,2A0(λ3e −

1

λ3e
)

= µd,1A0(λd −
1

λ2d
) + µd,2A0(λ3d −

1

λ3d
)

(2)

Stretches for each material have another relation given the
total length L.

Le,0λe + Ld,0λd = L (3)

Solving equations (2) and (3) simultaneously provides the
strain distribution through the silicone substrate, λe and λd,
as a function of total strain,

ε =
L

Ld,0 + Le,0
− 1 (4)

Figure 4(a) predicts the strain of each segment when the
length ratio of the two materials is fixed (1:1), as a function
of the total strain. The softer material deforms more and
faster than the stiffer material. Figure 4(b) plots the strain of
each segment by varying the length ratio and fixing the total
strain. As the portion of soft material becomes smaller, the
strain of the soft material rapidly increases.

C. Total Resistance: Microchannel Characterization

Figure 5(a) describes the sensor design including the
microchannel. The EGaIn microchannel is embedded in the
silicone substrate whose strain distribution is calculated in
Section II. B. The microchannel embedded in each segment
(Figure 5(b)) is deformed following the strain of the sub-
strate. Since the segments are connected in series, the total

Fig. 6: Piezoresistive microchannel characterization with test sample design.
Change of resistance due to strain and its polynomial fitting.

Fig. 7: Total resistance prediction. As the portion of the material becomes
smaller, the magnitude of the total resistance change becomes larger.

resistance of the microchannel is the sum of the resistances
of the segments,

R(ε) =
∑
i

Ri(εi) (5)

where i represents each segment. For each segment, the
resistance change (∆Ri) divided by the initial resistance
(Ri0) is a function of the strain (εi).

∆Ri

Ri0
=

∆Ri

Ri0
(εi) (6)

Then, the total resistance change divided by the initial
resistance can be calculated as a function of the strains εi of
each segment.

∆R

R0
(ε) =

1

R0

∑
i

{∆Ri

Ri0
(εi) ·Ri0

}
(7)

Therefore, the strain-resistance relationship of the segments
in equation (6) have to be found to obtain the total strain-
resistance relationship. To experimentally find the relation-
ship, the test microchannel embedded in Ecoflex 00-30
(Figure 6, right) was fabricated, having an identical cross-
sectional dimension with the original sensor in Figure 5. By
stretching the microchannel, the relationship was experimen-
tally found (Figure 6, left).

Using this resistance-strain relationship and the strains of
the segments calculated in Section II. B, the resistance of
each segment can be calculated, and then the total resistance
by equation (7) can be calculated. The less portion of the soft
material (Ecoflex 00-30) means the larger total resistance,
as shown in Figure 7. The next section verifies this result
experimentally.

III. DESIGN AND FABRICATION

A. Sensor Design

As a way to implement our model into the soft strain
sensor, Ecoflex 00-30 and Dragon skin 30 of different
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Fig. 8: (a) Sensor prototype with dimensions. (b) FEA result for predict-
ing the behavior of multiple segments with different stiffness with 50%
elongation.

Fig. 9: Fabrication of strain sensor. (a) Assembly of small blocks with the
mold and pouring of Dragon Skin 30. (b) Casting Ecoflex 00-30. (c) Sealing
the microchannel with spin-coated layer and filling with EGaIn. (d) Top view
of the sensor.

stiffness were alternately placed in which the microchannel
of Figure 5 was embedded (Figure 8(a)). The finite element
analysis (FEA) result (Figure 8(b)) using a commercial
software package (ANSYS) shows that the softer material
stretches more than the harder material under tensile force.
We parameterize the length of each material and figure out
how the length ratio affects the total resistance change.

B. Fabrication

The soft sensor was fabricated using multiple pieces of
3D-printed rigid plastic molds, as shown in Figure 9. First,
multiple small blocks are assembled in a microchannel-
patterned mold, and liquid-state Dragon Skin 30 is poured
into the mold (Figure 9(a)). Once Dragon Skin cures, the
small blocks are removed and the spaces from the blocks are
filled with liquid-state Ecoflex 00-30 (Figure 9(b)). While
curing, the two silicone elastomers easily bond. A single
piece of silicone containing two different materials with the
microchannel pattern on the bottom is extracted from the
mold. The microchannel is then sealed with a thin Ecoflex
layer spin coated at 100 rpm for 50 seconds. EGaIn is
finally injected into the microchannel and the signal wires
are connected (Figure 9(c-d)).

C. Experimental Setup

Figure 10(a-e) shows five different test samples that are
unstretched and stretched in the tensile test. Each sample
has different length ratio of the soft and the stiff materials.
The experimental setup is shown in Figure 10(f). The sensor
signal and the force and the strain data were collected. The

Fig. 10: (a-e) Test samples (stretched/unstretched) of different length ratios
of the materials. As the ratio varies, the shape of deformation changes.
(f) Experimental setup for the tensile test. The samples were stretched and
released 50 cycles repeated at 5 mm/sec.

Fig. 11: Sensor characterization plot for five different prototypes compared
with model and conventional strain sensor. Data of 50 cycles each. The top
left figure plots the sensor signal of the test samples when the total strain
is constant (=1.16).

sensors were stretched and released repeatedly (50 times) at
5 mm/s.

IV. RESULTS

A. Tensile Test

1) Sensor Characterization: Figure 11 is the result of the
tensile test with the five test samples in Figure 10. Each
curve indicates superimposed signals of the 50 repetitions,
showing highly repeatable. When comparing the single-
material strain sensor (ecoflex:dragonskin=10:0, black curve)
to the multi-material strain sensors, we found that the sensors
using multiple materials of different stiffness have much
higher sensitivity. The top-left part of the plot compares the
modeling result of Figure 7 (fixed total strain of 1.16) and the
experimental data points.Although the model prediction and
the experimental result have an agreement in trend, the model
underestimated the magnitude of the results. The difference
came from two major inaccuracies in the model: the parame-
ters of the Ogden stress-strain relationship in Figure 3 and the
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Fig. 12: Fracture analysis. Additional sample of length ratio of 3:7, which
experiences larger tensile force under same strain, was made for conservative
fracture analysis. The sample failed at strains between 2 and 2.5 at the
boundary of the materials.

resistance-strain relationship of the microchannel in Figure
6, which are both determined experimentally. Especially, the
fact that the microchannel of the test sample in Figure 6 is
not identical to the microchannel in the real prototype (Figure
5(b)) leaves room for the model to be further improved in
the future.

2) Fracture Analysis: In general, a multi-material struc-
ture is more likely to fail at the boundary of the materials
due to stress concentration. Figure 12 plots the tensile force
during stretching. When we fixed the total strain, and as
the soft material occupied less, the strain on the segments
became larger (Figure 4(b)) and the force to stretch became
larger. The most conservative design is to find the fracture
point of the samples with the least soft material. An addi-
tional sample with the length ratio of 3:7 was manufactured
for the fracture analysis. The sample experienced fracture on
the boundary of the materials at strains between 2 and 2.5.

V. APPLICATION: CURVATURE ESTIMATION FOR SOFT
BENDING ACTUATOR

In this section, embedding the proposed soft strain sensor
in a PneuNet-type bending actuator is suggested for taking
advantage of its high sensitivity. In this case, the sensor needs
to be placed at the bottom of the actuator so the sensor does
not constrain the expansion of separate air chambers of the
actuator. The strain during bending is calculated from the
curvature κ as

∆ε = d∆κ (8)

The bending stiffness of the actuation system increases
when d becomes larger, which requires large input pressure.
To avoid this, d should be smaller while sacrificing ∆ε.
Therefore, a sensor with a high sensitivity is necessary for
detecting the small range of strain changes.

A. Design, Fabrication and Experimental Setup

Figure 13 describes the design of the actuator prototype
and the experimental setup. Two identical actuators were
manufactured by embedding a single and a multi-material
sensor layers, respectively, to validate the efficacy of the
proposed sensor. The distance d from the neutral axis to the
microchannel was 5 mm for both cases. The actuators with

Fig. 13: PneuNet-type actuator prototype and experimental setup. The
actuator was placed on a horizontal flat surface with lubricated contact.
Curvature was calculated by tracking the points on the base line with motion
analysis software.

Fig. 14: Fabrication of PneuNet actuator embedded with strain sensor. (a)
Dragon Skin 30 is cast in the mold leaving space for the sensor. (b) Strain
sensor attached on the bottom of the actuator with Dragon Skin 30. (c-d)
The assembly immersed on the top of base material, Ecoflex 00-30, and
transparency film.

a sensor were placed on the ground with one end fixed and
the other end free to move with lubrication. While giving
input air pressure the deformations of the actuators were
video-recorded and tracked using a motion analysis software
package (ProAnalyst) to calculate the curvature.

Figure 14 shows the fabrication method of the sensor-
integrated PneuNet actuator. Dragon Skin 30 is cast while
leaving the space for the sensor to be embedded (Figure
14(a)). The sensor is embedded in the actuator (Figure 14(b))
and the assembly is immersed in a mold on the bottom of
which transparency film and base of Ecoflex 00-30 is placed
(Figure 14(c-d)).

Fig. 15: Input pressure-curvature characterization for the two actuators. (a)
single material sensor embedded. (b) multi-material sensor embedded.
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Fig. 16: Curvature of the actuator to sensor output signal. The pressure input
was given to the system, and curvature of each point was calculated using
the linear fit in Figure 15. The actuator with multi-material sensor showed
larger sensitivity.

Fig. 17: Actuator curvature (a) and sensor signal (b) under dynamic loading
of 0.1/0.3/0.5 Hz sinusoidal inputs. Both of the curvature and the sensor
signal follow the input well. The delay is due to the regulator delay.

B. Characterization

Figures 15 and 16 show the results of the actuator charac-
terization. The deformation of the actuator was characterized
by giving discrete input pressures from 0 to 30 kPa and cal-
culating the curvature. The relationship between the pressure
and the curvature was linearly fitted in Figure 15. In Figure
16, each point indicates the curvature of the moment, which
was calculated from the input pressure using the relationship
in Figure 15, and the sensor signal. The sensor signal is non-
linear to the curvature ∆κ = ∆ε/d ∝ ∆ε, which can be
predicted from Figure 12. When comparing the two sensors,
the multi-material sensor was more sensitive to the curvature
change. This means that the multi-material sensor can better
detect the deformation of the actuator than the single-material
sensor given the measurement system of identical resolution.

C. Dynamic Response

Figure 17 plots the curvature (a) and the sensor signal (b)
of the actuation system while given the sinusoidal pressure
input. The delays in both results are from the delay of
the regulator, not from the actuator or the sensor itself.
We found that the deformations (curvature) followed the

Fig. 18: Hysteresis analysis under dynamic loading frequencies of 0.1 Hz
(pink), 0.3 Hz (blue), 0.5 Hz (black). The light-colored curves indicate the
output data of experiment and the curves with solid lines show the estimation
of hysteresis loops.

dynamic inputs and the sensor output was able to detect the
deformation well.

D. Hysteresis

The elasomer material of the PneuNet actuator experiences
hysteresis due to the viscoelastic effect and the characteristic
of the pneumatic system. The hysteresis can be characterized
using logic operators or deep-learning approaches [23], [24].
Here, the hysteresis of the actuator was analyzed with the
Preisach operator. The experimental data was transformed
into Preisach domain using the equation below.

y =

∫ ∫
a≥b

µ(β, α)R(β, α)[µ, ξ]dβdα (9)

F (α, β) =

∫ ∫
T

R(α, β)µ(β, α)dβdα (10)

Here, α and β are Preisach domain variables, µ is the
weight in each location of Preisach domain, and R is a relay
function.

Figure 18 demonstrates the hysteresis analysis of the sen-
sor output under the dynamic inputs of different frequencies
in Figure 17. The magnitude of the hysteresis became larger
as the frequency of the input signal increased. With the
Preisach model, each of the hysteresis curve was estimated
well, which implies the possibility of the dynamic control
using the proposed actuation system.

VI. DISCUSSION AND FUTURE WORK

In this research, we proposed the design of high gauge
factor soft strain sensors using a multi-material structure, of
which we can control the sensitivity by changing the length
ratio. We then suggested the PneuNet-type actuator as an
example of applications of the proposed sensor. Considering
the geometry of the PneuNet actuator particularly, it is ad-
vantageous to reduce its thickness, which makes the range of
strain changes smaller however. Therefore, our high sensitive
strain sensor is appropriate for sensing small deformation.

However, as the portion of the soft material becomes even
smaller, the strains on the soft segments become larger, which
results in large tensile force during stretching. Sensors with
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a high modulus is not desirable not only for its own failure
but also for the fact that it can constrain the behavior of the
host system. Therefore, the trade-off of the multi-material
structure between the sensitivity and the rigidity should be
compromised by determining the optimal length ratio for
further applications as suggested in previous study [25].

In addition, the proposed structure has drawbacks of
complex fabrication and stress concentration at the material
boundary. This issue can be addressed by introducing a new
fabrication techniques, such as bonding of two materials
without an adhesive agent, direct printing of liquid elas-
tomers in uncured states, or implementing stiffness gradient
boundaries.

VII. CONCLUSION

A method of designing high gauge factor soft strain
sensors using a multi-material structure was proposed in
this work. We modeled the structure using the stress-strain
relationship of nonlinear solids and the resistance-strain
relationship of the microchannel. Then, the proposed method
was experimentally validated using actual prototypes, which
revealed the amplification of the gauge factor and the effect
of the length ratio on the gauge factor. We also showed
the possibility of the sensor to be embedded in an actual
system with an example application of PneuNet type bending
actuator.
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