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B Introduction

The majority of society now depends
on technology, from performing basic
tasks like vacuuming our living rooms
to complex tasks such as carrying out
life-saving surgical procedures and even
cars without drivers [1]. The clothes we
wear today are no exception. Textiles
and clothing are no longer restricted to
the conventional role of providing com-
fort and protection. Terminologies like
Smart, Intelligent and Electronic textiles
have emerged to describe clothing and
textiles that in addition to their conven-
tional role; now provide other functional-
ities and also have the capability to detect
changes in their internal or external envi-
ronment [2].
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Abstract

Several publications and even commercial products showcasing the application of optical
fibers for textile goods abound in literature. Optical fibers can be employed as sensors by
making use of physical principles to sense strain, temperature, and other quantities by tailo-
ring the fiber such that the quantity to be measured alters the intensity, phase, polarisation,
and wavelength of light within the fiber. However, a paper directed at the development of
textile based applications or smart garments using optical fibers is lacking. This review
seeks to serve as apt reference material for the development of optical fiber based textile
sensors or smart garments with a focus on the application of plastic optical fibers (POFss).
Highlighted are the salient material properties of POFs and their importance in delivering
satisfactory sensing results. Special treatment has also been given to their proposed feasibility

for embedment within weft knitted structures.

Key words: plastic optical fibers, knitting, smart garments, textiles and optical materials.

Different approaches for delivering these
smart solutions in textile fabrics and
garments have been intensively studied
in recent years. Popular technological
trends include optics, electrical conduc-
tion related [3], GPS [4, 5], thermal con-
duction [6], acoustics, bio-sensing [7, 8],
ultrasonic [9], photochromism [10], and
strain sensing [11]. The application do-
mains include health and wellness, en-
tertainment, sports, education and secu-
rity. In the sphere of health and wellness,
physiological signal monitoring such as
respiration and heart rate and cadence are
the main functionalities of these smart
wearables. Optics accelerometry and
conductivity related technologies have
been the major ones used in accomplish-
ing this end.

Comparatively, optics offers a number
of advantages lacking in conventional
electronic circuits and systems. Optics
for smart apparels are generally applied
in three main areas, namely sensors, fan-
cy lighting and phototherapy. The optic
technologies for sensors are matured and
quantities and indices such as oxygen
saturation levels, which hitherto have
not been able to be used with techniques
such as conductivity based sensors, can
be measured. Other advantages of inte-
grating flexible optical fibers into textiles
for wearable sensor applications are their
light-weight, insensitivity to electromag-
netic fields, water and corrosion resist-
ance, reduced motion artifacts and high
sensitivity. [12].

Notwithstanding these rather appealing
attributes of optic technologies in the
fabrication of smart garments, there are
equally very thorny issues that continue to
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linger on. Optical fiber sensors are based
on the measurement of the transmitted
optical intensity [13] or wavelength var-
iation relative to deformation of the fib-
ers. However, the light transmitted within
the fibers is prone to leakage due to the
curvature that results when interlaced or
interlooped within fabric structures [13].
Also optical technology for smart wear
has been widely and variedly character-
ised in literature but with terminologies
which tend to be confusing.

Thus, this review attempts to comprehen-
sively classify and explain the various
theories underpinning the use of optics
for smart apparels. The study also illu-
minates the current problems negating
the use of optical technology in textiles
or garments and proffers some measures
worthy of researching into to enhance the
feasibility of their embedment.

Optical fibers/fiber optic
systems

Laser, an acronym for “light amplifica-
tion by stimulated emission of radiation,
invented in the 1960’s, spurred on re-
searchers to study the potential of fiber
optics for data communications, sensing,
and other applications [14]. A laser re-
sults when the electrons in atoms inside
special glasses, crystals, or gases are ac-
tivated through the absorption of energy
from an electrical current or another la-
ser. The activated electrons travel from
a lower-energy orbit to a higher-energy
orbit around the atom’s nucleus.

Fiber-optic communication  systems
thus ensued as systems that transmit-

ted signals more than a few kilometers
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Figure 1. General structure of an optical fiber: a) single core, b) multi-core (image by

authors).
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Figure 2. Classifications of optical fibers (image by authors).

using semiconductor laser beams [15].
Researchers conducted experiments by
transmitting lasers from different ex-
ternal light sources through different
types of waveguides. An optical fiber is
thus described as a cylindrical dielectric
waveguide (nonconducting waveguide)
that transmits light along its axis, by the
process of total internal reflection. Total
internal reflection describes the situa-
tion where light traveling in an optically
dense medium hits a boundary at a steep
angle, and if the angle is larger than the
critical angle for the boundary, the light
will be completely reflected.

According to a method describing the
fabrication of an optical fiber (glass
based), to begin with, a preform contain-
ing quartz glass as the main component
is heated and melted in a drawing furnace
to produce a quartz glass-made optical
fiber. Subsequently, a liquid ultraviolet
curing resin to serve as the cladding is
applied to the quartz glass-made optical
fiber by using a coating die, and then it is
irradiated with ultraviolet rays to cure the
ultraviolet curing resin. In this way, the
quartz glass-made optical fiber is coated
with a primary layer (cladding) and sec-
ondary layer (jacket), and thus an optical
fiber is manufactured [16]. The second-
ary layer can be made of an ultraviolet
curing resin, aurethane acrylate-based
resin or an epoxy acrylate-based resin.
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The general structure of an optical fiber
consists of the core, which is an inner cyl-
inder with a high refractive index; cover-
ing the core is the cladding with a lower
refractive index. It may also have an outer
protective polymer layer called the jacket.
The general structure is shown in Figure 1.

There also exist optical fibers with mul-
ticores (Figure 1.b). Multicore fibers are
composed of asolid cylinder forming
the sheath, with several parallel cylindri-
cal recesses and a variety of cylindrical
cores, each rod being located in one of the
recesses made in the cylinder [17]. These
constitute multichannel fibers. To confine
the optical signal in the core(s), the re-
fractive index of the core must be greater
than that of the cladding. The refractive
index describes the means of measuring
the speed of light in the fiber. The bound-
ary between the core and cladding may
either be abrupt, as in step-index fiber, or
gradual, as in graded-index fiber.

Types of optical fibers
and sensing mechanisms

The commonest type of optical fiber clas-
sification available in literature is that of
communication system optical fibers,
which is based on the differences in the
structure of the core — single mode and
multimode optical fiber with stepped or
graded refractive indices. Graded-refrac-

tive-index means that the refractive index
of the light transmission medium varies
continuously in a specific direction.
Graded-index fibers mainly find applica-
tions in medium-range communications,
such as local area networks. They are
also suitable for refractive index sensors
where light attenuation varies when the
fiber is immersed in fluids of different
refractive indices [18].

Step refractive index fibers have a uni-
form refractive index of the core through-
out and undergo an abrupt change at the
core cladding boundary. They are suita-
ble for applications requiring high power
densities, such as medical and industrial
laser power delivery.

Therefore, for the subject under review,
we have classified fiber optics for sen-
sors and smart apparels into two main
groups based on the make (material type)
and sensing mechanism. Figure 2 shows
our classification of optical fibers.

Classification based on make
(material type)

Glass optical fiber

They are transparent fibers made by draw-
ing glass (silica) to a diameter of about
125 microns. Examples include SiO2
core with SiO2 cladding and GeO2-SiO2
core with SiO2 cladding. A good deal of
progress has been made in the manufac-
ture of glass based optical fibers since the
1970s. Most studies in this direction have
been directed at reducing optical losses
using improved chemical purification tech-
niques [19] and a multitude of materials.

Conventional glass based optical fibers
exhibit excellent light transmission prop-
erties and therefore find predominant ap-
plication in long distance communication
systems. However, these types of optical
fibers exhibit poor flexibility and, thus,
easily break, making them unsuitable for
textile applications. More emphasis will
therefore be on plastic optical fibers.

Plastic optical fiber

Plastic/Polymer optical fiber (POF) is an
optical fiber which is made out of plastic
or polymer as opposed to conventional
glass. A variety of optical polymers are
used in the manufacture of POFs, includ-
ing polymethyl-methacrylate (PMMA),
amorphous fluorinated polymer (CY-
TOP), polystyrene (PS), and polycar-
bonate (PC) [20]. POFs transmit light
through the core of the fiber. The core of
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Figure 3. Total internal reflection of light within an optical fiber (image by authors).

b)

F /4

_A—_—

Figure 4. Some plastic optical fiber specimens (image by authors).

a POF may consist of one or more acryl-
ic-resin fibers with a diameter within
the ranges of 0.25 to 1 mm and 0.01” to
0.04”, encased in a polyethylene sheath.
Plastic fibers are found to be lightweight,
relatively cheap, and flexible.

Examples of POFs include those with
a PMMA core with co-polymer plastic
cladding and a polystyrene core with me-
thyl methacrylate cladding. Plastic opti-
cal fibers are characterised by a reflec-
tion angle of 35 degrees, and those made
of aPMMA core possess an operating
temperature between -40 to 82.2 °C [21].
However, there exists other makes with
higher operating temperatures beyond
120 °C [22].

During fabrication, care is taken to min-
imise optical losses (attenuation) due
to absorption and scattering along the
length of the core, so that light applied
to one end of the optical fiber material
is efficiently transmitted to the opposite
end of the material [23]. It is therefore
important that the refractive index of the
core polymer (1) and the refractive index
of the cladding copolymer (2) satisfy the
relationship (I) [24]:

FIBRES & TEXTILES in Eastem Eurgpe 2022, Vol. 30, 1(151)

n, —n, = 0.01 (1)

If the difference between the refractive
indices and is less than 0.01, the resultant
optical fiber exhibits an unsatisfactory
reflectance of light at the interface be-
tween the core and cladding.

Another important property of POFs is
the numerical aperture (NA), referring
to the maximum angle at which the light
incidence on the fiber is totally internally
reflected and properly transmitted along
the fiber core axis [25]. For example, as
shown in Figure 3, aray entering the
fiber core at that steep angle intersects
the core-cladding boundary, resulting
in light leaking into the cladding. This
therefore means that only light that en-
ters the fiber within a certain range of
angles can travel down the fiber axis
without leaking out. For typical plastic
optical fiber cables, NA ranges between
0.5-0.6. Figure 4.a shows a single core
optical fiber and 4.h multi-core optical
fiber specimens made of PMMA as the
fiber core material and fluorinated pol-
ymer as the fiber cladding material. Its
numerical aperture is 0.5 and the core
refractive index 1.492 [26].

In Figure 4.b the jacketing material is
made of PVC. Plastic optical fibers with
both core and cladding made from flexi-
ble polymers are less subject to fractur-
ing but have the deficiency of strongly at-
tenuating the light passing through [27].
Light attenuation describes the exponen-
tial decay of light within the length of the
fiber axis due to absorption and scatter-
ing losses. Attenuation is caused by con-
ditions such as irregularities in the core
diameter and geometry or changes in the
fiber axis direction. Any occurrence that
imposes dimensional irregularities, such
as micro-bending, aggravates scattering
and, hence, attenuation.

POFs have found application within the
field of smart garments and are current-
ly being widely applied for generating
lighting effects in garments and some
sensor applications.

Sensing mechanism based
classification

Fiber optic Fresnel reflection

In optics, Fresnel reflection describes the
reflection of a portion of incident light
at a discrete interface between two me-

33



Incident beam

nght source

Optlcal fiber A

Ends of fibers

Analyzing device

e \
/ Back reflected beam

Transmitted beam

Optical fiber B

Figure 5. Scheme of a fiber optic interferometric sensor (image by authors).

Optical fiber A

J77TTTTTT7

Substrate being measured

—»| | Grating
[ lll IIII Ll\l.ll.ll.ll.ll.llll.l
M Grating Ny Core Grating
Spectral response
Q m P
Input Transmitted A Reflected A
Unstressed Stressed
] [ ] e
[ “IIIIII\ l [ llllllll
m Grating i Grating N2
p 2n/\ P 20N
Reflected A Reflected A

Figure 6. Fiber Bragg gratings and their sensing scheme (image by authors).

dia having different refractive indices.
Fresnel reflection occurs at the air-glass
interfaces at the entrance and exit ends of
an optical fiber. An example is an optical
fiber Fresnel reflection sensor for detect-
ing the solid-liquid phase change in n-oc-
tadecane [28]. The sensor probe consists
of a single-mode fiber with a cleaved end
immersed in the material sample under
test. As the n-octadecane changes from
solid to liquid or from liquid to solid, its
refractive index (RI) varies, resulting in
changes in the light power ratio reflected
by the probe [28]. There have been seve-
ral applications in the area of solution
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and temperature concentration measure-
ment by measuring the Fresnel-reflection
signals from sensing heads inserted into
the solutions [29, 30]. Their application
in smart textile has not yet been cited.

Fiber optic interferometry

Interferometry is a measurement meth-
od that makes use of the phenomenon
of wave interference, be it light, radio or
sound waves. An interferometer can be
used to determine refractive indices, as
well as measure the deformation of sur-
faces and small ultrasonic vibrations in

a surface [31]. Demonstrations of using
light interference principles as a meas-
urement tool were achieved by Armand
Hippolyte Fizeau and Edouard Stephan
in the 1880’s; however, it was Albert A.
Michelson who invented the first inter-
ferometer. A clear explanation of inter-
ferometry using optical fibers, however,
can be credited to David W. Stowe in his
1983 US Patent (US4380394A). Figure 5
shows an adaptation of one of the various
embodiments of his invention [31].

The sensing system has two fiber op-
tic fibers, 4 and B, connected over a fi-
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Figure 8. Scheme of a micro bend sensor (image by authors).

nite length L such that evanescent wave
coupling occurs between both cores of
the fibers. A light source directs a beam
of light toward fiber optic and carried
toward the end of the fiber. A reference
beam is formed within fiber optic wave-
guide 4 as aresult of back reflection at
the end of the fiber. Such reflection oc-
curs naturally due to the difference in
the refractive index between the core of
the fiber (n;) and the air. A finite amount
of optical energy will pass through both
ends of the fibers and project onto the
substrate to be measured.

A quantifiable amount of light reflect-
ed off the surface of the substrate being
measured will again enter the fiber optic
through the ends, respectively. This re-
flected light will combine with the ini-
tial reference back reflection beam and
will be received by the analysing device.
The optical energy received by the ana-
lysing device will vary in intensity as
a function of vibrations of the surface of
the substrate being measured, a phenom-
enon described as interferometry. Inter-
ferometry has been applied in various
measurement instruments and systems;
examples of which include the Michel-
son interferometer, Fabry-Pérot interfer-
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ometer or etalon, Fizeau interferometer,
Mach-Zehnder interferometer etc.

Fiber Bragg grating

Fiber Bragg gratings are made by later-
ally exposing the core of a single-mode
fiber to a periodic pattern of intense laser
light. The exposure produces a perma-
nent increase in the refractive index of
the fiber’s core, creating a fixed index
modulation according to the exposure
pattern.

The FBG fibers are classified as either
long period grating (LPG) or fiber Bragg
grating (FBG) depending on the length of
gratings. The period of the LPG is of the
order of micrometers, while for the FBG
it is given in nanometers [32]. The work-
ing principle of the FBG is such that when
light is injected into the optical fiber, only
light within a very narrow spectral width
centered at the Bragg wavelength will
be reflected back by the grating. The re-
maining light will continue through the
optical fiber to the next Bragg grating
without experiencing any loss, as shown
in Figure 6. The characteristics of FBGs
have made them suitable for strain, pres-
sure and temperature sensor applications.
This happens because the deformation

Macrobending

Core

Leaking light

Source light

Reflected light

Optical fiber

= e -

7

Analyzing device

of the optical fiber leads to a change in
the period of the microstructure, Bragg
wavelength, and reflected light, as shown
in Figure 6.

Fiber optic macro/microbending

Microbends are microscopic bends of
an optical fiber, causing light to escape
the inner core through the cladding, even
when the fiber is macroscopically kept
straight. Figure 7 shows the micro and
macro bending phenomenon in optical
fibers.

The difference between micro and macro
lies in the magnitude of bending. Mac-
robends are bends that are large enough
to be seen by the human eye, whilst
microbends are microscopic deviations
along the fiber axis.

The sensing mechanism shown in Fig-
ure 8 is such that light traversing an opti-
cal fiber from a source of known intensity
can be altered through microbending by
applying an external load such as stress,
pressure and temperature. Therefore, the
resulting intensity variation analysed by
the device can be used to measure the
magnitude of disturbance or pressure en-
countered.

35



Scattered light

Acoustic wave

Fiber axis

Cladding -

Incident light /

Back scattered light

Particle

Figure 9. Schematic spectrum of scattered light resulting from acoustic Brillouin scattering (image by authors).

Scattered light

Fiber axis

Cladding Y,

e
Incident light /

Back scattered light

Particle

Figure 10. Schematic spectrum of scattered light resulting from Rayleigh scattering in optical fibers (image by authors).

Fiber optic light scattering

In fiber optic transmissions, scattering
defines the loss of a signal caused by the
diffusion of a light beam, where the dif-
fusion itself is as a result of microscopic
fluctuations in the transmission medium
[33]. The major light scattering phenom-
ena used for fiber optic sensors are Bril-
louin, Raman and Rayleigh scattering.
Brillouin scattering can be described as
the reflection of the incident light from
a three-dimensional diffraction grating
as aresult of refraction index changes
in a material due to propagating sound
waves. The light reaching the point di-
rectly along the incident light path will be
modulated by the presence of the acous-
tic wave, as shown in Figure 9.

Raman scattering also typically involves
vibrational energy being gained by a mol-
ecule as incident photons from a visible
laser are shifted to lower energy. Both
Brillouin and Raman techniques analyse
the inelastic scattering interaction of light
with vibrations of matter resulting in
a frequency change [34]. However, while
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Brillouin scattering involves the scatter-
ing of photons from low-frequency pho-
nons, in Raman scattering photons are
scattered by interaction with vibrational
and rotational transitions in molecules,
with the frequency shift and material in-
formation being very different [35].

Rayleigh scattering describes the dis-
persion of electromagnetic radiation
by particles that have a radius less than
approximately 1/10 of the wavelength
of the radiation [36]. Matter responsi-
ble for Rayleigh scattering neither loses
nor gains energy, and hence the scattered
light has the same frequency as the ra-
diation from which it is produced [37].
For sensor applications Rayleigh scatter-
ing in an optical fiber is captured by the
guiding structure of the fiber itself and
back propagates to the fiber input. This
“backscattered light” is the signal detect-
ed by Rayleigh-based distributed optical
fiber sensors (DOFSs) [38] (Figure 10).
Brillouin spectroscopy is the technique
most frequently used for measurements
of strain, [39] while Raman’s scattered
magnitude is usually applied for temper-

ature sensing. Rayleigh is usually applied
for the detection of fast intensity varia-
tions in acoustic signals.

Experimental setup of a fiber
optic sensing system
for smart apparel

Generally, fiber optic systems for smart
garments have been based on light in-
tensity variation (micro/macro bending)
using ordinary plastic optical fibers or
FBG fibers. To a lesser degree, howev-
er, phototherapy application also exists
in literature. Sensor applications are,
however, based on mechanisms such as
interferometry and Fresnel reflection and
others that have not been tried yet. Usual-
ly, in a lab setting, the experimental setup
and instruments required are determined
by the sensing mechanism and or choice
of experimenter. However, a typical ex-
perimental fiber optic sensing system re-
quires an illuminator as the light source,
a harness with holder and coupler, an
optical fiber, and optical detectors or pro-
cessing electronics, similar to the setup of
a macrobend sensor, shown in Figure 8.
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Illuminator/light source

It is necessary to supply a light source to
the fiber optics for illumination. The ex-
ternal broadband light source provides
a wide light spectrum which is focused
into the core of the fiber. The light source
could be from light-emitting diodes
(LED)[13], laser diodes [40], and halo-
gen lamps [41]. LEDs and photo-detec-
tors are interesting solutions for low-
cost and miniaturised intensity-based
schemes [42].

Connector or a Harness with Holder
and Coupler

The main function of an optical connec-
tor is to maintain both ends of the opti-
cal fiber bunch such that the core of the
fibers are axially aligned with that of the
other fibers [43]. A fiber optic coupler is
an optical device capable of connecting
one or more fiber ends in order to allow
the transmission of light waves in multi-
ple paths. The device is capable of com-
bining two or more inputs into a single
output and also of dividing a single input
into two or more outputs.

Optical Detectors and Processing
Electronics

Optical interrogator — Specifically de-
signed to measure the values generated
by Fiber Bragg grating (FBG) sensors.
It can measure a large sensing network
composed of various types of sensors
(such as strain, temperature, displace-
ment, acceleration, tilt etc.) connected
along multiple fibers, by acquiring data
simultaneously and at different sampling
rates. An example is the FS22 Industrial
BraggMETER [44] by HBM (Hottinger
Baldwin Messtechnik GmbH, Germa-

ny).

Optical spectrum analyser — An optical
spectrum analyser (or OSA) is a pre-
cision instrument designed to measure
and display the distribution of power of
an optical source over a specified wave-
length span [45].

Optic fiber power meter — An optical
power meter (OPFM) is a device used
measure the power in an optical signal.
The OFPM is perhaps the most common
type of test equipment used to support the
development and implementation of opti-
cal fiber systems [46].

Optical loss test sets (OLTSs) — consist-
ing of two separate devices — an optical
light source and optical-power meter — in
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the same unit. An example is the Max-
Tester 940/945 — telco OLTS

Optical time domain reflectometer
(OTDR) — A precision instrument used
to locate events or faults along a fiber
link, typically within an optical commu-
nications network. Examples are the Op-
tiFiber Pro OTDR [47, 48] and AQ7280
Modular Optical Time Domain Reflec-
tometer, Yokogawa, UK [49].

Fiber optics sensing i-line series con-
troller — An example is the i-Line
BOXS8B [13].

Embedment of optical fibers
into textile structures

The difficulty in embedding optical fibers
within textile structures is not in doubt.
One research report even declared that
it is impossible [21]. The size which can
be chosen to fabricate wearable textiles
and clothing, however, is also limited.
A suitable optical fiber for embedment in
fabrics must be as fine as a typical yarn.
Currently, the finest optical fiber on the
market is 0.25 mm, close to a conven-
tional nylon-like yarn [21].

A strong case for embedding optical fib-
ers into garments, however, is partly fur-
thered by challenges posed by conven-
tional, wrist-mounted wearables, which
often suffer from large motion defects,
many of which arise from the motion of
the light sources/sensors relative to the
surface of the skin.

Also there is the concern that the elec-
tronic components usually applied are
rigid, incompatible with garments, and
sometimes expensive. Ideal textile based
sensing structures need to be flexible,
fit closely to the human body, be light-
weight, and provide wearer comfort
during long-term use [50]. Textile and
garment engineers are therefore hard-
pressed to provide solutions to these
problems.

So far fabric construction methods that
have been used to attempt to embed opti-
cal fibers include weaving [13] and com-
positing or felting [51]. Fabric ornamen-
tation method such as embroidery [52]
and physical insertion [53, 54] into wo-
ven structures and garment construction
methods like sewing [55] have also been
reported. The latestresearch by Chen et al.

[56], however. hints at the feasibility
of knitting. In their study, optical fibers

were embedded as float stitches. Their
work is, however, focused on illumina-
tion effects, therefore as it stands now,
there has not been any successful appli-
cation of knitting to fabricate an optical
fiber based sensor. Hence, the following
discussions proffer some weft knitting
techniques worthy of consideration to
embed POFs into textile structures.

Weft knitted structures for optical
fiber based knitted strain sensors

Laying-in and inlaid structures

An inlaid weft knitted fabric structure is
composed of a base structure of knitted
yarns holding in position other non-loop-
ing yarns which are embedded within
the structure during certain knitting cy-
cles [57]. An inlaid yarn usually does not
need to be interlooped within warp knit-
ted structures; however, when it comes
to weft knitting, it is important that it is
tucked-in to secure it within the fabric
structure.

During weft knitting using two sets of
needles, it is possible to insert the inlaid
yarn into the structure merely by supply-
ing the yarn across the back of the nee-
dles in order to trap it inside the fabric.
Inlaid yarns are trapped inside the dou-
ble needle bed fabrics by the loops of the
two beds and towards the back of single
bed fabric by the sinker loops. Laying-in
can be employed to modify the stability,
handle, surface interest, weight, visual
appearance, elastic stretch and recovery
of the resultant fabric. Also laying-in pro-
vides the opportunity to introduce fancy
yarn or unusual yarn (in this case optical
fiber), which are difficult to knit in the
normal manner. The inlaid yarn gener-
ally assumes a relatively straight con-
figuration and therefore will require less
length of per course, as opposed to the
loop forming ones.

Single jersey hopsack structure

Hopsack is a typical example of a single
jersey inlaid structure. In this case, after
every normal course, an inlaid yarn is
introduced which is tucked in alternative
needles, as shown in Figure 11.a.

Tunnel inlay knit structure

On double-jersey machines, laying-in
may be achieved using the tunnel inlay
technique. The inlay is fed in advance of
the knitting yarn at a feed and is trapped
as an almost straight horizontal yarn in-
side the fabric, behind the cylinder and
dial face loops. This could possibly be
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Figure 11. Some weft knitted structures proposed for optical fiber based knitted strain sensors (image by authors): a) single jersey hopsack
structure, b) tunnel inlay knit structure, c) 1%4 float knit structure, d) 3:1 fleece fabric structure, e) 2:1 fleece fabric structure (image by

authors).

the best knit structure for embedding op-
tical fibers as there is virtually no bend-
ing of the inlay yarn within the structure.
Figure 11.b shows an inlay structure.

Float stitches/miss stitches

Float or miss stitches are produced when
a needle holding its old loop fails to re-
ceive the new yarn that passes, render-
ing the new loop to float on the back of
the needle. The number of floats can be
varied from 1 to (1xn) number of floats
[58]. Figure 11.c shows a 1x4 float knit
structure where the missed yarn is shown
floating freely on the reverse sides of
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the held loops. Even though float knit
structures also afford minimal bending
of POFs as compared to fleece and hop-
sack structures, which have single jer-
sey as the base structures, the structure
is very loose and therefore not suited to
specific applications requiring compact
structures, such as socks and other under
garments.

Fleecy fabric knit structures

There are generally two types of fleecy
fabrics, namely simple fleece (two
threads) and invisible fleece (three
threads). Fleecy fabrics are produced on

single jersey circular knitting machines.
The fleecy or backing yarns are tucked
into the base fabric at regular intervals
on the reverse (inner) side of the fabric.
Common points for inlay tucking are at
each second needle (1:1 fleece) or at each
fourth needle (3:1 fleece). If the interlac-
ing points are staggered in successive
rows, the structures are called 1:1 and 3:1
staggered fleece. Figure 11.e also shows
a 2:1 fleece fabric structure.

As fleecy yarns do not assume a stitch
configuration, relatively thick and soft
yarns, and for that matter optical fibers
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can be used for the purpose. A simple
fleecy structure consists of a base yarn
and fleecy yarn which are guided by nor-
mal holding down sinkers on successive
feeders of a circular knitting machine.
Since the base yarn is relatively finer,
the fleecy yarn may become visible on
the technical right or face side of the fab-
ric at the inlaid points. The three thread
fleecy structure shown in Figure 11.d is
composed of fleecy yarn, binding yarn
and face yarn and is produced with the
help of some special attachment fitted on
aplain circular structure. A fleece knit
structure is suitable for illumination ap-
plications as fleece yarns (POF yarns)
become visible on the right or face side
of the fabric at the inlaid points. Also
three-thread fleece fabrics have arela-
tively high mass and thickness and are
widely used in outdoor active and sports-
wear garments [59].

B Current areas of application

Currently, three areas of optical fiber ap-
plication in smart textiles exist, including
sensor, lighting effect and phototherapy
applications, shown in Figure 12.

Terms such as luminous textile [55], lu-
minescent fabric, illuminative fabrics
[51], photonic textiles [60], and fiber
optic textiles [61] have been used to de-
scribe optical fiber applications for smart
wear. Photonic fibers can be defined as
fibers that generate, transmit, modulate
and detect photons [62]. Luminous tex-
tiles describe textiles that emit or reflect
usually steady, suffused, or glowing
light. The luminous and photonic types
have generally lighting effect and thera-
py applications, while fiber optic textiles
are more linked with sensor applications.

Lighting effect applications

Arather interesting characteristic of
POFs used for lighting effect applica-

Figure 12. Current areas of optical fiber application (image by authors).

tions is that the fibers require purposive
mutilation of the cladding along the later-
al side of the fibers to enable light emis-
sion along the length of the fiber, as light
in unmutilated POF is only visible from
the ends of the fibers [56].

Several surface treatment methods di-
rected at making POFs that emit light ex-
ist in literature. They include but are not
limited to mechanical side-notching [63],
which creates simple figures of light
dots. Others include surface mechanical
abrasion [64], surface chemical etching
[65] or sandblasting, leading to a more
coherent light distribution.

Alternatively, writing Bragg gratings or
embedding scattering particles within the
core of the fiber can also cause fibers to
emit light [66]. Fashion designers and art-
ists have used POF within woven textiles
to incorporate harmonising illumination
effects. Figure 13 [26] shows some tex-
tile products adorned with POFs.

Phototherapy applications

Phototherapy is one of the oldest thera-
peutic modes of treating various health
conditions [67]. Fabrics embedded
with side-emitting polymer optical fib-
er (POF) have been found to offer great

potential for phototherapy application.
A well-defined wavelength is essential
for phototherapy since cellular reactions
occur within certain irradiation wave-
lengths. Several past study reports in-
dicate that low level light irradiation at
about 630 nm delivers low energy stim-
ulation to tissues, resulting in enhanced
cellular activity, the inducement of the
proliferation rate of fibroblasts and ke-
ratinocytes, as well as enhanced collagen
production [34].

Phototherapy has proven to be an effi-
cient means for the treatment of hyper-
bilirubinemia (neonatal jaundice) by
emitting blue light over the patient’s skin.
This blue beam converts toxic bilirubin
molecules in the blood into less toxic iso-
meric forms due to photo-oxidation and
photoisomerisation. Smart textile prod-
ucts include the proprietary Royal Blue
Biliblanket [68], shown in Figure 14, and
the O-blanket, developed by researchers
at Hong Kong Polytechnic University.

The O-blanket is made up of a light-emit-
ting fabric covered by a wrapper made
of reflective top and back fabrics.
The light-emitting fabric is woven from
side-emitting polymer optical fibres and
textile yarns. Others include an experi-
mental flexible luminous fabric device

Figure 13. Some lighting effect applications of POFs [26].
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Figure 14. POF embedded blankets for

phototherapy applications [68].
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Figure 15. a) Monitoring the abdominal movement of an adult with a POF OTDR respiratory sensor [53], b) integration of optical fiber
into textile to form a sensing unit [55].

[67] and a fiber optic phototherapy pad
[69]. Diseases that are currently being
treated using these devices include pso-
riasis vulgaris (Pv), eczema, atopic der-
matitis etc.

Sensor applications

Bragg grating and micro-bending are
the main types of fiber optic sensors that
have been applied in smart garments.
The areas include physiological signal
monitoring and posture or physical activ-
ity tracking.

Physiological measurement
applications

Insensitivity to electrical fields is the great
advantage of fiber optic sensors applied
for physiological monitoring in tests that
may take place in a hospital environment
because alot of electromagnetic fields
are present there [55]. The most widely
applied method of physiological moni-
toring in smart apparel is the use of strain
sensors, where abdominal circumference
elongation relative to sensor deformation
during breathing is measured.

Fiber optic sensors are embedded in bel-
ly belts, chest straps 70], beds [71], fitted
shirts [13], or vests [72], and they meas-
ure the oscillation of the cross-sectional
area of the rib cage and abdomen rela-
tive to altering of the intensity or wave-
length wvariation of the optical fibers.
Figure 15.a shows monitoring of the res-
piratory abdominal movement of an adult
by POF OTDR [73], and Figure 15.b il-
lustrates the integration of optical fiber
into textile to form a sensing unit.

One other method which is less popular
in textile applications, probably due to
its comparative difficulty of implemen-
tation, is the use of the light absorptive
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characteristics of hemoglobin and the
pulsating nature of blood flow in the ar-
teries to measure the level of oxygen in
the body. However, some remarkable at-
tempts have been cited [74], where opti-
cal fibers embroidered into textiles meas-
ured the heart rate and oxygen saturation
in the reflection mode. These sensors
have an advantage over ECG electrodes,
as they do not require wetting of the skin
to acquire a signal, which would other-
wise change dermal conditions [75].

Posture or physical activity tracking

This type of analysis embraces the meas-
urement, description and assessment of
quantities that characterize human move-
ment [3]. During knee flexion, the upper
knee perimeter increases with the shrink-
age of the knee joint flexor, and this can
be monitored for various applications
such as the progress of recovery from
accidents or injury, the recognition of
shortcomings in athletic performance etc.
Examples include the application of an
FBG smart wearable belt for knee joint
[76, 77] and trunk motion [78] monitor-
ing. These applications are set to enable
athletes, coaches, ergonomists and phy-
sicians to track functional movements,
workload, biomechanical and bio-vital
markers to maximise performance and
reduce the potential for injury [79, 80].

B Future trends

The main drawback of embedding POFs
into textile structures is in their suscepti-
bility to breakage. Future trends in deal-
ing with this problem is the use of new
technologies such as 3D printing to pro-
duce more pliable filaments and yarns for
fabric construction. Also, due to the lim-
ited choice of semiconductors available
for producing yarns or filaments conven-

tionally, as compared to the more amor-
phous silicon used in electronic devices,
these comparatively inferior electronic
performing semiconductors end up in de-
vices which have the limited bandwidth
and sensitivity of such sensors as com-
pared to astandard silicon photodiode
[81]. An adaptable hybrid-fiber fabrica-
tion method that assembles in-fiber ma-
terial architectures similar to integrated
microelectronic devices and systems us-
ing silica, silicon, and high-temperature
metals have been proposed to deliver
anew class of durable, low-cost, wide-
spread fiber devices and sensors enabling
the integration of fabrics [81].

B Conclusions

This review details fiber optic materials
and their various sensing mechanisms.
Even though quite a number of optical
fiber sensing mechanisms exist and are
being applied in other fields, such as
medical instrument design, temperature
sensing and phototherapy, adoption into
smart textile applications rather seems
to be limited. This study thus seeks to
provoke discussion and research into the
adoption of the various sensing mecha-
nisms into the design of smart textiles.

The current application and probable
suitability of optical fibers for applica-
tion in the design and production of smart
apparels with a focus on the material
properties of optical fibers and their suit-
ability for in-situ embedment in apparels
have thus been discussed in this study.

Salient issues regarding the development
of optical fiber based textile sensors or
smart garments with a focus on relevant
applications have also been discussed.
We also stated that the use of knitting
technology to embed optical fibers into
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apparels, which hitherto has not seen sig-
nificant attention, is possible. Subsequent
work will thus be directed at actualising
some of the proposals put forward.

Conflicts of interest

The authors declare no conflict of interest.

References

1.

10.

1.

. Rickerson Jr

Kaur K, Rampersad G. Trust in Driver-
less Cars: Investigating Key Factors
Influencing the Adoption of Driverless
Cars. Journal of Engineering and Tech-
nology Management 2018; 48: 87-96.

. Raji RK, Miao X, Wan A, Niu L, Li Y,

Boakye A. Design and Fabrication of
Smart Bandeau Bra for Breathing Pat-
tern Measurement. In: Arai K, editor.
Future Technologies Conference 2019;
San Francisco: Springer International
Publishing; 2020. p. 40-8.

. Raji RK, Miao X, Wan A, Zhang S, Li

Y, Frimpong C. Progress on the Fabri-
cation of Smart Textiles Based on Soft
Strain Sensors. AATCC Journal of Re-
search 2019; 6(6): 1-12.

D. Wearable Satellite
Tracker. Google Patents; 2006.

. Ranjeeth B, Reddy BS, Reddy YMK,

Suchitra S, Pavithra B, editors. Smart
Child Safety Wearable Device. 2020
International Conference on Electronics
and Sustainable Communication Sys-
tems (ICESC); 2020: |IEEE.

. Trung TQ, Le HS, Dang TML, Ju S, Park

SY, Lee NE. Freestanding, Fiber-Based,
Wearable Temperature Sensor with Tun-
able Thermal Index for Healthcare Mon-
itoring. Advanced Healthcare Materials
2018; 7(12): 1800074.

. Hashem M, Al Kheraif AA, Fouad H.

Design and Development of Wireless
Wearable Bio-Tooth Sensor for Monitor-
ing of Tooth Fracture and lts Bio Meta-
bolic Components. Computer Communi-
cations 2020;150: 278-85.

. Said S, AlKork S, Beyrouthy T, Abdrab-

bo MF, editors. Wearable Bio-Sensors
Bracelet for Driveras Health Emergency
Detection. 2017 2nd International Con-
ference on Bio-engineering for Smart
Technologies (BioSMART); 2017: IEEE.

. AlMohimeed |, Turkistani H, Ono Y, ed-

itors. Development of Wearable and
Flexible Ultrasonic Sensor for Skeletal
Muscle Monitoring. 2013 IEEE Inter-
national Ultrasonics Symposium (lus);
2013: IEEE.

Fan J, Bao B, Wang Z, Li H, Wang Y,
Chen Y, et al. Flexible, Switchable and
Wearable Image Storage Device Based
on Light Responsive Textiles. Chemical
Engineering Journal 2021; 404: 126488.
Raji RK, Miao X, Wan A, Niu L, Li Y,
Boakye A. Knitted Piezoresistive Smart
Chest Band and Its Application for Res-
piration Patterns Assessment. Journal

FIBRES & TEXTILES in Eastem Eurgpe 2022, Vol. 30, 1(151)

of Engineered Fibers and Fabrics 2019;
14:1-14.

12. Rothmaier M, Luong M, Clemens F. Tex-

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

tile Pressure Sensor Made of Flexible
Plastic Optical Fibers. Sensors 2008;
8(7): 4318.

Koyama Y, Nishiyama M, Watanabe K.
Smart Textile Using Hetero-Core Opti-
cal Fiber for Heartbeat and Respiration
Monitoring. IEEE Sensors Journal 2018;
18(15): 6175-80.

Kersey A, Dandridge A, editors. Appli-
cations of Fiber-Optic Sensors. IEEE
Transactions on Components Hybrids
and Manufacturing Technology 1989;
Houston, Texas.: |IEEE.

Hecht J. Laser. Encyclopeedia Britanni-
ca: Encyclopeedia Britannica, inc.; 2019.
Nakajima Y, KoujiMochizuki; Tanaka
H, Yoshihiro Arashitani, inventors; Fu-
rukawa Electric Co., Ltd., Tokyo (JP)
assignee. Optical fiber. Japan patent US
8,571,372 B2 2013.

Allemand LR, Calvet J, Cavan J-C,
Goldwasser M, Thevenin J-C, inventors;
Commissariat a| Energie Atomique et
aux Energies Alternatives, assignee.
Process for The Production of Plastic
Optical Fibers. France patent 4,571,313.
1986.

Arrue J, Jiménez F, Aldabaldetreku
G, Durana G, Zubia J, Lomer M, et al.
Analysis of The use of Tapered Grad-
ed-Index Polymer Optical Fibers for Re-
fractive-Index Sensors. Optics Express
2008; 16(21): 16616-31.

Sanghera JS, Aggarwal ID. Active and
Passive Chalcogenide Glass Optical
Fibers for IR Applications: A Review.
Journal of Non-Crystalline Solids 1999;
256-257: 6-16.

Bai Y, Bai Q. Chapter 7 — Fiber Optic
Monitoring System. In: Bai Y, Bai Q, ed-
itors. Subsea Pipeline Integrity and Risk
Management. Boston: Gulf Professional
Publishing; 2014. p. 145-65.

Yang D. The Design of Mood Chang-
ing Clothing Based on Fibre Optics and
Photovoltaic Technologies [Doctorate]:
Heriot-Watt University; 2012.

Shimada K. 10 — Spinning of optical fi-
bers. In: Nakajima T, Kajiwara K, Mcln;
tyre JE, editors. Advanced Fiber Spin-
ning Technology: Woodhead Publishing;
1994. p. 208-24.

Schleinitz HM, Stephan PG, inventors;
El du Pont de Nemours and Co, assign-
ee. Low attenuation all plastic optical fi-
ber. Canada patent CA1120197A. 1982.
Nishida K, Yamamoto T, inventors;
Mitsubishi Rayon Co Ltd, assignee.
Plastic optical fibers. Japan patent
EP0098578B1. 1987.

Patra T. Numerical Aperture of A Plastic
Optical Fiber. International Journal of In-
novations in Engineering and Technolo-
gy (JIET). 2013; 2(1): 258-63.

PMMA Fiber Optic: Daishing POF Co.
Ltd.; 2019 [cited 2020 9/11/2020]. Avail-
able from: http://www.dspof.cn/prod-
uct-50.html.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Beasley JK, Beckerbauer R, Schleinitz
HM, Wilson FC, inventors; Mitsubishi Ray-
on Co Ltd assignee. Low attenuation opti-
cal fiber of deuterated polymer USA1978.
Han W, Rebow M, Liu D, Farrell G, Se-
menova Y, Wu Q. Optical Fiber Fresnel
Reflection Sensor for Direct Detection
of the Solid—Liquid Phase Change in
N-Octadecane. Measurement Science
and Technology 2018; 29(12): 125107.
Su H, Huang XG. Fresnel-Reflec-
tion-Based Fiber Sensor for on-Line
Measurement of Solute Concentration
in Solutions. Sensors and Actuators B:
Chemical. 2007; 126: 579-82.

Zhao J, Huang XG, Chen J. AFres-
nel-Reflection-Based Fiber Sensor For
Simultaneous Measurement of Liquid
Concentration and Temperature. Jour-
nal of Applied Physics — J APPL PHYS.
2009; 106.

Stowe DW, inventor; Gould Electronics
Inc, assignee. Fiber optic interferome-
ter. United States of America patent
US4380394A. 1983.

Ali Reza Bahrampour, Sara Tofighi, Ba-
thaee M, Farman F. Optical Fiber Interfe-
rometers and Their Applications. In: (Ed.
IP, editor. Interferometry — Research and
Applications in Science andTechnolo-
gy. www.intechopen.com: Intech Open
Science; 2012. p. 6-7.

Beal V. Scattering. webopediacom. we-
bopedia.com: webopedia; 2019.

Pelous J, Levelut C. Amorphous Ma-
terials:  Vibrational Excitations. In:
Buschow KHJ, Cahn RW, Flemings MC,
lischner B, Kramer EJ, Mahajan S, et
al., editors. Encyclopedia of Materials:
Science and Technology. Oxford: Else-
vier; 2001. p. 242-50.

Thomas S-M. Brillouin Spectroscopy
Teach the Earth Portal: On the Cutting
Edge website; 2019 [cited 2019]. Availa-
ble from: https://serc.carleton.edu/NA-
GTWorkshops/mineralogy/mineral_phy-
sics/brillouin.html.

Britannica TEoE. Rayleigh scattering.
Encyclopeedia Britannica: Encyclopae-
dia Britannica, inc.; 2018.

Andrews DL. Rayleigh Scattering and
Raman Spectroscopy, Theory. In: Lin-
don JC, editor. Encyclopedia of Spectro-
scopy and Spectrometry. Oxford: Else-
vier; 1999. p. 1993-2000.

Palmieri L, Schenato L. Distributed Op-
tical Fiber Sensing Based on Rayleigh
Scattering. The Open Optics Journal
2013; 7(1): 104-27.

Parker TR, Farhadiroushan M, Han-
derek VA, Rogers AJ. Temperature and
Strain Dependence of the Power Level
and Frequency of Spontaneous Brillouin
Scattering in Optical Fibers. Optics Let-
ters 1997; 22(11): 787-9.

Tomasi GP. Laser Based Fiber Optic
lllumination and lts Application on Air-
craft: EE Publishers; 2018 [cited 2019
121/12/2019]. Available from: https://
www.ee.co.za/article/fiber-optic-light-
ing-for-aircraft.html.

41



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

42

Knisley JR. The Fundamentals of Fiber
Optic Lighting ec&mweb.com: EC&M,;
2018 [cited 2019 12/12/2019]. Available
from: https://www.ecmweb.com/con-
tent/article/20889599/the-fundamen-
tals-of-fiber-optic-lighting.

Oliveira R, Sequeira F, Bilro L, Nogueira
R. Polymer Optical Fiber Sensors and
Devices. In: Peng G-D, editor. Hand-
book of Optical Fibers. Singapore:
Springer Singapore; 2018. p. 1-41.
Anderson JM, Carlisle AW, Grimes GJ,
Sherman CJ, Lampert NR, inventors;
Nokia of America Corp, assignee. Con-
nector for plastic optical fiber. Canada
patent CA2254709C. 2003.

de Miguel J, Galindo-Santos J, Pulido de
Torres C, Salgado P, Velasco A, Corred-
era P. Experimental Demonstration of
Low-Uncertainty Calibration Methods
for Bragg Grating Interrogators. Sensors
(Basel). 2018;18(6).

Moon JA, Sirkis JS, Jones R, Winston
CR, Fournier DR, Pinto J, et al. Optical
spectrum analyzer. Google Patents;
2007.

Vayshenker |, Li X, Livigni DJ, Scott TR,
Cromer CL. Optical fiber power meter
calibrations at NIST: NIST; 2000.
Equipment AT. EXFO FTB-720 Single/
Multimode, LAN/WAN Access OTDR:
Avalon Test Equipment.; 2020 [cited
2020 9/12/2020]. Available from: https:/
avalontest.com/exfo-ftb-720-single-mul-
timode-lan-wan-access-otdr/.

Allen M. Testing Cabling in the Data
Center. 2015.

lida H, Hirota H, Uematsu T, Ambe N,
editors. Novel fibre termination identifi-
cation employing local light injection and
1.31/1.55-ym-band coherent OTDR.
45th European Conference on Optical
Communication (ECOC 2019); 2019:
IET.

Raji RK, Miao X, Boakye A. Electri-
cal Conductivity in Textile Fibers and
Yarns-Review. AATCC Journal of Re-
search 2017; 4(3): 8-21.

Sergeyeva H, Sergeyev SV. Glowing
felt textile [Invited]. Optical Materials Ex-
press 2019; 9(4): 1915-21.

Selm B, Rothmaier M, Camenzind M,
Khan T, Walt H. Novel Flexible Light
Diffuser and Irradiation Properties For
Photodynamic Therapy. Journal of Bio-
medical Optics. 2007; 12: 034024.
Ernesto Suaste-Gémez, Daniel Hernan-
dez-Rivera, Sanchez-Sanchez AS, Vil-
larreal-Calva E. Electrically Insulated
Sensing of Respiratory Rate and Heart-
beat Using Optical Fibers. Sensors
2014; (14): 21523-34.

Alemdar K, Likoglu S, Fidanboylu K,
Toker O. A Novel Periodic Macrobend-
ing Hetero-Core Fiber Optic Sensor Em-
bedded In Textiles 2013. 467-71 p.
Krehel M, Schmid M, Rossi RM, Boesel
LF, Bona G, Scherer LJ. An Optical Fi-
bre-Based Sensor for Respiratory Mon-
itoring. Sensors. 2014; 14(7): 13088-
101.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Chen A, Tan J, Henry P, Tao X. The De-
sign and Development of an llluminated
Polymeric Optical Fibre (POF) Knitted
Garment. The Journal of The Textile In-
stitute 2019: 1-11.

Ann J. Jo Ann’s Knitting Blog » Practi-
cal Guide [Internet]. Jo Ann’s Khnitting
Blog2019. [cited 2019]. Available from:
https://www.knittingmagic.biz/practi-
cal-guide/structural-modifications-com-
monly-used-in-weft-and-warp-knitting.
html.

Liu Su, Chenxiao Yang, Yuanfang Zhao,
Xiaoming T, Tong Jiahui, Li L. The im-
pact of float stitches on the resistance
of conductive knitted structures. Textile
Research Journal 2016; 86(14): 1455-
73.

Badr AA, EI-Nahrawy A. Moisture Prop-
erties of Raised 3-Thread Fleece Fabric
Knitted with Different Face and Fleecy
Yarns. Alexandria Engineering Journal
2016; 55(3): 2881-92.

Crawford M. Wearable Technology Is
Booming, Powered By Photonics: SPIE
— The International Society of Optics and
Photonics; 2016 [cited 2019 27/11/2019].
Technology]. Available from: https://spie.
org/news/wearable-photonics?SSO=1.
Grattan KTV, Sun T. Fiber Optic Sensor
Technology: An Overview. Sensors and
Actuators A: Physical. 2000; 82(1): 40-
61.

Tao X. 7 — Wearable Photonics Based
on Integrative Polymeric Photonic Fi-
bres. In: Tao X, editor. Wearable Elec-
tronics and Photonics: Woodhead Pub-
lishing; 2005. p. 136-54.

Koncar V. Optical Fiber Fabric Displays.
Opt Photon News. 2005; 16(4): 40-4.
Harlin A, M&kinen M, Vuorivirta A, Ky-
menlaakson, Kymidesign A. Develop-
ment of polymeric optical fibre fabrics
as illumination elements and textile dis-
plays. AUTEX Research Journal 2003;
3(1): 1-8.

Im MH, Park EJ, Kim CH, Lee MS, edi-
tors. Modification of Plastic Optical Fiber
for Side-lllumination2007; Berlin, Hei-
delberg: Springer Berlin Heidelberg.
Pun CJ, Liu Z, Tse MLV, Cheng X, Tao
XM, Tam H. Side-lllumination Fluores-
cence Dye-Doped-Clad PMMA-Core
Polymer Optical Fiber: Potential Intrinsic
Light Source for Biosensing. IEEE Pho-
tonics Technology Letters. 2012; 24(11):
960-2.

Shen J, Chui C, Tao X. Luminous Fabric
Devices for Wearable Low-Level Light
Therapy. Biomedical Optics Express
2013; 4(12): 2925-37.

Mart |. Physiotherapy & Rehab Aids.
In: Purpose RBBPfC, editor. jpeg. In-
diamart.com: Indiamart.com; 2019. p.
oyal Blue Biliblanket for Phototherapy
Kremenchugsky V, Buttitta A, inventors;
Datex-Ohmeda Inc, assignee. Servo-
control for fiber-optic, phototherapy pad.
Germany patent EP0616820A2. 2002.
Park J-Y, Yoo WJJ, Won; K, Seo JK,
Heo JYSM, Jin; Lee B. Development of

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Nasal-cavity- and Abdomen-attached
Fiber-optic Respiration Sensors. Journal
of the Korean Physical Society. 2010;
57(61): 1550.

LiuL, Ye T, Guo X, Kong R, Bo L, Wang
G. Apnea Detection with Microbend Fi-
ber-Optic Sensor 2018; 207-17 p.

Arifin A, Agustina N, Dewang S, Idris |,
Tahir D. Polymer Optical Fiber-Based
Respiratory Sensors: Various Designs
and Implementations. Journal of Sen-
sors 2019; 2019: 1-6.

Grillet A, Kinet D, Witt J, Schukar M,
Krebber K, Pirotte F, et al. Optical Fi-
ber Sensors Embedded Into Medical
Textiles for Healthcare Monitoring. IEEE
Sensors Journal 2008; 8(7): 1215-22.
Krehel M, Wolf M, Boesel L, Rossi R,
Bona G-L, Scherer L. Development of
a Luminous Textile For Reflective Pulse
Oximetry Measurements. Biomedical
Optics Express. 2014; 5(8): 2537-47.
Quandt BM, Pfister MS, Libben JF, Spa-
no F, Rossi RM, Bona G-L, et al. POF-
-Yarn Weaves: Controlling The Light
Out-Coupling Of Wearable Photothera-
py Devices. Biomedical Optics Express
2017; 8(10): 4316-30.

Abro ZA, Hong C, Chen N, Zhang Y,
Lakho RA, Yasin S. A Fiber Bragg Gra-
ting-Based Smart Wearable Belt For
Monitoring Knee Joint Postures. Textile
Research Journal 2019: 1-9.

Rocha R, Silva A, Carmo J, Correia
JH. FBG In PVC Foils For Monito-
ring The Knee Joint Movement During
The Rehabilitation Process. Annual In-
ternational Conference of the IEEE En-
gineering in Medicine and Biology So-
ciety IEEE Engineering in Medicine and
Biology Society Conference; 08/01; Bo-
ston, Massachusetts USA: IEEE; 2011.
p. 458-61.

Koyama Y, Nishiyama M, Watanabe K.
A Motion Monitor Using Hetero-Core
Optical Fiber Sensors Sewed in Sport-
swear to Trace Trunk Motion. Instrumen-
tation and Measurement, IEEE Transac-
tions on. 2013; 62: 828-36.

Seshadri DR, Drummond C, Craker J,
Rowbottom JR, Voos JE. Wearable de-
vices for sports: New integrated techno-
logies allow coaches, physicians, and
trainers to better understand the phy-
sical demands of athletes in real time.
IEEE pulse. 2017; 8(1): 38-43.
Bandodkar AJ, Jeerapan |, Wang J. We-
arable chemical sensors: Present chal-
lenges and future prospects. Acs Sen-
sors. 2016; 1(5): 464-82.

de Lima CF, van der Elst LA, Koraganiji
VN, Zheng M, Kurtoglu MG, Gumennik
A. Towards Digital Manufacturing of
Smart Multimaterial Fibers. Nanoscale
research letters. 2019; 14(1): 209.

Received 23.11.2020 Reviewed 20.07.2021

FIBRES & TEXTILES in Eastem Eurgpe 2022, Vol. 30, 1(151)



