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Abstract— Recent advances in soft sensors using microfluidic
liquid conductors enabled sensing of large deformation of
soft structures. However, the use of liquids as conductive
media carries a risk of leakage in many cases. Furthermore,
it could be harmful when exposed to the human body in
certain applications. To address these issues, a different sensing
mechanism was proposed: highly stretchable optical sensors
that could detect multiple modes of deformation. The method
of operation involves a simple waveguide and its housing which
are both made of silicone elastomer. The soft waveguide is
coated with a thin gold reflective layer to encapsulate light
propagating internally, with an light-emitting diode (LED)
and a photodiode embedded at each end. When the sensor
is stretched, compressed, or bent, micro-cracks within the
reflective layer form and allow part of the light to escape,
resulting in optical power losses in the light transmission. In this
paper, we describe the design and fabrication of the proposed
soft sensors. A prototype was created and characterized for
pressure, strain, and curvature up to 350 kPa, 90%, and
0.12 mm-1, respectively, showing promising results of reasonable
repeatability and linearity in certain ranges.

I. INTRODUCTION

The advent of soft robotics stemmed from the need of
robotic systems that closely interact with human beings
with increased safety and friendliness. The materials and
methods used in soft robots differ greatly from those in
traditional robots that are typically made of rigid materials
and structures [1], [2] . One of the most important elements
in soft robotics, and also in robotics in general, is the per-
formance of sensors. Soft sensors that have been developed
so far have utilized a range of polymer materials, such as
Polydimethylsiloxane (PDMS) and other silicone rubbers.

However, most polymers are nonconductive, requiring
conductive media that can transmit electric signals through
the material without significantly changing the base materi-
als’ “soft” properties (i.e., flexibility and stretchability). For
this reason, liquid conductors have been one of the most
preferred and commonly used mediums due to their contin-
uous property [3], [4], [5]. They can be easily transformed
to completely soft electrical wires in highly deformable
structures when encapsulated and sealed by a closed mi-
crochannel embedded in a soft structure. The microchannels
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Fig. 1. Optical soft sensor prototype using a stretchable waveguide.
(a) Active sensor. (b) Curvature sensing. (c) Strain sensing.

with conductive liquids also work as a sensing element by
changing their electrical resistance when the host structure
deforms. Many soft sensors have been developed using liquid
metals [6], [7] embedded in microchannels for detecting
strains and pressures [4], [8], multi-axis shear forces [9], and
curvatures [10]. For biocompatibility, nonmetalic liquid con-
ductors, such as ionic liquids [11], have also been used [5],
[12], [13] although they tend to be much less conductive.

In spite of many advantages of liquid conductors, there
are several limitations when they are coupled with soft
materials. Encapsulation is one of the major limitations.
Liquid conductors are usually injected to a microchannel
using a thin syringe needle. Due to the hydrophobic nature of
the polymers, the injection requires a relatively high pressure.
It is also hard to control the injection pressure since the
air captured in the microchannel during fabrication needs to
be removed simultaneously. This makes the manufacturing
process time-consuming and complicated, requiring complete
sealing of the injection ports. There is also a risk of leakage
with mechanical failures. This becomes more serious with
liquid metals since they could be harmful if they come into
contact with the skin or are ingested.

As an alternative to microfluidic sensing, we propose an
soft optical sensor, shown in Fig.. 1, for detecting various de-
formation modes. It is a nontoxic and non-liquid-embedded
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soft sensor that addresses the above issues related to man-
ufacturing complexity while maintaining similar mechanical
properties of liquid-phase soft sensors. The idea behind this
sensor is to detect light transmission through a reflective
waveguide made in a transparent soft material. A mechanical
perturbation made to the structure causes a change in the
light detected. The novelty is the method of operation in
which an inextensible reflective layer is used to achieve the
change in the intensity of the light. We also introduce a new
transparent, hyperelastic material for the purpose of creating
a stretchable waveguide for optical sensing.

Optical sensing is an attractive method due to its immu-
nity to electromagnetic interference, as discussed in various
applications [14], [15], [16], and detection of optical power
loss combined with optical fibers has been previously used
for various sensing applications in flexible structures, such
as curvature sensing of a thin biopsy needle [17], shape
sensing of a foldable structure [18], and displacement and
force sensing in cardiac catheters [19], [20]. However, con-
ventional glass fibers pose a limitation in our application
due to their highly limited stretchability. There have been
some efforts to provide stretchability to optical sensors using
PDMS, one of the most commonly used soft materials in
optics due to its optical transparency, low absorption loss,
and almost negligible birefringence [21], [22], [23], [24].
Although pressure-sensitive skin for stretchable electronics
has been proposed using waveguides in a PDMS layer [25],
it was not stretchable enough to measure large deformations
due to the limited elongation rate of PDMS.

This paper introduces a hyperelastic sensor capable of
detecting multiple modes of deformation: pressure, strain,
and curvature. The focus in this work is to demonstrate
the feasibility of the proposed novel mechanism: coupling a
non-stretchable and a reflective material with a stretchable,
optically transparent material. Another objective is to provide
simplicity and cleanness in the fabrication that microfluidic
sensors have been struggling with. It also aims to reduce
manufacturing time and material cost.

II. DESIGN
A. Concept

The method of operation for the proposed sensor, partially
inspired by fiber optics, uses the simple notion of transmit-
ting light through a transparent waveguide and detecting the
change in its intensity at the other end as the sensor structure
undergoes deformation (Fig. 2). The waveguide and the
outside housing consist of the same stretchable, transparent
elastomer material, and the walls of the waveguide are
coated with a thin reflective metal layer. A light source is
located at one end of the waveguide, and, at the other end,
a photodiode is placed for detecting the light intensity. In
principle, the light emitted should be internally reflected
and detected at the other end without any loss due to the
encapsulating reflective walls (i.e., waveguide). However, as
the soft sensor is deformed, many micro-cracks will form
within the reflective layer since it is not stretchable. The
cracks that form along the channel allow the light to escape,
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Fig. 2. Principle of operation. (a) Undeformed soft waveguide transmitting
light from the source (LED) to the detector (photodiode) through internal
reflection without loss. (b) Stretched waveguide with cracks on the reflective
gold interface that allow part of light to escape resulting in reduction in light
intensity detection.

resulting in a drop in light intensity. This drop can be
related to the deformation applied to the sensor. Modes of
deformation that we focused on include pressure, stretch,
and bending. This sensing mechanism is meant to be simple,
clean, and easy to manufacture.

B. Light Intensity Modulation

The main principle of operation for our sensor is light
intensity modulation (LTI) [19], [26], [27]. The intensity
of light emitted can be modulated when the structure of
the sensor is deformed by an external force. We define
the measures of the deformations as specifically pressure,
strain, and curvature. For light emission and detection, we
used a red light-emitting diode (LED) (CREE XLamp XBD)
and a photodiode sensitive to red light (Everlight CLS15)
with peak wavelength of 625 nm and a peak sensitivity of
620 nm, respectively. Their surface mount form factors are
smaller than 3.2 mm facilitated miniaturization of the sensor
prototype. The photodiode was operated in forward bias (no-
bias) in which a voltage output had a logarithmic relationship
with light intensity as following [28].

V =
q

kT
(ln

i
is
+1) (1)

where V , q, k, T , i, and is are voltage output, charge,
Boltzman’s constant, temperature, current, and saturation
current, respectively. We also know that current is linearly
proportional to the light intensity. For modeling our system
in strain, we can assume that the increase of cracks created
within the waveguide is inversely proportional to the light
intensity, and the current ratio can be simply replaced by
the ratio of the original and stretched surface areas of the
waveguide. Assuming the surface area change is dominated
by the length change, the ratio further reduces to that of
lengths, the original length (l0) divided by the stretched
length (l). Also, we can replace q

kT with our known initial
voltage V0 for simplification. Finally, the theoretical model
can be expressed as

V =V0(ln
l0
l
+1). (2)
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Fig. 3. Fabrication process of soft optical sensor with three steps:
(a) silicone rubber is poured in bottom quarter of sensor, (b) add in
the transparent waveguide with embedded electronics and (c) completely
encapsulate the rest of the sensor. Complete sensor is shown in (d).

C. Waveguide and Housing

PDMS is one of the most commonly used polymer materi-
als compatible with optical elements due to its transparency,
as previously discussed in [22], [29], [30]. However, one
limitation of typical PDMS is its relatively low elongation
at break. Although there are highly stretchable elastomers
commercially available, hardly any of them are optically
clear. This led us to create a custom hybrid material between
PDMS and a silicone gel (EcoFlex Gel, Smooth-On). While
PDMS is optically transparent with limited stretchability, the
silicone gel is both stretchable and optically clear but too soft
and tacky to be used as an independent sensor material. The
mixing ratio of the two materials was 9:1 of EcoFlex Gel and
PDMS, respectively. The hybrid polymer not only maintained
the same optical transparency but also provided high stretch-
ability (elongation at break: approximately 100%). This will
be further discussed in Section IV.

While optical fibers achieve total internal reflection us-
ing two different refractive indices between the waveguide
and the outer cladding, our sensor achieves total internal
reflection using a reflective coating between the housing and
the waveguide. We used pure (24k) gold leaves (thickness:
0.12 µm) to coat the outside surfaces of the waveguide. Gold
was chosen for several reasons: i) gold is biocompatible as
previously discussed with medical instruments [17], [20],
ii) gold reflects 95% of wavelengths that are longer than

(a)

(b)
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Fig. 4. Soft optical waveguide. (a) Clear elastomer channels with embedded
electronics. (b) Optical channel coated with a thin gold layer and its
microscopic images of the gold layer showing microcracks when stretched.

500 nm (e.g. infrared and visible red light) [31], [32], and
iii) gold does not tarnish unlike other reflective metals, such
as aluminum and silver.

In order to create a sensor that can be comparable to
those using liquid conductors, the sensor geometry and
size was designed to be as small as possible. The size of
the waveguide was accommodated to have a close fit with
necessary circuit elements such as an LED and a photodiode.
The cross sectional area of the waveguide was chosen to
be a semi-circle for simplicity in manufacturing, assuming
that the influence of the cross-sectional shape on the internal
reflection is negligible.

III. FABRICATION

The fabrication is relatively simple and takes approxi-
mately 5 hours at room temperature for a complete prototype.
A 9:1 mix of EcoFlex Gel and PDMS was used for the
substrate in order to create a highly stretchable and opti-
cally transparent silicone hybrid. We added black pigment
(Silc Pig, SmoothOn) to the material surrounding the clear
waveguide to prevent interference from ambient light. For the
final prototype, there was a three-step process for creating
the sensor, as shown in Fig. 3. First, two separate molds were
used to fabricate the semicircular waveguide and the bottom
layer of the sensor (Fig. 3-a). Before curing the waveguide,
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Fig. 5. Complete prototype with dimensions. Clear housing material was
used to show the inside of the sensor in this prototype. For an actual working
prototype, the housing material is dyed black to prevent signal interference
from ambient lights.

an LED and a photodiode were embedded in the opposite
ends (Fig. 4-a). After curing, the waveguide was coated in
a layer of gold leaf (Fig. 4-b). No extra bonding material
was used since the gold adhered well to the naturally tacky
substrate. Second, the complete waveguide was placed on
top of the bottom layer (Fig. 3-b). Lastly, we poured more
substrate to cover the waveguide and complete the sensor
(Figs. 3-c and 3-d). For each stage of curing, the molds were
placed in a vacuum chamber for 10 minutes and then cured
at room temperature for 2 hours.

The final prototype, shown in Fig. 5, is 84 mm long,
7 mm wide, and 5 mm tall. The semicircular waveguide has
a diameter of 4 mm and a length of 60 mm. There was an
extra 10 mm on each end for clamping for tensile testing, and
an extra 4 mm to accommodate the LED and photodiode.

IV. RESULTS

Three modes of deformation (pressure, stretching, and
bending) were tested for characterizing the sensor. All three
tests were conducted using a motorized materials test stand
(ESM301, Mark-10). The output signal for each mode was
voltage that was converted from the photocurrent generated
by the photodiode.

A. Pressure Response

Pressures up to over 350 kPa were applied in the middle of
the sensor structure and until the channel was fully collapsed,
as shown in Fig. 6-a. The sensor was constrained at the
ends to prevent slip during testing. Three loading rates were
tested: 1mm/s, 2 mm/s, and 4 mm/s, and force data were
collected using a commercial single-axis load cell (STL-
50, AmCells) and divided by the area where the force was
applied to calculate the pressure. Each trial went through a
complete cycle of loading and unloading in order to check
for hysteresis.

The relationship between the signal response and the ap-
plied pressure is given in Fig. 7-a. The top part of the curves
indicate the sensor output upon loading and the bottom of the
curves is during unloading. The signal output was obtained
by normalizing the output voltage to the initial voltage
of the sensor. Loading rates corresponding to the pressure

(b) (c)

(a) Load cell 

Fig. 6. Experimental setups for three different deformation tests: (a) pres-
sure, (b) strain, and (c) curvature responses. (The yellow outlines show
where the sensor is placed within the test beds, and the blue arrows shows
the directions of stresses.)

response are shown in blue, green, and red representing
1 mm/s, 2 mm/s, and 4 mm/s, respectively. The output
consistency in the loading and unloading indicate that the
signal response is not significantly affected by loading rate.
However, the discrepancy between the loading and unloading
signals slightly increased as the rate increased due to the
viscoelastic properties of the silicone rubber hybrid. During
the initial loading, the channel will not deform until it reaches
a particular threshold. While unloading, the channel takes
additional time to regain its original shape. This testing
showed a dynamic range of pressure in which the sensor
was capable of operating within: 0-200 kPa. After 200 kPa,
the signal started to converge to approximately 0.4. This
convergence is most likely the reason behind the signal’s
nonlinearity.

B. Strain Response

In this test, loading a sensor axially between clamps,
the gauge length was measured and used to calculate the
engineering strain (Fig 6-b). Using three different loading
rates (1 mm/s, 2 mm/s, and 4 mm/s), the sensor was loaded
and unloaded. The sensor was loaded up to over 90% strain,
safely below the failure strain level (approximately 100%)
measured in a separate experiment, which will be discussed
later (Section IV-D). One sensor was subjected to a cycle
of loading and unloading at three different loading rates,
shown in Fig. 7-b. The response demonstrates that the signal
is independent of strain rate. Hysteresis was hardly observed
at lower rates (1 mm/s and 2 mm/s). However, as the rate
increased to 4 mm/s, it started to show due to the viscoelastic
properties of the sensor material.
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Fig. 7. (a) Pressure response. (b) Strain Response. (c) Curvature Response.

C. Curvature Response

Testing for the curvature response involved a set of
custom-built clamps for inducing buckling on the sensor, as
shown in Fig. 7-c. Since the chord and arc length are known,
the radius of curvature can be calculated. The curvature
increased with the output signal in a predictable pattern. It
should be noted, however, that the test set-up was not perfect,
and was not able to evenly bend the sensor. While this
introduced some unexpected peaks in the data, the overall
relationship between the output and curvature is clear and
promising.
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Fig. 8. (a) Cyclic test result. (b) Failure test result.

D. Cyclic and Failure Tests for Strain

In addition to the basic characterization tests shown above,
failure and cyclic tests were conducted to evaluate the
robustness and repeatability of the sensor.

For the cyclic test, one sensor sample was clamped in the
test stand and stretched and released for three different cycles
at a rate of 2 mm/s. The results from cycles 2, 5, and 30 are
shown superimposed in Fig. 8-a. These results demonstrate
the sensor’s consistency over time.

For the failure test, three sensor samples were stretched
using three different loading rates (1 mm/s, 2 mm/s, and
4 mm/s) until the sensors mechanically failed. The failure
was detected by the sensor signal, as shown in Fig. 8-b. All
three sensors were able to tolerate over 100% strain.

V. DISCUSSION

This sensor type was meant to provide an easy manufactur-
ing methods with materials that would be easily accessible.
However, we are looking to improve the reflective layer in
a more robust sensor in which we will be using sputter
deposition to apply the reflective layer. This will be beneficial
because it ensures a uniform coating throughout the surface
of the channel - the thickness may not be uniform however.
The next area of improvement would be the substrate itself. It
was difficult searching for a highly stretchable material that
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was optically transparent as well. In result of this, a hybrid
between the aforementioned silicone rubbers was created.
However, this means the material properties are unknown
even though we know some of the properties from each
individual polymer. We were able to determine the elongation
at break for the sensors. We will further characterize the
material itself to have more complete data, such as shore
hardness, and elastic modulus.

As for future developments, we are currently working on
two extended sensor types. The first is a multi-modal sensor
by having multiple sensors integrated in one sensor block
using the same principle of operation. The sensor would
be able to discern various modes of deformation, such as
compression, bending, and twisting. The second extension is
to use optical fibers at each end to transmit and detect light
through the soft waveguide instead of directly embedding
a light source and a detector in the soft material. Optical
fibers will allow us not only to further minimize the size
of the sensor but also to simplify the manufacturing process
by removing multiple rigid components, such as LEDs, and
photodiodes, at the test bed.

VI. CONCLUSION

A soft optical sensor, highly stretchable and flexible, was
designed, fabricated, and characterized. The pressure, strain,
and curvature responses showed promising results with near-
linear and repeatable signals. This demonstrated the potential
to replace or act as a substitute for microfluidic soft sensors.
In addition, the simplicity of manufacturing makes this
method much more feasible.
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