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by
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ABSTRACT

The utilization of soft materials in the design of optical systems provides opportunities
for imparting these optical systems with completely unprecedented properties. This will enhance
performance of systems, such as optical fibers, and enable new application scenarios. Here, we
report the design, manufacture and characterization of elastic stretchable optical fibers.
Analogous to conventional optical fibers, the elastic fibers consist of a high index core, made
from a polystyrene-polyisoprene triblock copolymer, and a low refractive index cladding, formed
by a fluorinated thermoplastic elastomer. The fibers are manufactured by co-extrusion of their
constituent materials. They can be stretched to 300% strain repeatedly. Axial deformation of the
fibers results in a variation of their light guiding properties. The fibers' attenuation coefficient
was determined to be 0.021 + 0.003 dB/mm, which is 2 orders of magnitude higher than for
standard optical glass fibers. The high attenuation coefficient is likely due to scattering of light
by air inclusions incorporated during manufacturing at the core-cladding interface. The fibers
elastic modulus is 960 + 280 kPA and their yield strength lies in the range of 2150 + 480 kPA.
The variation in intensity of guided light as a function of strain applied axially to the fibers was
measured with a customized optical setup. Our experiments show that elastic optical fibers have
properties that make them desirable as mechanical sensors and components in a range of other
applications, provided current manufacturing shortcomings are addressed. The fibers could be
used for light delivery to individual pixels of flexible deformable displays. They could be
incorporated into clothing for delivery of light for display purposes or textile-integrated photonic
circuits to create functional textiles. Because the fibers can stretch, the textiles or displays will be
able to undergo deformation without damage or loss in performance.

Thesis Supervisor: Mathias Kolle
Tile: Assistant Professor
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1. Introduction

Optical fibers are crucial technological components in applications where light is used for
sensing, for communication, for transport of information, and for medical devices. Conventional
optical fibers rely on total internal reflection to guide light, but are generally made from highly
optimized silica-based glasses or thermoplastic polymers using thermal fiber drawing
approaches. Optical fibers consist of a core and a cladding where the core has a higher refractive
index than the cladding. This allows for light guiding based on total internal reflection, thereby
transmitting optical signals through the fiber with very low losses. These traditional fibers are
typically made using a variety of silica-based components. In addition, there have been advances
in optical fibers manufactured from polymers, which adds flexibility. These are usually
fabricated out of poly(rnethyl methacrylate), PMMA, as the core materials with a fluorinated
polymer for the cladding. PMMA has an elongation of 30%, so these plastic fiber optic cables
cannot be used in situations where the distance between the two ends of the fiber can change
significantly.

The utilization of soft materials in the design of optical systems provides opportunities
for creating optical systems with completely unprecedented properties. This will enhance the
performance of systems such as optical fibers, and enable new application scenarios. Stretchable
fibers could be used for light delivery to individual pixels of flexible deformable displays. They
could be incorporated into clothing for delivery of light for display purposes or textile-integrated
photonic circuits could be used to create functional textiles. Because the fibers can stretch, the
textiles or displays will be able to undergo deformation without damage or loss in perfonnance.

While the polymer-based elastic optical fibers have much higher attenuation than silica-
based fibers, which severely limits their suitability for long-distance signal propagation, their
elasticity and their deformation-sensitive light guiding characteristics make them a promising
platform for sensing applications. For instance, it could be extremely beneficial to send signals
through the fibers across short distances that change over time. Fibers implemented in a
prosthetic device like a hand replacement, where the stretched length changes as the hand moves,
could be used to quantify hand movements and indicate deliberate or accidental contact with
other objects. The predictable variation of the intensity of light running through the fibers as a
function of deformation qualifies the fibers as both reliable and durable strain gauges.

2. Background

2.1 Light guiding in opticalfibers

A standard optical fiber consists of a core and a cladding. Often, it also has an additional
coating on the outside that provides mechanical protection. The fiber cladding has a lower
refractive index than the core, so light that enters the core gets trapped by total internal reflection
and propagates along the length of the fiber as shown in Figure 2-1. Due to the refractive index
of the cladding being lower than that of the core, when the wave hits the boundary and the
incidence angle is larger than the critical angle 'pc, the wave cannot pass through the cladding,

and is reflected back inside the core.Here, the critical angle yc is given by pc = sin-'
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where ni and n2 are the refractive indices of cladding and core respectively. Optical fibers can
thus only accept light in a cone defined by the acceptance angle

0 = -sin- Vn -n, where no is the refractive index of the external medium, such as air.3

Cladding (n,.-)
0

Core (ni)

Figure 2-1: Light guiding through an optical fiber. Light that enters the fiber with an angle

smaller than the maximum acceptance angle 0 propagates through the core due to total internal
reflection.

2.2 Single atid Multimode Optical Fibers

The propagation behavior of light in an optical fiber is dependent on the fiber's core
diameter. One desirable trait for optical fibers is to achieve single mode guiding, which means
for a given polarization direction and a given wavelength, there is only a single propagation
mode. To achieve this, the fiber core must be 8 pm, or smaller.4 Single mode fibers are
preferable for light guiding across large distances with low attenuation.' However, for polymer-

based optical fibers it is challenging to create cores that are small enough to achieve single mode
guiding; most polymer fibers Support multiple light propagation modes. One advantage of multi-
mode light guiding, it is substantially easier to couple light into the fibers due to the larger core
diameter. An interesting approach to force single mode light guiding in larger fiber cores is the
addition of a micro-scale structures to the core, like the one shown in Figure 2-2. The core of the
shown fiber is 40 pm, but the microstructure allows the polymer fiber to guide a single mode of
light.) These fibers with periodic patterns in core (and often cladding) are called photonic crystal
fibers.
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(a) (b)

4A 4

T1 A

Figure 2-2: Electron micrograph of microstrUctured polymer optical fiber at (a) low and (b) high
magnilication. The microstructure allows the fiber to guide only a single mode of light even
though its core is 40 pm. which is greater than the 8 pm typically required For optical fibers to
guide single modes of light. Figure reproduced from [51.

2.3 Techniques for Matiufaicturing Glass-Based Fiber Optics

Glass-based optical fibers are most commonly used for data transmission. They have a
very low attenuation coefficient, so they can guide a signal over long distances without loss.
However, because they are made out of glass they are brittle and have a large bending radius,
being prone to fracturing when stretched or bent to too small radii. The manufacture of
conventional optical fibers is done by thermal drawing, starting from a macroscopic preform.
The preform consists of a hollow glass tube filled with silica powder sealed at both ends. The
silica is melted to create the core with the outer glass as the cladding. This preform is then heated
to high temperatures and drawn down to a specified diameter as shown in FigYure 2-3. The fibers
are cured in an oven and then wrapped onto a reel to be sold or used as optical fibers. A
disadvantage of this process is that it is requires multiple steps, and the amount of fiber that can
be created continuously is dependebnt on the initial size of the preform.
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Figure 2-3: Process tor manufacturing silica optical fibers. A glass prelorm is created bv fusing
two hollow g lass pieces togethcr with silica powder inside. The powder melts creating the core
inside the class cladding. The preform is then heated and drawn through a furnace and stretched to
a precise diameter before being rolled onto a reel. Figure reproduced from [71.

2.4 End Preparation of Fiber Optical Fiber End Faces

For optimal properties of an optical fiber, the end faces must be flat, smooth, and free of
defects perpendicular to the axis of the fiber. The procedure used for cleaving a fiber to expose a
clean fiber end involves notching the outside face to create a micro-crack and then bending the
fiber to propagate the crack along the cross-section. The goal is to create a smooth cross-section
for the light to be coupled into the fiber as shown in Figure 2-4 (a). Figure 2-4 (b) and (c) show
the fiber end surfaces that were improperly cleaved. These defects allow less light to enter the
fiber. The cleaving process is very difficult to be accomplished with polymer optical fibers,
because they are not stiff and brittle like glass fibers. More often than not, this method does not
function well for polymer fibers.8

8



(a) (b) (c)

Good Cleave Bad Cleave Bad Cleave
Smooth, Flat Chips and Cracks and

Surface Lips Hackle

Figure 2-4: Cleaved tiber optic. Glass fiber optics are cleaved using a sharp blade to create a
micro-notch in the tiber cladding, which propagates when the fiber is bent to result in a smooth.
flat cross-sectional surface as represented in (a). (b) and (c) show the fiber end surface where this
process did not work. These deflects allow less light to enter the fiber and guide by total internal
reflection. It is difficult to use standard fiber cleaving processes with polymer optical fibers.
because they are not stiff and brittle like glass fibers. Figure reproduced from 191.

2.5 Properties of Con ventional Poti'mer Optical Fibers

Current polymer optical fibers are typically fabricated using poly(methyl methacrylate),
PM MA, as the core materials with a fluorinated polymer for the cladding. These fibers are more
tiexible than typical glass fiber optics. They can withstand elongations of 30% before breaking.

2.6 Properties of Thermosets, Thermoplastics, and Elastoners

Polymers consist of chains of monomers intertwined. Polymers are broadly classified into
three categories: thermoplastics, thermosets, and elastomers. Thermoplastics have the ability to
be melted, formed and re-melted. Thermosets, however. solidify permanently as they cross-link
from their original state usually with the addition of heat or another external source of energy.
Elastomers are typically thermosets. However, when combined with a thermoplastic to form a
copolymer, they become a thermoplastic elastomer. For example, polystyrene is a rigid
thermoplastic, and polyisoprene is a thermoset, vLulcanized to create synthetic rubber. When a
block co-polymer is created from these polyners, the result is a thermoplastic elastomer."

2. 7 Extrusion Process

Thermoplastics can be formed into desired shapes through extrusion. Thermoplastics
begin the extrusion process as small pellets. The end goal of the extrusion process is to either
extrude a long piece of plastic with a desired cross-section or the high-pressured plastic melt is
injected into a mold to create a plastic part. In an extruder, plastic pellets enter the hopper and
then feed into the barrel by gravity and into the grooves of the screw. The pellets move forward
as screw rotates, gradually melting. An extruder usually consists of three regions: the feed
section, the compression section, and the metering section (shown in Figure 2-5) Each section is
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designated by changes in the screw geometry. During the feed section, pellets enter the barrel
and begin to be heated and melted. As the pellets enter the compression section, the screw starts
to taper, compressing and forcing the molten polymer forward while pushing air out. During the
metering section, the polymer is completely melted, and the screw continues to taper, which
allows the polymer to build up pressure so it is ready to be pushed through the die. As the
polymer is heated into a melt it is squeezed into the smaller volume by the taper in the screw,
allowing the air to escape rather than be trapped in the extrusion. Before the polymer is pressed
through the die, it first passes the breaker plate consisting of a metal mesh or metal plate with
holes in it to remove impurities."' Without the breaker plate, these small metal pieces, dust and
other contaminants remain in the polymer melt and in the final product. As a method of optical
fiber manufacture, this allows the fibers to be made in a single step, and in order to create longer
fibers, more pellets can simply be added to the hopper.

Figure 2-5: Cross-section of a polyner extRuder. Plastic pellets are placed in a hopper and heated
as they leed into a rotating screw. They are compressed as they are melted to remove air pockets.
The molten polymer is pushed through a die to establish higher pressures to achieve the desired
cross-section of plastic or to till a mold. Figure reproduced from I I

3. Experimental Procedures

3. 1 Overview
Polymer optical fibers are created using polystyrene-polyisoprene, PSPI, as the core, with

a thermoplastic fluoroelastomer as the cladding. The PSPI used is a 14 wt. % PSPI, which means
it is a co-polymer consisting of 14% styrene in isoprene, and the fluoroelastomer used is
Daikin T-530. After their manufacture, these fibers are characterized in both their optical and
mechanical properties using a custom-made optical setup that permits coupling light into one
fiber end and measuring the intensity of the light exiting the other end.

3.2 Manuflaicture of Oplical Fibers
To manufacture the elastic optical fibers, a co-extrusion setup was designed as shown in

Figure 3-1. Each half of the apparatus consists of a hopper of polymer connected to a barrel with
a straight rotating screw heated from the outside. Both sides lead into a co-extrusion nozzle
shown in Figure 3-2, in which the fluoropolymer is extruded around the PSPI forming the core
and cladding in one step. Small steel tubing is attached to the die in each extruder. The tubing
connected to the core extruder runs through the center of the co-extrusion nozzle with a gap
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around it. A hole drilled in the side connects a small steel tube to the cladding extruder, allowing
the molten material to fill around the core. When the materials leave the nozzle, they are still
molten, so they fuse together. An external heat source heats the co-extrusion nozzle to keep the
polymer fluid during this step. The fiber leaves the nozzle and is stretched around a reel moving
at a constant angular velocity adjusted by a potentiometer. The fluoropolymer is heated to
280 "C, the PSPI is heated to 215 C, and the co-extrusion nozzle, which combines both
materials in the core-cladding geometry is heated to 320 0 C.

Initially, we used 22% PSPI for the core and 14% PSPI for the cladding. However, the
resulting fibers did not have a sufficient difference in refractive index, so they could not be used
to guide light.

Co-Extrusion Nozzle

Figure 3-1: Experimental setup used to manufacture elastic optical fibers. Photograph of the
setup. showing the two material extruders, the co-extrusion nozzle and the fiber reel. The
polymers used to tbrm the core and the cladding are independently heated up and extruded into the
co-extrusion nozzle to create the fibers in one step. The final heating dUring combination of core
and cladding in the co-extrusion nozzle is done with a rope heater that is wrapped aroUnd the
nozzle.
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(a) ( Core Entrance Cladding Entrance
Core Entrance

ClClaininExEntranEx

H1eatin'g Rope

CCaddinn Exitg Exit

Figure 3-2: Image (a) and render (b) of the co-extrusion nozzle, where the core material is pushed
through a small tube. and the cladding material fills in the space around it. allowing for a
concentric fiber to be released at the edge of the nozzle. The final heating during combination of
core and cladding in the co-extrusion nozzle is done with a rope heater that is wrapped around the
nozzle.

3.3 Prepare Fiber Samples for Experimentation
After extrusion of the fibers, they are embedded in Poly'dimethylsiloxane (PDVIS) blocks

to facilitate accurate positioning of the fibers during light guiding experiments. Keeping the
fibers straight in the PDMS allows for accurate determination of fiber length. PDMS is cured
overnight at 70 C. Curing the fibers in PDMS without securing the fiber results in the fiber
returning to its original curved state. To avoid this problem fibers are suspended in PDMS using
the following procedure: First, holes are drilled along parallel lines on two sides of a petri dish.
Each fiber is threaded through two opposite holes and the fiber ends are fixed to the vessel
outside using epoxy as shown in Figure 3-3 (a). This allows for an array of fibers to be
embedded in the PDMS, greatly facilitating experimentation with multiple fibers to get adequate
statistics of the experimental results. Once the PDMS is cured, the fibers are cut out of the petri
dish as shown in Figure 3-3 (b).
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(a) Petri Dish (b)

Fiber
Photo

-4 -of Setup
Epoxy Joints

Figure 3-3: Embedding fibers in PDMS. (a) Image of the vessel used to set the fibers in an array.
(b) Fibers embedded in a PDMS block. An array of fibers embedded in the PDMS. greatly
facilitates experimentation with multiple tibers to get adeqUate statistics of the experimental
results.

3.4 Smoothening of Fiber End Faces by Vapor Annealing
Traditional methods of cleaving fibers to create smooth end faces cannot be used with the

elastomeric fibers because they are not brittle. However, when cutting the soft fibers with a fresh
razor blade or scalpel, shear marks remain on the surface. Therefore, the fiber ends are annealed
in solvent vapor to remove defects caused by the cutting. PSPI and the fluoropolymer dissolve in
tolUene, which makes toluene a god choice for the annealing vapor. Toluene is placed in the
bottom of a partially capped glass vial. Toluene vapors fill the vial volume. The block of PDMS
with fibers embedded or singular fiber is inserted into the vial to allow the vapors to swell the
fiber ends (Figure 3-4). This gives the polymer molecules enoutgh mobility to smooth oLt
scratches and cutting marks to ultimately form smoother fiber end faces allowing for better
coupling of light into the fibers.

13



Fiber

Vessel Opening

Vessel
Toluene Vapors

Liquid Toluene

Figure 3-4: Vapor annealing of fiber end faces with toluene. To better guide light, the defects in
the fiber ends resulting from cutting the fiber are smoothened in toluene vapors. The sample is
placed inside a container of toluene with the lid on.

3.5 Optical characterization of elastic fibers

To determine the optical properties of the elastic fibers, such as the attenuation
coefficient light is coupled. in at one end of the fiber and the light emitted at the other end is
analyzed. This is done using a custom-made optical setup. In this setup (Figure 3-5), light from a
green laser diode (Thor Labs DJ532-40 Laser Diode, 532 nm, 40 mW) is collimated by a lens
and then focused on the end face of a fiber using a 5x objective (Olympus long working distance
5x objective, 0.013 NA). Light reflected from the fiber end face is collected through the same
objective and via a beam splitter reaches a camera (Omax A35140U3) to allow for visual
observation of fiber end and light coupling. Light that travels through the fiber and exits at the
other end is collected with a 4x objective (Olympus 4x objective, 0.0 13 NA) and imaged with a
second camera (Thor Labs DCC3240C USB 3.0).

The intensity of light transmitted by the fiber is then quantified by average intensity
across the image of the fiber core (see section 3.5.1).

The camera exposure time is set so that it is low enough that none of the camera pixels is
saturated, while trying to maximize the signal-to-noise ratio. For a given power of the light
intensity measured on the camera is not linearly related to the camera exposure time. Therefore,
a calibration curve for the relation between measured light intensity and exposure time was
determined to allow for comparison of measurements taken at different exposure times (see
section 3.5.2). The illumination and collection optics are mounted on micro-translation stages
that allow fine-scale movement in all three directions to focus incident light on the fiber core
center and align the collection optics with the fiber outlet.

14



Incticn oem

U0' i

Fig ure 3-5: Photo oI opticai setup. i t1e- m 1reN Lser diode is collimated by a lens and then

tocused on the end fce oF a I her sin a 5' objective. Libt reflected li'om the fiber end lace is

collected through the samc objective and via a beami splitter reaches a camera to allow 1or visual

observation of lher end and light coupling. I ight that travels thi'ougzh the fiber and exits at the
other end is collected wi\\ a 4x objective and imaed with a second camera.

3.5.1 inage Processing for Determining Intensity of Transmitted Light

The light guiding characteristics of the fibers are quantified by imaging light transmitted through

the fibers upon exiting the fiber outlet onto a camera. Image processing software, himageJ, is used

to determine the averagie intensity of light emitted from the fiber core. The outlet of a fiber

illuminated by external light source is shown in (a). (b) displays the outlet emitting green light

transmitted by the fiber. Anaiysis in imageJ is performed for the green image channel since a

green light source was used.

(a)'

Figu re 3-6: Photo of fi her outlet. (a) 'he iber outIct IIuminited with an e\ternal light soUrcec. ()

The Ii11cr outlet as captured by the canera giiiding it Ihr ongi the fiber. Image processing

soIIwaLire I maeJ is used to measure the average initncsitv inside the core of the iber.
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3.5.2 Determining the Cailibrationt Curve of the Camera in the Experimental Set-Up

The camera exposure time and the resulting measured intensity are not linearly related, so
a calibration curve is needed to compare data collected at different exposure times. For data
collection, the exposure time has to be long enough to ensure a good signal-to-noise, but if the
exposure time is too long, then the individual camera pixels become saturated and data about the
intensity of the light is lost. To detennine the calibration curve, the intensity of light collected as
a function of camera exposure time was measured. The graph of measured intensity versus
exposure time is shown in Figure 3-7. The data, which reveals the nonlinear relation between
intensity and exposure time, is approximated as an inverse exponential of the form

f(t) = A(1 - e-c-t) + B using a 95% confidence interval, with A = 93.14 + 3.43,
B= 12.29 0.23, and C = 0.0 12 + 0.001. Each data point is analyzed at t- = 20 ns. To get this

intensity, the following equation is used. 1(t2) where I is the intensity as a function of

exposure time, and f is the calibration function.

6 0 -

30

40 -

C15

() 30

0 10 20 30 40 50 60 70 80

Exposure Time (ms)

Figure 3-7: The experimental setup used to guide light through the fibers was used without a fiber
in place to calibrate the data from the camera. ExposuIre time was varied, and the corresponding
intensity was measured. This data is used to correct I'r the different exposure times used in the
other experiments.
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3.5.3 Determinution of/he Fibers' Liht ,Attenuation Coefficient

An important physical variable that quantifies the fibers' lig1ht guiiding characteristics is
their attenuation coefficient. The attenuation coefficient can be determined by sending light
through fiber sections of different length. For this experiment light is guided through fibers with
an initial length of 4.0 cm. Then the fibers are successively shortened and the experiment is
repeated to determine the relationship between the intensity of guided light and fiber length. The
Beer-L ambert law is then Used to determine the fibers' attenuation coefficient.

3.5.4 Measuring In/ens iy of Guided Light as a Function of Strain

To determine whether a Cluantifiable relationship exists betweten the fibers' liht guid inc
properties and an external strain applied to the fibers, fibers were secured in custom-made shaft
collars withiin the optical setUp. One liber end xwas fixed in place, and the other one was mounted
on a translatina staye as shown in Fisure 3-8. The col tars applied eqLal pressure around the fiber
end in order to minimize an isotropic lateral deformations In order to not introduce arti LeAts inl the2
fibers' light gzuiding characteristics. Before the experiment, the fiber end faces were vapor
annealed. The intensity of gtuided light xxwas first determined for a relaxed fiber and then the
measuremlents w ere repeated for fibers that were suCCessiVeky strained up to a maximum strain o:

.922%. The translation capabilities of the collection optics all owed readjustmcnt of the KeCus on
the fiber outlet for each strain state.

T r ns la t In Endi
d d

Figiai'r 3-8: 1 spCIm1n l I 11) 1s gti;Jc litihi lh oub hers hil e straining them. I he fiber is
securd n small shalt Collars. One Collar r hms d il plce. x ille t e othr is mniedrOil on
trans,,lonl stac. t ich allow s or61 theC H1neasnrenientP ol1 theC utenCIsi of lie_ ht _u'd ed thronub the

lie'as a land 1cionl of'strain11.
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3.6 Mechtnical Tesling of Fibers

To determine the elastic modulus. vield strength and failure behavior of the fibers with
the composite core-cladding geometry tiber mechanical testing experiments were conducted
using a 5980 Instron Mechanical Testing System

The fibers were secured in small shaft collars. These shaft collars were secured to the
Instron using clamps as showii in Figire 3-9. Tension tests at 0.5 mm/nimin were run to fai lure to
characterize both the ultimate tensile strenith and YounIM's modulus of the fibers. In addition,
these fibers underwxent cyclic testing at 0.5 mminimin between 200 and 300 % strain for 15 ccles.

Figure 3-9: 1sperniimal setup to lest mechanical properties oF the 1i ers. I lie iihers are secured
in small shull collars to apply even pressure to the liher end. I he Collars are clamped in the Instron
to appy a Constant displacement rate to the lhiers. Both tension tests to aIlure a iid Cycle test inc
are run on the ihers.

18
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4. Results and Discussion

The detailed mechanical and optical characterization of the co-extrUded elastic optical
fibers allowed US to quantify the fiber's Young's modulus, yield strength and light attenuation
coefficient, and to determine a relationship between the fiber's light guiding behavior as a
function of applied strain.

4.1 Attenuation Coefficient

The attenuation of light in optical fibers as a function of fiber length follows an
exponential behavior, described by the Beer-Lambert law.' 3 By plotting the logarithm of
intensity of guided light against fiber length, the attenuation coefficient can be determined from
the slope of the resulting curve as shown in Figure 4-1. Light guiding through five fibers was
measured for five distinct fiber lengths. The average attenuation coefficient for these fibers, is
0.02 1 0.003 dB/mm (n=5). A typical silica fiber has an attenuation coefficient of only 0.2
dB/km or 2 - 10- dB/mm, and a typical polymer fiber made from PMMA has an attenuation
coefficient of 160 dB/km or 0.000 16 dB/mm.

10 - - -

2-,

10
5 10 15 20 25 30 35 40 45

Length (mm)
Figure 4-1: A graph showing the intensity of light guiding through a fiber versus lenoth to
determine the attenuation coefficient. The attenuation coefficient is a measure of how much light
is attenuated per unit fiber length. A higher attenuation coefficient means that the intensity of
guided light decreases more rapidly along the length ol the fiber, limiting the total length Over
which information contained in the guided light can be propagated. The average attenuation
coelficient was 16und to be 0.021 0.003 d13/mm (n=5).
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While it is expected that polymer fibers have a larger attenuation coefficient than glass 
fibers (glass can be better purified than plastics), the attenuation coefficient of the reported 
elastic fibers is rather high. It is about three orders of magnitude higher than the attenuation 
coefficient of commercial PMMA optical fibers. The primary reason for the high attenuation 
coefficient of the elastic fibers is the incorporation of air inclusions and impurities at the core
cladding interface. These inclusions scatter light out of the fiber and therefore degrade the fibers 
guiding performance. Optimizing the extrusion setup design will allow us to decrease the density 
of air bubbles and impurities at the core-cladding interface, which would lead to a reduction of 
the fiber's attenuation coefficient. The manufacturing set-up can be improved by addressing the 
following shortcomings: The extruder used in this setup uses an off the shelf screw. Large 
extruders used for commercial purposes use custom screws that taper to push air bubbles out of 
the molten polymer. To reach further purity, they can add mesh filters in the nozzle that the 
polymer is pushed through. Therefore it is likely that the attenuation coefficient would improve 
when the fibers are created on industrial grade equipment. 

· 4.2 Mechanical Characterization 

A key feature of the elastic fibers are their mechanical properties, which are drastically 
different to the ones of typical silica fibers. Tension tests to failure were run on seven fibers as 
shown in Figure 4-2 (a). The fibers stretch elastically with a very small plastic deformation 
region and then fail. The measured Young's modulus is 960 ± 280 kPa; the measured ultimate 
tensile strength is 2150 ± 480 kPa; and the average measured fiber strain upon failure of the 
fibers is 381 ± 62%. The graphs in Figure 4-2 (a) show that the fibers do fail in stages, with the 
cladding breaking first, and the core continuing to sustain more strain until it also breaks. Figure 
4-2 (b) shows a fiber during the tensile test where the cladding has already failed but the core has 
not snapped yet. PMMA plastic optical fibers can withstand elongations up to 30% and silica 
fibers can sustain strains only up to 1 %.1 These PSPI fluoropolymer fibers offer a great increase 
being able to stretch over 10 times compared to PMMA fibers and over more than 300 times 
compared to silica fibers. 

(a) 
2 .. 5 

-0.5 

Ultimate Tensile Strength 

Averag<e 
Young's Modulus 

Figure 4-2: (a) Graph showing stress vs. strain during tensile testing of the fibers. (b) lmage of a 
fiber during tensile testing after the cladding fails. The measured Young' s modulus is 960 ± 
280 kPa; the measured ultimate tensile strength is 2150 ± 480 kPa; and the measured elongation 
of the fibers is 381 ± 62%. 
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In order to evaluate, if the elastic fibers could be used for mechanical sensing
applications, their response to repeated cyclic deformation needed to be quantified. To
understand if and how the fibers mechanical changes over time, the fibers were exposed to cyclic
deformation testing. Seven fibers underwent 15 cycles between 200 and 300% strain.
Figure 4-3 (a) shows the stress-strain graph of cycle I for the seven fibers, and Figure 4-3 (b)
shows the stress-strain graph for cycle 15. The mean difference in stress between the I" and 15th

cycle for a given strain of 300% was 230 + 170 kPa. While there is variation in the fibers
between cycles, the behavior is not statistically significant between the first and last cycle, so
these fibers will be able to be used as sensors that need to undergo this behavior.

2.2

2 //

Cycle 1 C
66

Cycle 15

2 2.2 2.4 2.E 2.6 3 3.2

Strain
Figure 4-3: Graph shows the 1st cycle and 15" cycle between 200 and 300% strain 1or 2 of the 7
fibers tested. The data shown in red displays the behavior of a fiber that exhibits the least amount
of variation between cycles I and 15, while the data shown in blue is for a fiber, which had the
largest variation. The mean difference stress between the IS and 151h cycle was 230 160 kPa.

4.3 Relationship Betweent Straitn and Intensity

Measurements evaluating the intensity of light guided through 5 different fibers as a
function of strain applied to the fibers reveal that there is a linear relationship between the
intensity and strain as shown in Figure 4-4. In the tested range of strain, between 0 and 290%,
the relationship between intensity and strain is linear. The intensity of light guided through the
fibers decreases linearly with increasing strain with a slope of 10.6 + 0.5 counts/unit strain. Our
measurements indicates that there is linear dependence between intensity and strain. This
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relationship between intensity and strain, along with the fibers ability to stretch over 300% strain

makes them good candidates for novel mechanical fiber-based sensors that could be employed in

a whole range of application fields including functional textiles, medical sensing or infrastructure

health monitoring. Once improvements of the manufacturing setup will allow producing fibers

with significantly lower attenuation coefficient, the fiber's guiding characteristics as a function

of fiber deformation will need to be assessed again to ensure adequate performance in sensing

applications.
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Figure 4-4: Graph of intensity vs. strain. In the tested range of strain, between 0 and 290%, the

relationship between intensity and strain is linear. The intensity of light guided through the fibers

decreases linearly with increasing strain with a slope of 10.6 - 0.5 counts/unit strain.

5. Conclusions and Future Work

The goal of the reported research was to design, manufacture and characterize elastic

stretchable optical fibers. We have successfully manufactured stretchable fibers using a

polystyrene-polyisoprene triblock copolymer as the core and a fluorinated thermoplastic

elastomer as the cladding material. The fibers' diameters range between 1300-1600 pm. They

can be stretched to 300% strain repeatedly. While the initial manufacturing setup still requires

further optimization to avoid introducing impurities and air bubbles from the fiber, which

currently strongly affect the fibers' attenuation coefficient, our work shows that extrusion is

viable route to form stretchable optical fibers. The unique mechanical properties of these optical
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fibers make them desirable as sensors. Moving this setup to industrial grade plastic extrusion
equipment should remove all of the imperfections in the fibers by including filters to remove
impurities, and a tapered screw to remove air bubbles. Our experiments confirm that there is
dependence between intensity of light guided through the fibers and applied strain; consequently,
the fibers could be used as mechano-optical sensors or they could be embedded in textiles to
create smart clothing. The improvements of the fiber manufacture discussed above should help to
improve the fibers' light guiding behavior. The optical performance of improved fibers can then
quantitatively be assessed using the protocols and techniques outlined in this thesis.
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