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A Soft Optical Waveguide Coupled With Fiber Optics
for Dynamic Pressure and Strain Sensing

Celeste To, Tess Hellebrekers

Abstract—As the use of soft robotics and soft actuators becomes
more popular, there is also an increased need for soft sensors that
can perform robustly under various extreme conditions. While
some applications find ultrathin flexible sensors sufficient, like elec-
tronic skin and wearable devices, there is still a critical need for ro-
bust sensing under extreme deformations. Previous work in highly
stretchable sensing modalities commonly uses liquid conductors
that couple a change in measured electrical resistance with applied
stress. However, liquid conductors are expensive and difficult to en-
capsulate, leading to leakages that can damage machinery. As an
alternative, this letter proposes an elastomeric waveguide coated
with a thin reflective metallic layer that reflects internally propa-
gating light. Upon deformation, microcracks in the reflective layer
modulate the intensity of the light at the photodetector, leading to
decrease in optical power. This letter describes the design, fabri-
cation, and characterization of the proposed optical soft sensor. A
prototype was created and characterized for pressure and strain
up to 110 kPa and 30% strain, respectively.

Index Terms—Soft sensors, fiber optics, waveguide, thin film
coating.

1. INTRODUCTION

HERE has been a large amount of interest and research in

highly compliant sensors in the field of soft robotics. As
progress is being made towards these types of robotic systems,
there is a need for reliable sensing mechanisms that can inter-
face and operate under extreme deformation. Electronic sensing
skins and wearables have been a large research focus in the last
decade, as shown in several review articles [1], [2]. Some of
these technologies circumvent the problem by being extremely
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thin and flexible, but not necessarily stretchable. However, there
are still applications where hyperelastic stretching is required.
For this reason, soft and stretchable sensors have become a large
topic of interest [3]-[5].

There are a variety of physical mechanisms that can be used
for soft sensing. A large amount of effort has gone into devel-
oping and improving microfluidic sensors [6]-[9]. Such sen-
sors commonly use eutectic gallium indium or galinstain in a
polymeric microchannel where as deformation is applied, the
change in resistance of the microfluidic substance can be re-
lated to the stress. This mechanism has been used in many soft
strain gauges [10], [11] and pressure sensors [9], [10], [12]. Al-
though microfluidic sensing is promising and conveniently cou-
ples stress with resistance, fabrication tends to be labor intensive
and messy. Many researchers have considered alternative sens-
ing mechanisms to avoid these drawbacks. Some have invented
soft sensors which harness the power of magnetic fields [13].
In addition, optical power as a means of sensing has been a
promising solution, with several optical soft sensors have been
developed in the past ten years [14]-[19].

Conventionally, fiber Bragg gratings (FBGs) are used to de-
tect several physical properties such as strain and temperature
however they are too rigid with breaking points above 3%
strain [20]. The idea of FBGs has also been utilized in several
types of new soft sensors including soft pressure sensors [21],
[22] and in tactile sensing arrays [23]. Recently we have pro-
posed a highly stretchable optical sensor that can detect strain,
pressure, and curvature [24]. It differs from the aforementioned
sensors due to its large elongation at break. This sensor operates
by having an optical power source shown through one end of
the long transparent elastomeric structure, and on the other end
there is a receiver. The exterior is coated with an inextensible re-
flective material similar to a slotted fiber optic cable [25]. Upon
deformation, microcracks form to allow light to escape. We have
shown successful results that relate this optical power loss with
strain, pressure, and curvature. Although the device proved to
work as intended, the form factor was larger than necessary due
to embedded electronics in the structure, amongst other areas to
improve upon.

In this letter, we have significantly improved upon the de-
sign, materials and fabrication process. We have miniaturized
the structure by using plastic optical fibers and improved manu-
facturing methods, as shown in Figure 1. Fiber optic cables were
used as a means of transmitting light from the power source to
the photodetector, which are located remotely, instead of the pre-
viously embedded surface mount devices (SMDs). Compared
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Figure 1.  Complete optical soft sensor with fiber optic connectors (top), sensor
prototype under approximately 10% strain (bottom-left), and twisting the soft
sensor (bottom-right).

with previous designs, we are proposing use of optical fibers
directly interfaced to the soft waveguide at the ends so that the
internal structure remains free to stretch and deform. Addition-
ally, sputter deposition was used for a controlled, uniform gold
layer that can reflect the internally propagating light, which is a
key difference from the optoelectronic soft sensor used in a soft
prosthetic hand [26]. A simple model has been described to ex-
plain the mechanism behind the design and experimental results
were obtained from this improved sensor. This type of sensor
can be especially useful in medical devices due to its materials
all being biocompatible, non-ferrous (non-magnetic), and non-
chemical which makes it inert in medical environments. This
letter describes the design, fabrication, and characterization of
the aforementioned optical soft sensor.

II. BACKGROUND

The mechanism behind this sensor can be explained through
a simple model by directly relating the optical power loss to
change in the waveguide surface area and Poisson’s ratio of the
sensor structure. Consider a cylindrical waveguide covered with
an inextensible reflective metal layer (Figure 2-top). With no de-
formation applied, we can assume the metal layer and elastomer
have a surface area of 271, L,,, where r, is the original radius of
the waveguide and L, is the original length of the waveguide.
Upon deformation, the surface area is defined as 27 L, where
r and L are the current radius and length respectively. By re-
arranging Poisson’s ratio of the material v = —¢, /e; where &,
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Figure 2.  Conceptual drawing of microcrack formation upon deformation of
an elastic waveguide (top) and microscopic images of an actual soft waveguide
before (bottom-left) and after (bottom-right) being stretched.

and ¢; are the transverse and longitudinal strains of the sen-
sor structure respectively, the relationship between radius and
length is well defined:
_“’”LT,LO 0
Assume that the inextensible layer completely reflects inter-
nally propagating light, and that the exposed elastomer allows
for complete transmission. Then the change in signal depends
on the ratio of the surface area of the inextensible layer to the
total current surface area of the waveguide. Since the metal layer
is inextensible, we can assume that its surface area remains the
same regardless of sensor elongation. The ratio of the unchang-
ing surface area of the metallic layer to the total surface area of
the waveguide under elongation can be put in terms of the initial
radius r,, initial length L,, Poisson’s ratio v of the elastomer,
and the final length L:

SAgora  2mroLy ro L2
SAotar  2mrL L(roLy —vroL + vr,L,)

It follows that we would expect optical power decay of this
form as we stretch the sensor, which is shown in the experimental
results. The ratio of optical power decay can be expressed by
using equation (2), the ratio between surface areas:

£ _ To Lg

P, L(C) - CyL)
where Cy = r,L, + vr,L, and Cy = vr, are constants depen-
dent on the material properties and original size of the wave-
guide, P is the current optical power, and P, is the optical power
under no deformation.

Ar =

2

3

III. DESIGN

As mentioned there are already several optical sensing meth-
ods that exist for soft hyperelastic bodies. In particular, light
modulation was used in pressure sensing using several meth-
ods [21], [22], [27]. We are using an alternative method by
modulating light within our singular waveguide coupled with
a reflective coating. The sensor functions by taking advantage
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(a) Waveguide half with gold layered semi-circular channel and (b) half with flat gold layer are connected with to form (c) complete waveguide with

inserted fiber optics. Finally, (d) two clamps are added for testing. (e) Two waveguide halves inserted into (f) mold for fiber alignment. (g) Close-up view of the

fiber alignment pieces and (h) fibers inserted into place before clamps are poured.

of an inextensible reflective metal coating surrounding a com-
pletely elastic polymer waveguide which allows light to travel
from one end to the other. Upon extension of the body, mi-
crocracks form along the metal coating - allowing the light to
escape (Figure 2-bottom). The change in optical power from
unperturbed to perturbed state can be measured and can be cal-
ibrated to measure the amount of deformation or force made to
the sensor.

The sensor is composed of three main “components”: optical
fibers, elastomer, and metallic coating. At first glance the sensor
has an I-beam, or “dog-bone,” form. It consists of a polymeric
semi-circle waveguide with the same polymeric material en-
casing the waveguide. The waveguide is semi-circular to make
fabrication easier and the sensor less susceptible to misalign-
ment. This housing and waveguide are both made from a 20:1
ratio polydimethylsiloxane (PDMS) to allow strains up to over
60%. The clamp ends have a 10:1 ratio of PDMS for ease of
grasping onto during experimentation, as shown in Figure 3.

The reflective metal of choice here is gold (Au) due to its
resistance to tarnishing and inert characteristic to bodily chem-
icals. Additionally a thin layer of titanium (Ti) was sputtered in
conjunction with gold to help with adhesion between the gold
layer and the elastomer. No titanium was used in early proto-
types but the use of Ti in later prototypes has shown a significant
improvement with wear. Since sputtering was used to build the
layer in a semi-circle waveguide, excess Au was added to com-
pensate for the almost vertical side walls. On one end of optical
fibers there is a fiber optic emitter end using a high intensity in-
frared (IR) beam of 1490 nm. IR light is used because gold best
reflects longer wavelengths (red to IR). On the other end, there
is another fiber optic cable that acts as a receiver to measure op-
tical power in micro-watts (4W). Both emitter and detector are

built into the same device, an optical power meter (WaveTester,
Optical Wavelength Laboratories). Using fiber optic cables ends
allows for use in high-stretch environments where it is subjected
to a great deal of deformation by avoiding unnecessary stress
concentrations. In addition, the optical and electronic units are
clear from the area of dynamic forces.

The selection of materials was made with the intent that we
could implement this sensor in medical related devices that
would come in contact with humans. For example, gold does
not react inside or outside the human body, which is why it is
commonly used in the medical field. Titanium is also biocom-
patible as it is commonly used in prosthetic implants. Lastly,
PDMS is commonly used in current medical devices because it
is easy to sterilize, high permeability, and biocompatibility.

IV. FABRICATION

All molds were printed as negative images of the desired
shape using an Objet30 with VeroBlack material. All elastomer
preparation steps included degassing to improve structural in-
tegrity and remove air bubbles and curing for 4 hours at 60 °C
in an oven.

First, two rectangular halves using a 20:1 ratio of PDMS
(Sylgard 184, Dow Corning) are made in preparation for the
internal waveguide. The top half is I mm x 20 mm x 40 mm,
while the bottom half is 1.5 mm x 20 mm X 40 mm with a
semi-circular channel (d = 0.22 mm) spanning the length of
the sample (Figure 3-a). 5 mm x 40 mm Kapton tape masks
are applied to the edges of these rectangular halves to leave a
10 mm x 40 mm exposed area in the center. Then, the samples
are sputtered with 100 nm of titanium to improve adhesion of
the 300 nm of gold layer. Afterwards the mask is removed to
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Figure 4. Example of gold-layer coatings on semicylindrical PDMS waveg-
uides made by gold-leaf (top) and sputtering (bottom) methods for comparison.
The magnified views on the right side shows initial microcracks before stretch-
ing. While the gold leaf coating shows many wrinkles with relatively large initial
cracks, the sputtered coating shows a uniformly coated layer with only hairline
initial cracks.

show only the area where the waveguide will be formed with
the reflective Au layer (Figures 3-a and 3-b). The semi-circular
channel is placed with the channel upward in another mold with
room to add the fiber optic cables. An optical fiber (¢ = 250 pm)
is stripped to remove the polymer protective coating until the
bare fiber cladding (¢ = 125 pum) is exposed. Using fiber align-
ment pieces in the mold, they are lined up in the semi-circular
waveguide where there is very little clearance between the fiber
and the wall to ensure an effective signal response. Then more
20:1 elastomer is poured over the channel, covered with trans-
parency film to flatten the surface, and cured in the oven. In
order to finish the internal waveguide, more 20:1 elastomer is
spin coated on top of the channel half and the other previously
prepared rectangular half is attached with the reflective layer
facing down (Figure 3-c). This completely encloses the wave-
guide to create a completely reflective interior for the light to
pass through. The final waveguide housing, 2 mm x 20 mm
x 40 mm (depth, width, and length, respectively), is relatively
large compared to protect the internal waveguide and make the
sensor durable. After that part is fully cured, the 10:1 elastomer
(Sylgard 184, Dow Corning) is poured to create the clamps at
either end of the sensor (Figure 3-d). The ends overlap 5 mm of
each side to give the sensor an effective length of 30 mm. Once
the sensor is complete, silicone adhesive (Sil-Poxy, Smooth-
On) is added to the fiber optic cable junction to secure the
connection.

The sputtering method proposed in this work significantly im-
proved the quality of the reflective gold layer on the waveguide
compared to the previous gold leaf method [24]. The gold layer
made by sputtering was not only more uniform but also contains
much smaller and less initial microcracks before stretching, as
shown in Figure 4.
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Figure 5. Overall test setup with soft sensor, optical power meter, load cell as
reference, motorized test stand, DAQ board, and LabVIEW monitor.
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Figure 6. Front and side views of test setup with motorized test stand for
pressure (left) and strain (right) testing, respectively.

V. RESULTS

Stress-strain and failure tests were performed to characterize
the mechanical properties of the sensor. In addition, pressure
and strain tests were performed to characterize the optical signal
using a motorized material test stand (ESM301, Mark-10) and a
single-axis load cell (STL-50, AmCells), as shown in Figure 5.
The detailed test setups for pressure and strain testing is shown
in Figure 6. While the optical signals from the soft sensor were
measured using the WaveTester at a sampling rate of 1 Hz, the
displacement and the applied pressure were measured by the
encoder in the test stand and the load cell, respectively. The raw
signal from the load cell was acquired through a data acquisition
(DAQ) device (USB-6000, National Instruments) and recorded
by a DAQ software package (LabVIEW, National Instruments).
A band pass filter (0.5-5 Hz) and a minimum-phase equiripple
finite impulse response (FIR) filter were applied to all of the
following raw signals (Figure 7).

A. Elastomer Response

Three sensors were loaded until failure to determine max
strain for further testing. Results showed failure at 65, 50, and
20% strain for 10 mm/min, 5 mm/min, and 1 mm/min, respec-
tively. Subsequent strain tests were designed to fall well within
this window. As expected, the elastomer shows slight variation
in max strain due to the viscoelastic properties of the elastomer,
especially at different speeds.

For the stress-strain curve, the sensor was loaded axially be-
tween two clamps up to 33% strain at a rate of 5 mm/min. The
gauge length was measured at the start of each test to calculate
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engineering strain. Engineering stress was calculated with the
known cross-sectional area of each sample and the force data
measured at 250 Hz using the load cell. A maximum stress of
approximately 60 kPa was observed. Minimal hysteresis was
shown between loading and unloading (Figure 7-left).

B. Pressure Response

A custom test stand and square indenter was built to ensure
even and complete distribution of pressure (Figure 6-left). Force
was applied to the middle of the waveguide to a depth of 1 mm
at a rate of 1 mm/min. The load cell collected force data at
250 Hz, while the WaveTester collected optical power data at
1 Hz. The relationship between signal response and applied
pressure is shown in Figure 7-middle. During unloading, the
elastomer exhibits hysteresis, resulting in a bias around 110 kPa.

The pressure response was also recorded to a depth of 1 mm
at 1 mm/min for 30 cycles to confirm robustness of the sig-
nal. Pressure sensitivity was estimated to be 3.5e-5 W/kPa. A

1000 1500

Time (s)

Subsets of cyclic test results for pressure at 1 mm/min (top) and strain at 5 mm/min (bottom) for 30 cycles each.

representative subset of cycles are shown in Figure 8-top. Over-
all, the signal is very repeatable over time, despite the elas-
tomeric properties. However, the resting signal appears to be
decreasing slightly over time. We attribute this drift largely due
to the viscoelasticity of the base polymer and not the gradual
degradation of the gold coating, as it is completely encapsulated
by polymer. Similarly, when the motor changes direction be-
tween loading and unloading, there is a slight perturbation we
attribute to the movement of the testing stand. Immediately after
unloading the closed channel, there is a delayed signal response
we attribute to hysteresis of the elastomer.

C. Strain Response

For all strain testing, the sensor was suspended between two
hooks, attached by custom printed clamps to distribute stress
along the dog-bone sample evenly (Figure 6-right). Each test
was inspected to ensure proper alignment and a pre-strain of
3%. Gauge length was measured to calculate engineering strain.
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The optical power, in W, was measured at 1 Hz using the
WaveTester. The sensor was loaded up to 30% strain at a rate
of 5 mm/min. The loading and unloading signals are shown in
Figure 7-right. Due to the hysteretic behavior of the polymer
material, the fibers may become temporarily misaligned while
unloading stress and results in a local convex region.

In addition, this strain test was performed for 30 cycles at
5 mm/min, up to a strain of 25%. Strain sensitivity was esti-
mated to be 2.5e—4 yW/mm. A representative subset of cycles
are shown in Figure 8-bottom, and appear consistent over time.
However due to fiber movement during testing, there are no-
table discrepancies in the curves, especially between cycles.
We believe this is due to the motor changing directions, caus-
ing perturbations in the testing stand, and fiber misalignment.
However, the signal changes predictably in spite of small manu-
facturing disparities. During the cyclic test there is a noticeable
decrease in signal during unloading. We believe this is due to
fiber movement and misalignment while the test stand unloads
the strain.

VI. APPLICATION

To demonstrate an example of applications of the proposed
sensor, one of the prototypes was installed to a commercial
six degrees-of-freedom (DOF) robotic arm (UR3, Universal
Robots) and tested for repeated dynamic force sensing. The opti-
cal soft sensor was attached to the end-effector of the robotic arm
(Figure 9-top) and compressed and released by the indenter at-
tached to a commercial load cell (RFT60-HAO1, ROBOTOUS)
by moving the end-effector vertically at a constant rate of
5 mm/sec. The displacement of the end-effector, the force mea-
sured by the load cell, and the output from the soft sensor were
plotted (Figure 9-middle). The result showed repeatable force
response with a hysteresis loop (Figure 9-bottom). The hystere-
sis was mainly from the low sensitivity of the soft sensor in the
low force range and the delay in restoring the original shape of
the sensor when the load was removed.

VII. DISCUSSION AND FUTURE WORK

We presented a soft optical sensor alternative to liquid metal
soft sensors. While the fabrication process is simple, small hu-
man errors in fiber alignment, elastomer mixing, and gold sput-
tering can lead to disparities between sensors. For this reason,
we have highlighted strain and pressure responses from the
same sensor, although we tested many sensors from different
fabrication batches. Despite the signal noise, pressure and strain
response have been shown to be repeatable. While we intro-
duced 10:1 PDMS clamps and silicone adhesive to restrict fiber
movement, we expect further fabrication improvements to con-
trol fiber alignment would improve the signal patterns. We also
plan to design our own circuitry to collect optical intensity data
at a sampling rate of 250 Hz and explore hybrid elastomer al-
ternatives to improve the working strain range to approximately
100%.

Beyond manufacturing improvements, designs with a deter-
ministic architecture could regulate the formation of microc-
racks in the gold coating. One example would be making the
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Figure 9. Experimental setup (top) and results of end-effector displacement,
applied force, and sensor output (middle) for dynamic loading and unloading
test and relationship between sensor output and applied force (bottom).

waveguide with alternating soft and rigid regions completely
covered with gold. This would cause most of the light loss to
occur at the soft regions with high stress concentrations. Alter-
natively, we could limit the gold coating to the soft regions to
maximize the optical power loss for increased sensitivity.



TO et al.: SOFT OPTICAL WAVEGUIDE COUPLED WITH FIBER OPTICS FOR DYNAMIC PRESSURE AND STRAIN SENSING

We also plan to investigate modified geometry to allow the
sensor to respond to multiple modes of deformation simultane-
ously (i.e. multi-modal sensing) by combining multiple sensing
elements in one sensor. This would be particularly valuable for
robotic applications, like joint angle sensing, that often require
3- to 6-axis capabilities.

VIII. CONCLUSION

In review, a soft waveguide with embedded fiber optics was
designed, fabricated, and characterized. We reported signals for
pressure up to approximately 110 kPa and strain up to 30%. It
was shown to be repeatable over time, with minimal hysteresis.
Some key advantages are simplified the fabrication process, the
simple electronic interface, and the small form factor. This sen-
sor further demonstrates the potential for optics in soft sensing.
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