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1. Introduction

Fabrics are ubiquitous in their woven, non-
woven, and knitted forms. They offer the 
unique ability to deliver intriguing prop-
erties in the solid state such as their high 
dynamic bending elasticity and stretch-
ability while possessing high strength; 
large surface area while being lightweight; 
high breathability and permeability while 
still being thermally and chemically pro-
tective. They are also machine-washable 
and tear- and shrink-resistant. Beyond all 
of these physical properties, the mass pro-
duction of fabrics is supported by a highly 
scalable manufacturing process which 
underlies their ubiquity. Indeed, what 
makes fabrics so useful is the ability to 
engineer their material composition and 
architecture across a hierarchy of length 
scales from the individual strand of a 
micrometer scale fiber, to their twisted col-
lection, and finally to their patterned mac-
roscale assembly extending across meters 
of surface area. This is the reason we find 
fabrics in products of different purposes, 

ranging from diapers to the different forms of apparel such as 
jackets, shirts, socks, and jeans, and from bandages to items 
such as composites, bags, blankets, and cushions. Despite all 
of these developments, the basic functions of fabrics have not 
changed much since the dawn of civilization. Fabrics are still 
solely thought of as aesthetic physical objects, with little pro-
gress in their technological functions when compared to other 
fields such as communications and electronics. Since many 
of the qualities of fabrics are determined on the fiber- and 
yarn-level, it makes sense to examine what opportunities and 
challenges exist toward escalating the basic functions on the 
fiber- and yarn-level.

Looking into the timeline of fibers, the hallmark technolog-
ical transformation in the use of fibers begins with the inven-
tion of optical fibers. Today, optical fibers are indispensable 
items utilized as telecommunication waveguides to send and 
receive enormous amounts of light data[1,2] over the kilometer 
length scale between countries. Enabling such applications is 
the intrinsic advantages derived from the 1D structure of an 
optical fiber, including its high flexibility even as brittle mate-
rials such as silica are incorporated, its long length to enable 
large-distance implementation, and its thin structure. Beyond 
telecommunication, its long-length advantage is applicable for 
other fields such as civil engineering, where they are placed 

Fibers are the building blocks of a broad spectrum of products from textiles 
to composites, and waveguides to wound dressings. While ubiquitous, the 
capabilities of fibers have not rapidly increased compared to semiconductor 
chip technology, for example. Recognizing that fibers lack the composition, 
geometry, and feature sizes for more functions, exploration of the bounda-
ries of fiber functionality began some years ago. The approach focuses on 
a particular form of fiber production, thermal-drawing from a preform. This 
process has been used for producing single material fibers, but by combining 
metals, insulators, and semiconductors all within a single strand of fiber, 
an entire world of functionality in fibers has emerged. Fibers with optical, 
electrical, acoustic, or optoelectronic functionalities can be produced at scale 
from relatively easy-to-assemble macroscopic preforms. Two significant 
opportunities now present themselves. First, can one expect that fiber func-
tions escalate in a predictable manner, creating the context for a “Moore’s 
Law” analog in fibers? Second, as fabrics occupy an enormous surface around 
the body, could fabrics offer a valuable service to augment the human body? 
Toward answering these questions, the materials, performance, and limita-
tions of thermally drawn fibers in different electronic applications are detailed 
and their potential in new fields is envisioned.
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along bridges and pipelines to detect flaws,[3–6] while its thin 
diameter facilitates its utility in the medical industry toward 
minimally intrusive probing of internal organs,[7] and laser 
oblation of tumors.[8–10] However, until around a few decades 
ago, fiber research was mainly focused on optical-related appli-
cations with few breakthroughs toward electronic purposes. 
This is primarily because the material space for multimate-
rial fibers is still limited. The glassy materials used for optical 
fibers are brittle and of high-temperature characteristics, which 
not only require additional care in processing but also present 
a challenge in incorporating different material classes and 
establishing well-defined interfaces to constitute an electronic 
device. Henceforth, new methods, materials, composites, and 
approaches to form fibers with electronic functionalities were 
developed. To date, there are varying methods toward fabri-
cating multimaterial fibers, including dip coating,[11] spray  
coating,[12] or deposition[13,14] of functional layers onto textiles/
fibers, wet-[15] or electro-spinning,[16] and thermal-drawing.[17,18] 
Specifically, the unique advantage of the thermal-drawing tech-
nique is its ability to co-draw multiple materials, including 
metals, insulators, and semiconductors, to enable a wealth of in-
fiber electronic devices of different functionalities (Figure  1)—
from sensing optical,[19] thermal,[20] chemical,[21] and mechanical 
signals,[22] to actuation[23] and acoustic emission.[24] Impor-
tantly, the materials and architectures within thermally drawn 
fibers are tunable from micro- to nanoscale dimensions,[25,26] 
achieving novel and complex geometries at the required device 
length scale. In this review, due to the intriguing capabilities 
of thermal drawing, we focus mainly on the technique of the 
thermal-draw process, its advantages and limitations, its state-
of-the-art electronics, and new functionalities that have yet to be 
explored by this technique.

2. Description of the Thermal Drawing Process

The fabrication of optical fibers, meant for telecommu-
nications, introduces the first-known process of thermal 
drawing.[27] Similar to the process of thermally drawing 
optical fibers, the first step toward fabricating a multimate-
rial electronic fiber is to prepare a preform. The preform is 
effectively an enlarged precursor of the fiber, and it is assem-
bled with varying materials of desired shapes and structures 
(Figure 2). In the first type of multimaterial fibers originating 
back in 2002,[25,26] materials used are of low glass transition 
(Tg), including thermoplastic polymers such as polycarbonate, 
or high Tg such as silica glass. It is necessary for all mate-
rials used within the preform to possess the same range of 
melting or glass transition temperatures for thermal co-
drawing. For instance, a low melting point (Tm) metallic core 
such as BiSn (Tm  ≈ 135  °C) co-draws with a polycarbonate 
cladding which has a Tg of 147 °C. Thermal co-drawing refers 
to the flow of two or more materials in a laminar fashion to 
enable a continuous fiber structure without any lumps or 
breakages arising from capillary instability.[28] It is noted 
that, while that the matching of these physical temperatures 
such as its Tg is commonly used, it is simply a guide toward 
knowing which materials can be combined together in a 
single preform draw. In actuality, matching the viscosities of 
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different materials is key toward ensuring that the materials  
co-draw. Another constraint is that the fiber cladding must be 
thermoplastic, rather than thermoset polymers.

The preparation of the individual material constituents within 
the preform involves different machining procedures such as 
milling, lathing, or laser cutting. These procedures allow for 
precise slots to be formed within the polymeric slabs, and for 
materials, including metals, to be constructed in different 
shapes and sizes and to be inserted into the preform. Shaping 
semiconductors requires alternative processing methods due 
to their brittle mechanical properties. To do so, semiconductor 
powder is usually consolidated within a hollow cylindrical tube 
in a heated rocking furnace, and then quenched to obtain a sem-
iconductor cylinder rod. Alternatively, semiconductor thin films 
can be deposited on polymeric films via evaporative deposition 
and later wrapped around a polymeric cylinder. After manual 
assembly of all the components of the preform, a final thermal 
consolidation is typically done to merge the separated polymer 
slabs together into a single homogeneous preform.

The multimaterial preform is then held in place within the 
furnace of a drawing tower, and the temperature is held at a 
value ≈50–100 °C higher than the Tg of the preform cladding. 
After a latency period of around 30 min to 1 h, the materials 
within the preform soften and undergo necking, facilitated 
by the pulling of a weight attached below the preform. The 
necking region is where the millimeter-wide multimaterial 
fiber is being pulled from the macroscopic preform. To enable 
continuous pulling, the fiber is drawn by a turning capstan with 
a speed (vdraw), while the preform is fed downward into the fur-
nace with a speed (vfeed). Following the conservation of volume 
where the diameter of the preform is represented by Dpreform, 

the diameter of the fiber (Dfiber) decreases with the increase in 
vdraw, according to the equation

fiber preform
feed

draw

D D
v

v
= � (1)

To increase the stress of the fiber draw so as to stabilize the 
fiber size, the temperature is typically decreased. Through this 
control in temperature and vdraw, fiber diameter in the range of 
0.1–1 mm can be obtained while the internal fiber core mate-
rials can attain sizes down to the nanoscale with its cross-
sectional structure translationally symmetric and continuous 
across kilometers of fiber length. Notably, material classes that 
are initially assembled within the preform now form intimate 
interfaces within the fiber to produce electrical junctions and 
dimensions necessary for operable devices.

In the second type of multimaterial fiber starting from the 
year 2012, a preform with continuous core materials is first 
formed into a fiber, similar to the first type of fiber as men-
tioned above. These fibers are characterized by their axially 
symmetric structure, where the fiber cross-section is iden-
tical throughout the length of the fiber, without the ability 
to tune or customize the structure at different positions 
along the fiber. Methods toward breaking these symmetries, 
in a postprocess manner after the fiber is drawn, are thus 
investigated, for example fragmentation or capillary breakup 
of fibers.[29,30] One of these methods (capillary breakup) is 
based on the Rayleigh instability phenomenon,[31] stating 
that a cylindrical core is metastable and the lowest energy 
shape is that of a sphere. As such, applying thermal agitation 
to fiber transforms the cylindrical fiber core into discrete 
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Figure 1.  Timeline and roadmap of thermally drawn multimaterial fibers, which showcases the varying geometries, material compositions, and func-
tionalities achieved in the past 20 years.
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spheres. Thus far, such thermal agitation can be performed 
through three means: 1) placing the thermally drawn fiber 
into an oven or furnace which allows for the global trans-
formation of materials within the fiber into thousands of 
spheres all at the same time,[29] 2) translating the fiber across 
a localized flame[32] which allows for controlled sphere for-
mation, one at a time, from the feeding material core, and  
3) using a laser which focuses on a particular material within 
the fiber to enable photothermal heating, hence local trans-
formation into spheres.[33] Alternatively, to facilitate selective 
breakup of materials within the fiber, materials of different 
viscosity and size profiles can be incorporated in the fiber 
and by controlling the time and magnitude of heating, spe-
cific materials break up prior to others to form a fiber with 
both 0D spheres and 1D electrodes.[34]

Finally, in the third type of multimaterial fiber beginning 
in 2018,[35] prepackaged commercial microscale devices that 
are fabricated from silicon-based thin film technology are 
first prepared. Empty slots with dimensions similar to these 
discrete devices, as well as, channels for the wire electrodes, 
are milled from different polymeric preform slabs. The dis-
tance and size of these channels are calculated based on the 
desired fiber size and the draw-down ratio used. The devices 
are then placed manually into the empty slots of the preform 
slabs (automated methods for quick pick-and-place are cur-
rently being researched on). The different polymeric slabs are 
then assembled and consolidated together in a hot-press, with 
spacers preinserted into the wire channels of the preform to 
prevent their collapse during the heated consolidation. After 
consolidation, the devices are fully embedded and encapsulated 
within the volume of the preform with empty wire channels 
running along the length of the preform.

During the draw, highly conductive microwires acting as 
electrodes of width around 25–50 µm thick, e.g., tungsten 
or copper, are fed into the preform. As the preform necks to 
form a fiber, the channels within the preform reduce in size 
until they match in dimension similar to the wire width. At 
this point, the polymer of the channel walls drags the wires 
down along with the fiber, aiding the unspooling of the wires 
from their individual spools. At the same time, as the pre-
form transits into a fiber, the spacing between the device and 
wires are continuously reduced until the wires make even-
tual electrical contact with the devices. It is noted that these 
devices neither melt nor change in their performance when 
drawing. This interconnecting process, which we termed 
as “convergence,” highlights the converging of wires and 
devices together during the draw. We note that these micro-
scale devices are akin to particles when compared to the 
macroscale preform, and only by understanding the rheology 
of the encapsulating polymer to control the flow of these 

“particles” can we then enable their well positioning and 
hence high throughput interconnection between many of 
these devices and the wires. For example, too high of a stress 
value prevents the polymeric barrier between the wires and 
devices to break hence impeding contact between the wires 
and devices, while too small of a stress value results in more 
random flow perturbation of the polymer hence causing 
more discrete devices to be misaligned from the wires. The 
resultant 1D fiber contains a series of highly efficient micro-
devices that are electrically addressed through the incorpo-
rated microwires.

Comparing the second and third types of fibers, both are 
identical, in that their fibers consist of both discrete (0D) and 
continuous (1D) structures. However, the process in forming 
these discrete entities in the fiber is different, as the second 
type of fiber makes use of postprocessing steps after thermal 
drawing whereas the third type of fiber introduces these dis-
crete elements before the thermal draw. Looking ahead in 
terms of fabrication processes, it will be interesting to investi-
gate the integration of the spherical breakup process used for 
the second type of fiber and the interconnection processes of 
discrete devices used for the third type of fiber. For example, 
spheres in fiber are similar to vertical vias in typical electrical 
circuits which connects two wires (top and bottom) together. As 
such, using this analogy, if spheres can be well arranged and 
positioned within the fiber, we anticipate the formation of an 
electrical circuit in fiber where different discrete devices along 
the fiber can be connected, in a customized fashion, to each 
other both through these vertical sphere “vias,” and horizontal 
wire electrodes.

3. Fiber Electronics in Sensing Applications

Creating fibers comprised of insulators, metals, and semicon-
ductors poses unique fabrication challenges, but ultimately 
allows for an abundance of applications. This section describes 
some of the challenges with integrating metals and semicon-
ductors into fibers and the techniques that can be used to 
fabricate these functional fibers. After laying out some of the 
fabrication details, this section explains important applications 
for the electronic fibers from optical interrogation to chemical 
and deformation sensing.

3.1. Optoelectronic Fibers for Photosensing

The first strategy of making optoelectronic fibers relies on 
interfacing semiconductors with electrically conductive 
domains by exploiting the polymer fiber platform. Since the 
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Figure 2.  Fabrication process toward forming the different multimaterial blocks of multifunctional fibers. Prior to drawing a fiber, several machining 
processes, including hot-pressing, film-rolling, semiconductor evaporation, stacking, and milling are first done to insert and assemble materials of dif-
ferent shapes into the preform. For the first type of fiber, the preform is assembled with co-drawable conductors, insulators, and semiconductors (i.e., 
materials that flow together) and is later drawn into a 1D, long, continuous device with micro or nanostructured features. In the second type of fiber, 
postprocessing steps such as laser or thermal annealing are performed to break the axial symmetric core into discontinuous, 0D capillary spherical 
devices. In the third type of fiber, discrete commercial devices are embedded into the preform with the feeding of microwires. During the draw, the 
devices and wires converge together to make electrical interconnects, forming a highly efficient device-integrated fiber. At the bottom of the figure, 
several multimaterial blocks of fibers are shown, depicting the varying geometries, materials, and functionalities that can be achieved from thermally 
drawn fibers.
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process temperature is relatively low, chalcogenide semicon-
ductors with low melting points or softening points are com-
patible with this process. Chalcogenide glass is formed based 
on the chalcogen elements S, Se, and Te or by the addition of 
other elements like As, Ge, Sn, Ga, etc. These glasses exhibit 
many unique optical properties, e.g., a wide range of trans-
parency in the infrared, large refractive index, high nonlin-
earity, and low optical attenuation.[36–38] All these properties 
as well as thermal and crystallization properties, viscosity, 
absorption coefficient and optical bandgap are tunable 
depending on the composition. In particular, these glasses 
are very sensitive to irradiation in the visible range and can 
be easily processed at lower temperatures,[39–41] making them 
excellent for photodetecting applications within the polymer 
fiber platform.[42,43]

The first metal–semiconductor–insulator optoelectronic 
fiber fabricated by thermal drawing was demonstrated in 
2004.[19,44] As shown in Figure 3a, the fiber was comprised of 

an amorphous chalcogenide glass (As40Se50Te10Sn5) core con-
tacted by four metallic microwires and encapsulated by a trans-
parent polymer cladding. Light incident on the fiber’s external 
surface along the fiber length could be detected. These fibers 
were both highly flexible and mechanically tough, allowing 
them to be woven into fabrics that are capable of identifying the  
location of an illumination point.[19] Weaving these fibers 
into an optical array, web or a closed-surface sphere led to the 
measurement of amplitude and phase of an electromagnetic 
field over large areas,[45] as illustrated in Figure  3b. Another 
approach to localize the illumination points from the space 
was to break the axial symmetry through the construction of 
a convex electrical potential along the fiber axis.[46] Figure 3c 
shows the cross-section of such a fiber that integrates a bulk 
amorphous semiconducting core, a semiconducting thin film, 
as well as nanocomposite and metallic electrodes. The locali-
zation of an illumination point along 1 m of photodetecting 
fiber with a subcentimeter resolution was achieved.

Adv. Mater. 2019, 1904911

Figure 3.  a) SEM micrograph of the cross-section of the first optoelectronic fiber consisting of a chalcogenide glass core interfaced by four metallic 
electrodes. The core region is surrounded by a photonic bandgap structure. Reproduced with permission.[19] Copyright 2004, Springer Nature. b) A 
closed spherical fiber web constructed by photodetecting fibers is an omnidirectional photodetector. It detects the direction of the beam throughout 
a solid angle of 4π. Reproduced with permission.[45] Copyright 2006, Springer Nature. c) A photodetecting fiber that integrates a solid core consisting 
of metals, polymer composites and semiconductors, and a chalcogenide semiconductor thin film. It can distinguish optical illumination distributions 
(scale bar is not depicted in the referenced paper). Reproduced with permission.[46] Copyright 2010, OSA. d) SEM micrographs of the cross-section of 
a solid-core and a thin-film optoelectronic fiber. Comparison of the sensitivity for the solid-core and thin-film fiber as a function of penetration depth 
of the incident radiation. Reproduced with permission.[47] Copyright 2007, Wiley-VCH. e) SEM micrograph of an optoelectronic fiber with cascaded 
semiconducting thin-film configuration. Such fibers can sense light, its incoming direction, wavelength, and intensity. Reproduced with permission.[48] 
Copyright 2009, American Chemical Society. f) Schematic representation of the thermal drawing of a triple-core fiber and post-draw selective breakup 
process in a heating furnace. The resulting silica-cladding fiber contains one central semiconductor (germanium) core flanked by two metal (platinum) 
cores. Reproduced with permission.[50] Copyright 2016, Wiley-VCH.
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Despite their photodetecting capabilities, the semiconductor 
cores in the aforementioned fibers are so bulky that electron/
hole pairs can easily recombine by virtue of abundant traps in 
the materials, thereby limiting optoelectronic capabilities of 
these fibers. However, device performance can be improved 
by engineering the structure and geometry of the fiber. In 
particular, going from a bulky semiconductor core to a thin 
film configuration significantly improves the sensitivity of the 
photodetecting fiber,[47] as shown in Figure 3d.

Thanks to the miniaturized components, multiple opto-
electronic devices can be integrated into a single fiber for 
more complex functionalities. Sorin et  al.[48] demonstrated 
the successful integration of eight photodetecting devices 
with feature sizes as small as 100  nm into a single optoe-
lectronic fiber (Figure  3e). This unique fiber is able to dis-
criminate the wavelength in the visible range at a resolution 
below 5 nm and to measure the angle of incidence down to 
4° angular resolution. Moreover, assembly of these single 
fibers into constructs or fabrics could not only localize spa-
tial illumination points but could also image complex objects 
with polychromatic light non-interferometrically with no 
need for lenses.[38,48]

An alternative strategy involves thermally drawing semi-
conductors with high melting points, such as Si, Ge, or 
various compounds, within the silica glass fiber platform. 
The incorporation of these semiconductors into fibers ena-
bles new optoelectronic functionalities, extended transmis-
sion bands across the infrared spectral region, and poten-
tial for nonlinear optics in existing glass fiber technologies. 
The fibers are drawn at the softening temperature of silica, 
around 2000  °C, which is much higher than the melting 
points of these semiconductors. Interfacing semiconducting 
domains with electrodes remains a significant challenge. 
Because both components melt at such high temperatures, 
they will often intermix, which results in a loss of distinct 
electrical interfaces. Interconnections were thus made exter-
nally on both ends of the fibers for optoelectronic applica-
tions.[49] A recent approach to address this challenge relies 
on the selective breakup of the semiconductor core and built-
in electrodes via in-fiber capillary instability. This strategy 
is illustrated in Figure  3f. A heating source is applied to  
the fiber to soften the glass cladding and subsequently 
induce breakup of the semiconductor wires. Simultaneously, 
the formed spheres push the softened silica aside to bridge 
the gap between two conductors, creating direct electrical 
connections between the crystalline semiconductor core and 
metal electrodes.[50] It should be noted that Plateau–Rayleigh 
capillary instability has been exploited to create microstruc-
tured semiconducting spheres[17,50–54] or well-ordered semi-
conducting nanowires[55,56] in fibers. Very recently, Deng 
and co-workers[57] developed a physical model and provide 
insight into the Plateau–Rayleigh capillary instability asso-
ciated with breakup of semiconducting wires in thermally 
drawn fibers.

Another strategy for monolithic integration of metals and 
semiconductors in fibers is to exploit the high-pressure chem-
ical vapor deposition (HPCVD) technique. Since different mate-
rials can be deposited sequentially, many unique devices such 
as Ohmic junctions, p–n junctions, Schottky junctions, and 

p–i–n junctions can be fabricated within the silica glass fiber 
platform,[58–64] which are otherwise challenging to make by the 
thermal co-drawing technique.

3.2. Improving Device Performance of Optoelectronic Fibers

3.2.1. Crystallization of Optoelectronic Fibers

Both the as-drawn chalcogenide semiconductors in the mul-
timaterial polymer fibers made via the thermal drawing 
approach and the deposited semiconductors in glassy silica 
fibers made via the HPCVD approach exhibit amorphous 
states. Amorphous semiconductors generally have a high 
density of shallow and deep traps in the energy gap. Elec-
trons and holes interact with these traps when they drift 
through the energy gap, which reduces the drift mobility 
of charge carriers. Other localized states in the energy gap, 
such as valence alternation pair defects (Se3+ and Se1−) in Se, 
can reduce carrier lifetime (the average time it takes for a  
minority carrier to recombine). Furthermore, the carrier 
mean free path (defined as the average distance that a carrier 
can travel between scattering events) in amorphous semicon-
ductors is short because they lack long-range order. Hence, 
carriers bump into disordered atoms randomly, resulting in 
their quick recombination. As a consequence, the disordered 
structure of semiconductors in these fibers is detrimental to 
their electronic and optoelectronic applications. For optical 
applications, the abundance of defects, such as the dan-
gling bonds associated with the molecular disorder in amor-
phous Si, in these optical fibers creates a significant source 
of absorption, thereby reducing light transmission in the 
infrared range. In recent years, there have been tremendous 
efforts to induce crystallization of amorphous semiconduc-
tors in fibers. Controlling crystallinity, phase transformation, 
crystallographic orientation, and compositional segregation 
is of great importance for fabrication of high-performance 
optoelectronic devices and their exploitation for novel 
applications.[65,66]

3.2.2. Furnace-Based Annealing

The simplest and most straightforward way to induce crys-
tallization is to thermally anneal the fibers above the glass-
transition temperatures of semiconducting materials in a 
furnace. For the polymer fiber platform, it has been shown 
that thermal annealing is capable of improving responsivity 
or noise equivalent power for optoelectronic fibers[21,67,68] 
(Figure 4a) and increasing electrical mobility of a field-effect 
fiber.[69] For the silica fiber platform, one-step rapid photo-
thermal processing applied to silicon optical fibers modifies 
local crystallinity and leads to ultralarge single crystal for-
mation.[70–72] Multistep annealing approaches allow for an 
increase in the polycrystalline grain size and decrease in the 
dislocation defects in silicon optical fibers[73] or Se optical 
fibers.[74] Still, simple furnace-based thermal annealing 
results in the formation of polycrystalline semiconduc-
tors with a large number of grain boundaries, uncontrolled 
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crystallization volume, and random crystallographic orien-
tation.[68] Figure  4a (bottom) shows the microstructure of 
selenium along the longitudinal section of an optoelectronic 
fiber that was thermally annealed in a furnace. Nanoscale 
grains are clearly revealed by transmission electron micro
scopy imaging (the inset image). Although some additional 
strategies such as iterative drawing and tapering techniques 
have been coupled with thermal annealing,[75,76] these fibers 
still exhibit limited performance.

3.2.3. Laser-Based Annealing of Chalcogenide Semiconductors

A more powerful method of inducing crystallization is laser-
based annealing. When the photon energy of a laser is larger 
than the bandgap energy of a semiconductor, the laser irra-
diation on the semiconductor generates heat, annealing the 
semiconductor. The laser-based annealing approach is able to 
accurately deliver high-density energy into a confined region 
because the photon penetration depth in the material is 
governed by the absorption coefficient. Heat generation during 
the laser treatment is thus limited to a very small depth that 
is, for example, 100  nm for amorphous Si at 400  nm, and 
50 nm for amorphous Se at 500 nm.[77] Control over the crystal-
lization volume of in-fiber semiconductors is always required 
to fabricate high-performance optoelectronic devices. Ide-
ally, the crystallization depth would be just enough to absorb 
as much light as possible with the order of the penetration 
depth of the wavelength considered. Beyond this depth, crystal-
line domains would only result in noise, which is detrimental 

to the sensitivity. In other words, if the crystallization depth 
can be controlled to be of the order of the photon penetration 
depth, light collection and charge extraction can be optimized 
to enable maximal photocurrent with minimal dark current, 
therefore resulting in high responsivity and sensitivity. Yan 
et  al.[67] exploited a visible laser to anneal the amorphous Se 
core in an optoelectronic fiber and demonstrated that laser-
based annealing could superiorly control phase transformation 
of the semiconductor core at the fiber tip. Thanks to a rapid 
heating process, the average grain size reached a few microm-
eters in the direction perpendicular to the electrodes, as shown 
by the cross-sectional optical micrograph in Figure 4b. Electron 
back scatter diffraction characterization on the crystallized Se 
core further confirmed the crystallinity. This drastically reduced 
the number of grain boundaries. The grain size was much 
smaller in the fiber axis direction, resulting in a shallow crystal-
lization depth. Compared to fibers heat treated with a furnace-
based approach, the fiber annealed with laser showed improved 
photoresponsivity and photosensitivity that was several orders 
of magnitude higher in a wide range of illumination power. 
Optoelectronic fibers with a functionalized tip may find several 
applications in highly sensitive remote detection and sensing, 
optoelectronic probes, minimally invasive in situ and in vivo 
biocompatible probing, and imaging of biological tissues.

3.2.4. Laser-Based Solidification of Group-IV-Based Semiconductors

It is clear that high-melting-point semiconductors, such as 
Si, Ge, and SiGe, in fiber form represent a large range of 
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Figure 4.  a) Top: Optical micrograph of an as-drawn optoelectronic fiber that contains a Se core; Bottom: Longitudinal section of a SEM micrograph 
of the annealed Se core. The inset is TEM characterization on the grain size. b) Optical micrograph of an optoelectronic fiber containing a Se core that 
was annealed by a laser. a,b) Reproduced with permission.[67] Copyright 2017, OSA. c) Schematic of the thermal drawing of a SiGe core optical fiber and 
its postannealing with a CO2 laser recrystallization system. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/).[78] Copyright 2016, The Authors, published by Springer Nature. d) SEM image of the fiber 
cross-section after the formation of Se nanowire using a solution-based annealing approach. e) Transmission electron microscopy characterization on 
a single Se nanowire. The solvent modulates the anisotropy of the surface energy, favoring the growth of highly anisotropic crystals, elongated along 
their trigonal axis [001]. d,e) Reproduced with permission.[41] Copyright 2017, Wiley-VCH.
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potential scientific and technological advances. HPCVD 
provides a platform for depositing these semiconducting 
materials void-free with high-purity but with amorphous 
characteristics. Molten core thermal drawing, however, leads 
to polycrystalline semiconductors in fibers. Similar to the 
chalcogenide semiconductors, both amorphous and poly-
crystalline Group-IV-based semiconducting fibers exhibit 
high optical loss due to the defects in material structures. 
In addition to these two methods, the laser-based solidifica-
tion approach has recently been demonstrated to have the 
unique capability of tailoring the composition, crystallinity, 
and grain size of the semiconductor core enabled by a well-
controlled heating/cooling rate and thermal gradient. An 
impressive work, performed by Gibson’s team, reported 
the fabrication of high-quality SiGe core with ultralarge 
grain size and uniform composition within silica fibers via 
laser-enabled remelting approach.[78] Figure  4c shows such 
a process. Typically, the SiGe-core of the as-drawn fiber is 
polycrystalline with a large number of grain boundaries and 
severe compositional variation that is detrimental to optical 
transmission in the infrared range. During the CO2 laser 
treatment, a solidification velocity that is below the critical 
velocity predicted by the principle of constitutional super-
cooling is achieved by controlling the translation speed of 
the laser. This leads to compositional homogeneity in the 
core, as shown by the X-ray computed tomography charac-
terization. The rapid translation of the melt zone and the 
large temperature gradients, present in the core at the same 
time, suppresses nucleation and crystallization at locations 
other than the advancing solidification front, which allows 
for the formation of large single crystals. Compositional 
gratings comprised of alternating Ge-rich regions and Si-rich 
regions can also be constructed by tailoring the crystalliza-
tion conditions.[78] The versatility of this approach has been 
further demonstrated by re-solidifying other semiconductor 
cores. These include Si-core optical fibers with single crys-
tals as large as 1.8  cm treated by CO2 laser.[79] By using a 
488  nm wavelength continuous wave laser, single crystal 
Si-core optical fibers up to 5.1  mm long and single crystal 
Ge-core optical fibers up to 9  mm long can be achieved.[80] 
Another recent study investigated the residual stress, 
bonding state at the interface between the Ge core and glass 
cladding, and optical loss of Ge-core optical fibers annealed 
by a CO2 laser.[81] These fibers hold promise for applications 
in low-loss infrared waveguides for imaging spectroscopic 
endoscope, nonlinear optical devices at the mid-infrared, 
and integration with in-fiber Si photonic devices for photo
detecting at the wavelength of 1.55 µm.

3.2.5. Solution-Based Annealing

The formation of single crystal in-fiber semiconductors is 
highly desirable because of their defect-free characteristics. 
Recently, Yan et al.[41,82] reported a solution-based approach, in 
which individual atoms or molecules of a semiconductor are 
built up into 1D single crystals from seed nuclei for the inte-
gration of single crystal semiconducting nanowire-based opto-
electronic devices into fibers. By controlling the anisotropy in 

the surface energy of crystal planes, single crystal Se nano-
wires grow from the amorphous bulk in a solution to form 
direct intimate contact with built-in electrodes (Figure  4d). 
The nanowire growth mechanism was elucidated via electron 
microscopy as well as first-principles density-functional theory 
calculations. Figure  4e shows transmission electron micro
scopy characterization on a single nanowire, which reveals 
the crystal growth direction and crystallinity of such wires. 
The fiber devices exhibit unprecedented optical and optoelec-
tronic performances, featuring high photoresponsivity and 
photosensitivity, low dark current, low noise-equivalent power, 
and ultrafast response speed, on par with many wafer-based 
devices. Most strikingly, this new approach facilitated high 
throughput and ultralarge area integration of nanowires into 
devices without the need for complex contacting procedures 
in the clean room, demonstrated by the growth of high-perfor-
mance nanowire-based devices along the fiber length. Further-
more, they demonstrate the unique capability of a single fiber 
with hybrid functionalities—efficient optical guidance and 
excellent photodetecting performance—to enable fluorescent 
imaging.

In order to further understand the outstanding optoelec-
tronic performance of devices, the charge carrier dynamics 
and mobility of the Se nanowire meshes were investigated by 
means of ultrafast transient absorption spectroscopy, nano-
second flash photolysis, and time-resolved terahertz spec-
troscopy.[83] These contact-free and noninvasive approaches 
revealed a lifetime on the picosecond scale for free carriers and 
on the microsecond scale for trapped carriers (both of which 
are limited by trap-assisted recombination) and a free carrier 
mobility of ≈3.0  cm2  V−1 s−1. The recovery time on the pico-
second time scale of free carriers is attributed to ultrafast trap-
ping of carriers mediated by surface states of each individual 
nanowire and contacts between nanowires because of the large 
surface to volume ratio of these randomly arranged wires. Nev-
ertheless, the trapped carriers exhibiting long lifetimes on the 
microsecond scale can advance and be collected via hopping 
transport before they annihilate. This is beneficial for the use 
of Se nanowires in optoelectronic devices and is at the heart 
of the fiber-integrated device performance.[83] This work also 
reveals that the method for single crystal nanowire integration 
in the fiber platform can be extended to anisotropic fiber mate-
rials such as Te and Se/Te compound[84] that can be dissolved 
in corresponding solvents to exhibit an enhanced anisotropy of 
interfacial energy.

3.3. Optoelectronic Fibers for Remote Chemical Sensing

Toxic and hazardous gases or vapors are a serious threat to 
human health and the living environment, so capturing 
and sensing targeted chemicals is extremely important. In 
particular, luminescent-based detection provides unique 
advantages over other schemes in terms of instrumenta-
tion simplicity, portable implementation, and low cost. The 
typical luminescent-based approach relies on collecting and 
transmitting emission signals via an optical fiber to a photo
detector at the distal end of the optical fiber. For example, 
Stolyarov et  al.[85] demonstrated a hollow-channeled fiber 
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containing oxamide-based chemical agents that produce green 
luminescence upon reaction with the chemical of interest, 
peroxide vapor. The generated light traversed through the 
hollow optical channel for signal detection at the end of 
the fiber. Surrounding this optical waveguide is a photonic 
bandgap multilayered structure that decreases optical loss to 
the external environment. It was demonstrated that a min-
imum detected concentration of 100 ppb can be achieved 
from this fiber design. Nevertheless, optical transmission, 
bending losses, and coupling efficiency limit the minimum 
detected concentration.

To overcome this limitation, Gumennik et  al.[21] developed 
an approach that monolithically integrates photodetecting 
elements flanking the hollow core of a polymer fiber where 
chemical vapors are circulated, as shown in Figure  5a. The 
inner surface of the hollow core is coated with a sensing 
material that chemically reacts with peroxide vapors flowing 
through the fiber core. The resulting chemiluminescent 
photons traverse through a transparent polymer and are cap-
tured by the fiber-embedded photodetectors. The high noise 
equivalent power of the amorphous Se97S3-based photodetec-
tors preclude its use for chemiluminescent sensing, so the 

fiber was thermally annealed in a furnace near the crystal-
lization temperature of Se97S3 for several hours. The device 
exhibits a sensitivity of 0.176 ± 0.005 nW ppm−1 with a noise 
level of 0.517 nW, corresponding to a noise equivalent power 
of 0.731 nW Hz−0.5. Optimizing chemiluminescent efficiency 
by placing the fiber system in a warm environment further 
enhances the performance, leading to detection of trace level 
of peroxide vapor down to 10 ppb (Figure 5b, left). Exploiting 
the crystallization scheme described in the previous section 
is expected to further improve the device performance. The 
photodetecting elements can extend along fibers that are hun-
dreds of meters long, paving the way for remote and distrib-
uted chemical sensing, as illustrated in Figure 5b, right. Note 
that Se, Te, and their compounds acting as the fiber core have 
also been co-drawn with phosphate glasses for optoelectronic 
and optical applications.[64]

3.4. Electronic Fibers for Deformation Sensing

Functional fibers that sense deformation induced by pressure, 
bending, stretching, twisting, and shearing can enable a myriad 
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Figure 5.  a) Schematic of thermal drawing of a chemical sensing fiber and the cross-sectional SEM micrograph showing the resulting fiber. The photo-
detecting Se97S3 layer is evaporated on the CPC electrodes. b) Left: Optoelectronic characterization on such fibers; Right: Concept schematic for remote 
and distributed sensing using such photodetecting fibers. a,b) Reproduced with permission.[21] Copyright 2012, Wiley-VCH.
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of applications in human motion monitoring, sports, tissue 
engineering, chronic disease detection, and human–machine 
interactions. Nguyen-Dang et al.[86] introduced a cantilever-like 
design in which a freestanding electrically conductive polymer 
composite film bends under an applied pressure into a micro-
electromechanical fiber for compression sensing, as shown in 
Figure  6a. Mechanical touching leads to the bending of the 
conductive film, creating contacts with another electrically con-
ducting domain underneath. The generated electrical signal 

reveals the magnitude of the pressure exerted. This signal 
could be uniquely related to position along the fiber length at 
a submillimeter resolution by a judicious engineering of mate-
rials and electrical connectivity. The ability of a single fiber to 
simultaneously detect and localize pressure, as demonstrated 
here, is drastically different from the sensing strategies that uti-
lize a complex 2D fabric mesh requiring numerous electrical 
connections. The fiber performance was unaltered after 104 
loading cycles at 200  Hz. In addition, the fiber can recognize 
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Figure 6.  a) Multimaterial micro-electromechanical fibers with bendable functional domains. A cantilever-like design where a freestanding electri-
cally conductive polymer composite film bends under an applied pressure into a micro-electromechanical fiber for press sensing. Reproduced with 
permission.[86] Copyright 2017, IOP Publishing. b) Left: Thermal drawing of stretchable and soft SEBS fibers. Middle: Shear viscosity measurement of 
a polycarbonate and a SEBS shows the similar rheological behavior. Right: TEM images of the SEBS before and after drawing at two different tempera-
tures reveal the alignment of the hard phase (dark circles) when drawn at higher tension. Reproduced with permission.[87] Copyright 2018, Wiley-VCH.  
c) Microscopy images of food fibers that consist of gelatin [280 bloom):glycerol 1:1 structure. Reproduced with permission.[93] Copyright 2019, Wiley-
VCH. d) Pressure-sensing fibers and various applications of stretchable electronic fibers. Such fibers are integrated into a fabric, are cut into several 
short pieces of smaller networks or are positioned on the tip of robotic fingers to sense pressure and collect feedback information on the finger defor-
mation. Reproduced with permission.[87] Copyright 2019, Wiley-VCH.
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and localize two pressure points, and exhibits a response band-
width of close to 20 kHz.

The cladding of the abovementioned micro-electromechan-
ical fiber is mechanically rigid, which makes sensing ultralow 
pressure very challenging. The integration of particular mate-
rials with complex architecture and functionalities within soft 
elastomeric claddings would be a major breakthrough. Despite 
decades of research however, elastomeric materials that can be 
used as fiber claddings in the field of thermal drawing have 
not been identified. Recently, a deep investigation of which 
materials constitute suitable elastic claddings through under-
standing their rheological properties has been performed by 
Prof. Fabien Sorin’s group at the École Polytechnique Fédé-
rale de Lausanne in Switzerland.[87–93] They first investigated 
the complex shear viscosity as well as the storage and loss 
moduli of some thermoplastics commonly used as claddings 
for thermal drawing. They discovered that a stable flow in the 
viscous regime can be identified by a temperature window 
in which the loss modulus changes slowly with temperature, 
crossing over the storage modulus that rapidly decreases, 
as shown by the rheological characterization in Figure  6b 
(middle). Based on this simple rheological criterion, a variety 
of thermoplastic elastomers that can be thermally drawn were 
discovered.

(Figure  6b, left). In particular, they identified poly(styrene-
b-(ethylene-co-butylene)-b-styrene) (SEBS) copolymer with a 
high molecular weight and low hard phase content that meets 
the desired characteristic discussed above. The low hard phase 
(polystyrene) content of this elastomer leads to softening of 
the elastic network, corresponding to a rapid decrease of the 
storage modulus, while the high molecular weight ensures an 
elevated loss modulus during high viscosity flow. To further 
understand thermal drawing of thermoplastic elastomers, they 
performed transmission electron microscope analysis on the 
microstructure of the preform and its corresponding fibers 
along the drawing direction. It was discovered that the polysty-
rene spheres are distributed randomly within the soft matrix 
for the preform. At the fiber level, however, the polystyrene 
aggregates along the fiber drawing direction, forming elongated 
cylindrical domains due to their alignment in the preform neck-
down region, as shown in Figure  6b, right. The aggregation 
of the hard phase in the fiber ensures a physical crosslinking 
when the material returns to room temperature from the 
neck-down region, resulting in preservation of the elasticity 
of the material after drawing. Furthermore, the same group 
has recently demonstrated the powerful platform of thermal 
drawing for the production of enjoyable yet healthy and nutri-
tious food products by leveraging this simple rheological cri-
terion.[93] Tailoring the content of the plasticizer and water 
in gelation, a common polymer in a variety of food products, 
results in suitable rheological properties required for thermal 
drawing. Hundreds of meters long gelation fibers with various 
shapes, surface textures, and integrated microchannel arrays 
were thus fabricated, as shown in Figure 6c. Nutrients could be 
filled within the channels of the fibers, and the digestion and 
release kinetics could be controlled to meet on-demand require-
ments. Being soft with an elastic modulus of a few tens of MPa, 
the plasticized gelation fiber is expected to deliver special appli-
cations in soft electronics.

The ability to integrate electronic functionalities into soft 
fibers opens novel opportunities for deformation sensing. 
Liquid metals, which provide an excellent combination of elec-
trical conductivity and mechanical deformability, are compel-
ling materials for thermally drawn soft electronics. Introducing 
one gallium wire within an SEBS fiber allows for the capability 
of elongation deformation detection by measuring the relative 
resistance change versus strain. The gauge factor of such an 
elongation sensor is comparable with the best liquid-metal-
based sensors. Similarly, embedding two gallium wires into an 
SEBS fiber constitutes a different elongation sensor that func-
tions by measuring relative capacitance change versus strain. 
Additionally, both the resistive and capacitive detection systems 
are sensitive to local pressure applied to the fiber. The resistive 
system measures a minimal force of 0.1 N while the capaci-
tive system senses a force as low as 0.01 N, on par with the 
state of the art capacitive sensing devices. These fibers exhibit 
extraordinary mechanical robustness as demonstrated by the 
sustained conductivity and sensing ability after subjecting them 
to 105 stretching cycles. A variety of severe deformations such 
as twisting, shearing, or fast and large force impingement did 
not alter the mechanical attributes of these fibers. More com-
plex functionalities were also demonstrated. A microstructured 
fiber integrated with a 3D assembly of a liquid metal electrode 
and four conducting polyethylene (CPE) electrodes in a hollow-
core SEBS cladding (shown in Figure 6d, top left) was capable 
of measuring the magnitude of pressure, localizing its posi-
tion along the fiber axis, and discriminating its direction in 
a plane perpendicular to the fiber axis. Such fibers could be 
used as long and soft interconnects or could be cut into several 
short pieces of smaller networks. They could be positioned on 
the tip of robotic fingers to sense pressure and collect sensi-
tive feedback information on the finger deformation, as shown 
in Figure 6d. Indeed, deformation sensors with ultrahigh sen-
sitivity hold unique applications in electronic skins,[94] artifi-
cial muscles,[95] soft robotics,[96] and detection of tumor tissue 
evolution.[97]

3.5. Other Electronic-Sensing Fibers

Assembling multiple fibers into arrays can create unprec-
edented functionalities like coherent interferences and beam 
steering. For instance, large-area acoustic fiber devices[22] pave 
the way toward novel applications in distributed pressure 
sensing, flow measurement, energy conversion, and commu-
nication transmission/reception. Another application associ-
ated with modulation from built-in electric fields in fibers is 
an azimuthally polarized radial fiber laser in which an array of 
electrically contacted liquid-crystal microchannels encircles the 
laser cavity in the fiber core. Applying an electric field modu-
lates the polarized wavefront emanating from the core, leading 
to a laser with a dynamically controlled intensity distribution 
of full azimuthal angular range.[98] The integration of materials 
with multiple functionalities within single fibers increases their 
complexity. For example, Lv et  al.[99] reports the realization of 
a nanostructured gallate glass in a multimaterial fiber capable 
of sensing temperature and pressure in a highly efficient way. 
Such progress represents a nice example of the development 
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of new fiber sensing materials by rational engineering of the 
structure units in noncrystalline solids.

3.6. Fiber as a Multimaterial Ink

Printing metals, insulators, and semiconductors together to 
form a device is challenging due to the mismatch in physical 
properties of these different material classes. Loke et  al.[100] 
devised a new approach to utilize thermally drawn fibers as a 
3D-printing feedstock toward constructing 3D optoelectronic 
devices. To enable the printing of these fibers, the authors made 
use of a print technique, which they coined as filament surface 
heating, where a modified print nozzle is used to heat only 
the fiber surface while the fiber core is kept to a low tempera-
ture. The basis of filament surface heating is to allow the fiber 
cladding to adhere to adjacent deposited fibers through interdif-
fused polymeric chains, while the fiber core, which contains the 
active device structure, remains undeformed and functional. By 
fabricating fibers of different functionalities, a whole set of 3D 
devices, which can be customized both in its shape and func-
tionality, can be constructed. For instance, the authors demon-
strated the printing of a pixelated light-emitting 3D display, a 
photodetecting vase, and an omnidirectionally light-detecting 
sphere which spatially and locally detects light. By combining 
both light-emitting and light-detecting printed fibers, this work 
then describes the printing of an aeroplane wing which is able 
to interrogate miniscule structural defects at any point within 
the macroscale volume of the wing. Since there is a wide range 
of different fiber functionalities as published in previous works, 
this work sets a foundation toward future 3D printed structures 
that can be embedded with a large spectrum of multifunction-
alities in them and can be shape-customized to different appli-
cation needs.

4. Fiber Electronics for Biomedical and Healthcare 
Applications

Fibers, being 1D in form factor, are intrinsically flexible, 
making them mechanically suitable for a range of biomed-
ical and healthcare applications. Specifically, functional elec-
tronic fibers have been harnessed as probes for optogenetics, 
conformal fabric for physiological sensing, and scaffolds for 
neuronal growth. In this section, we describe the materials 
characteristics and device performance of current multifunc-
tional fibers in regards to the healthcare and biomedical fields. 
We also focus on their limitations, areas for improvement, and 
emerging functionalities.

4.1. Multifunctional Fiber Neural Probes

The emergence of optogenetics[101] has increased the use of 
optical fibers[102] in neuroscience as neural probes by which 
incident light is transmitted in and emitted light is guided back 
from the nervous system. Typical optical fibers are made up of 
high Tg, glassy materials that exhibit high moduli in the range 
of GPa. However, for biological applications, these properties 

tend to evoke a foreign body immune response and cause glial 
scars at the interface between the fibers and tissues. To over-
come these limitations, polymeric-based claddings in thermally 
drawn multimaterial fibers were first used by Canales et al.[103] 
to reduce the mechanical mismatch between the implanted 
fibers and tissue (Figure  7a–c). The nature of the polymeric 
cladding results in the fiber devices that possess low bending 
stiffness and achieve high endurance to repetitive deformation 
that takes place during tissue motion linked with respiration, 
heartbeat, and bodily locomotion. In their work, the fabricated 
multimaterial fiber was multimodal, enabling different forms 
of neuronal stimulations such as electrical impulses through 
conductive electrodes, optical simulation via waveguides, 
and chemical infusion via microfluidic channels. These func-
tional materials were fully integrated within a sub-millimeter 
fiber. Conductive materials, including carbon-loaded polyeth-
ylene or nontoxic low melting point metals such as tin, were 
incorporated within the fiber due to their glass transition tem-
peratures being comparable to those of the polymers such as 
polycarbonate and cyclic olefin co-polymer (COC). They also 
highlighted the fiber’s endurance to mechanical bending, evi-
dent by the minimal losses in electrical impedance and optical 
transmission (Figure 7d,e). Furthermore, electrical signals from 
the brain were still present up to two months from the in vivo 
implantation of the multifunctional fiber into a mouse’s brain 
(Figure  7f). This showed that the multifunctional polymeric 
fiber is highly biocompatible and mechanically suited for inter-
facing the soft neural tissues of the brain.

One key challenge in the field of neural probes is increasing 
the biocompatibility of the multimodal fiber platform for long-
term electrophysiological recording, while ensuring a high elec-
trical conductivity for a good signal-to-noise ratio. Toward this 
aim, Park et  al.[104] fabricated a thermally drawn, all-polymer 
fiber probe with polymer-based electrodes (Figure 7g,h) that were 
composite with graphite. These electrodes possessed electrical 
conductivity four times higher than that of the typically used 
carbon-based polyethylene electrodes, while the fiber maintained 
a low bending stiffness due to its fully polymeric characteristics. 
Its long-term capability and minimal trigger of foreign response 
was demonstrated by recording action potentials within the brain 
of a moving mouse (Figure 7i) up to 12 weeks upon implanta-
tion. The fiber also exhibited reduced glial scarring (Figure 7j–l) 
when compared to a thinner stainless steel microwire.

Beyond the studies of the neurons in the brain, Lu et  al.[105] 
advanced the work of multifunctional fiber probes to investigate 
and interrogate neuronal circuits within the spinal cord. In order 
to withstand the repeated strains from the motion of the spinal 
cord and to match the low elastic modulus of the surrounding 
neural tissue, highly flexible stretchable probes were fabricated 
using the thermal drawing process. In their work, an optical fiber 
constituting of a polycarbonate core and a cyclic olefin co-polymer 
cladding was first thermally drawn. This fiber was later dip coated 
with a percolation of silver (Ag) nanowires and finally capped 
with a poly(dimethylsiloxane) (PDMS) coating (Figure  8a,b). Its 
flexible characteristics were demonstrated as light transmission 
through the optical fiber was sustained even under a bending cur-
vature radius of 0.5  mm. In addition, as the fiber was stretched 
to twice its original length, the electrical conductivity of the fiber 
reduced by a relatively small factor of ≈1.5 (Figure 8c), highlighting 
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its utility as a stretchable conductive fiber. Upon implantation of 
these fibers into the spinal cord of a mouse (Figure 8d), the neural 
activity, sensory-evoked (Figure  8e) and optically evoked poten-
tials (Figure 8f), could be recorded by the conductive Ag nanowire 
mesh, in addition to the optical control of the hindlimb muscles. 
Further findings showed neither tissue erosion nor cytotoxic 
effects at the interfaces of the fiber implants, thus elucidating the 
practicality of these fibers as spinal cord implants.

4.1.1. Material Studies on Soft Polymers and Elastic Electrodes

The search for materials that possess low elastic moduli and 
suitable viscoelasticity for thermal drawing represents an impor-
tant step toward the widespread use of fiber probes. Polymeric 

materials used in thermal drawing are usually thermoplastic, 
while rubbery, low elastic moduli polymers are typically ther-
mosets that are not suited for thermal drawing. As described in 
Section 3.4, SEBS, a thermoplastic elastomer, permits production 
of highly elastic fibers. These polymers contain both molecular 
cross-linkages for its elasticity and weak van der Waals bonding 
between polymeric chains that result in its thermoplasticity. It 
would be valuable for future works to investigate the long-lasting 
performance of these thermally drawn elastic fibers for in vivo 
implantation. In addition, while the mechanical properties of 
flexible, stretchable probes are well demonstrated, the function-
ality of the probe, such as its electrical conductivity, is neverthe-
less still compromised at higher strain levels due to breakages 
in the conductive percolation network. New materials or mech-
anisms that allow conductive electrodes to be stretched or bent 
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Figure 7.  a) Photograph of the multimaterial preform with its necking into a multifunctional fiber probe. Inset shows the flexible fiber wrapped around 
a finger. b) Schematic and c) actual optical image of the fiber probe cross-section that shows multiple functionalities including electrodes (conducting 
polyethylene, CPE), waveguide (polycarbonate, PC, core), and hollow channels for microfluidics. d) Electrical impedance spectroscopy plot indi-
cating that the fiber impedance remains unchanged as it is bent and recovered (final). e) Bending stiffness plots show little change in stiffness for  
varying mammal activities including respiration and heartbeat. f) Implantation of the multimodal fiber probe into a mouse’s brain. a–f) Reproduced 
with permission.[103] Copyright 2015, Springer Nature. g) Schematic showing fabrication process of graphite-CPE (gCPE) electrodes. h) Cross-sectional 
image of the drawn fiber, illustrating the construction of multiple modality including PC waveguide core, gCPE electrodes and hollow channels.  
i) Electrophysiological recording of optically evoked potentials in the mice transfected with performed 3 months after implantation. j,k) Confocal images 
of glial scarring (green fluorescence) from 200 µm fiber probe (j) and 125 µm stainless steel microwire (k). l) Average fluorescence intensity comparing 
area of glial scarring between polymer fiber and steel microwire. g–l) Reproduced with permission.[104] Copyright 2017, Springer Nature.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1904911  (15 of 30)

www.advmat.dewww.advancedsciencenews.com

without reducing their conductivities should be investigated. 
For example, one approach considered is the introduction of 
liquid metal, such as gallium or galinstan, into the channels of 
the fiber. As the elastic cladding is stretched, the encapsulated 
liquid metal can be deformed accordingly, hence retaining its 
conductive path. However, even if these metals are biocompat-
ible, its liquid characteristics may cause uncontrolled release of 
metals into the tissue. Another means of obtaining stretchable 
electrodes is by introducing structural elasticity, by using conduc-
tive helices[106,107] or buckled electrodes[108,109] within or around 
the fiber for example. High melting point (Tm) metals such  
as tungsten have low electrical impedance but exhibit high elastic 
moduli, which are undesired for tissue implantation. On the 
other hand, conductive polymeric composites such as carbon-
loaded polyethylene have low elastic moduli but exhibit high 
electrical impendence, resulting in poor signal to noise ratio. As 
such, the introduction of structural elasticity to high Tm metals 
can offer the best of both mechanical and electrical characteris-
tics: low elastic moduli and low impedance.

4.1.2. Other Emerging Probe Functionalities

Other than their use as neural probes, thermally drawn fibers 
have also been commercialized as flexible probe-like surgical 
tools in removing tumors from the body via laser ablation. Based 
on the technology of the dielectric mirror, Temelkuran et  al.[26] 
fabricated a hollow core photonic crystal fiber with arsenic sele-
nide (As2Se3)—PES multilayers (Figure  9a,b) of alternating 
refractive indices with sub-micrometer thicknesses. In addition 
to the complexity of how different material classes (polymer and 
semiconducting glass) can be interfaced together, this work also 
illustrates the ability of thermal drawing to achieve nanoscale 
features. These multilayers exhibit a photonic bandgap in wave-
lengths relevant to that of the CO2 laser, enabling light of wave-
lengths (0.75–10.6 µm) to transmit across tens of meters of 
fiber and multiple bends with transmission losses of less than 
1.0  dB m−1 (Figure  9c). Coupled with the manufacturability of 
the thermal drawing technique, these optical advantages facilitate 
the realization of these fibers for real-word medical applications. 
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Figure 8.  a) Fabrication process of a flexible stretchable multimodal fiber probe. b) Cross-sectional optical image illustrating the PC/COC waveguide and a 
PDMS overlayer. Between them is a mesh of conductive silver nanowires, AgNWs, mesh (SEM image on the right). c) Electrical impedance of the AgNWs 
mesh increases as the fiber is stretched. d) Schematic (left) and photograph (right) of the implantation of the fiber probe into the spinal cord of a mouse. 
e) Sensory-evoked and f) optically evoked action potential measured by the AgNWs mesh. Light traverse through the PC core for the measurement of the 
optically evoked potential. a–f) Reproduced with permission.[105] Copyright 2017, The Authors, published by American Association for the Advancement of 
Science (AAAS). Reprinted/adapted from ref. [105]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement 
of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/.
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There are also many other forms of stimulation that have yet to 
be explored from fiber neural probes. For example, other than 
neuronal probing via optical, electrical, and chemical means, 
electrostrictive P(VDF-TrFE-CFE) micro-electro-mechanical 
fibers[23] (Figure  9d) can be used to transmit mechanical actu-
ating stimuli (Figure 9e) to the neurons[110,111] or detect changes 
in the strain environment of surrounding tissues.[112,113]

In addition, neuronal stimulation currently is limited to the 
fiber tip. It would be interesting to explore multiple surface-
exposed stimulation and interrogation sites along the length of 
the fiber. Doing so would permit the investigation of the distribu-
tion and properties of neurons in the brain or the spinal cord with 
both spatial and temporal resolution. Thermally drawn fibers are 
translationally symmetric, meaning their cross-sectional material  
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Figure 9.  a,b) SEM cross-sectional images of: a) the thermally drawn photonic bandgap fiber containing a PES cladding and a hollow core surrounded 
by b) a multilayered structure of As2Se3 layers (bright white) and PES layers (gray). c) Transmission spectrum of light traversing through the hollow core 
indicating low loss of 0.95 dB m−1. a–c) Reproduced with permission.[26] Copyright 2002, Springer Nature. d) SEM cross-sectional image of the elec-
trostrictive microelectromechanical (MEM) fiber illustrating the piezoelectric P(VDF-TrFE-CFE) layer interfaced by the CPE electrodes. BiSn electrodes 
are electrically connected to the CPE for higher conductivity along the fiber length. A shell of multilayer As25S75/PC structure surrounds the fiber to 
attain optical Bragg reflection for fiber deflection characterization. Scale bars for top, bottom left, and bottom right are 100, 20, and 2 µm, respectively. 
e) Mechanical actuation of the MEM fiber at OFF- and ON-resonance states. d,e) Reproduced under the terms of the CC-BY Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[23] Copyright 2017, The Authors, published by Springer Nature.
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structures are similar continuously along their lengths. This 
impedes spatial discrimination of sensing signals at different fiber 
positions. A preliminary step toward spatial sensing is in breaking 
the fiber translational symmetry, which is discussed briefly in the 
previous section for high-temperature materials. For materials 
with lower melting points, Kaufman and colleagues[29] exploited 
Rayleigh capillary instability to break the continuous fiber struc-
ture into discrete sphere-like structures (Figure  10a). The trans-
formation of cylindrical rods into spheres was attributed to the 
inclination toward the lowest surface energy state of a sphere. 

This work demonstrated the capillary breakup of in-fiber struc-
ture across different materials including a polymeric COC core in 
polycarbonate and a semiconducting chalcogenide glass (As2Se3) 
core in polyethersulfone (PES). It also demonstrated the in-fiber 
structure tunability across a range of sizes, from nano to micro-
scale (Figure 10b).

Further work by Rein et al.[34] described selective breakup of dif-
ferent materials, in which both 1D and 0D structures are present 
in the thermally drawn fiber. To achieve this, the dependence of 
the breakup time-scale on the feature size was used. More spe-

cifically, the transformation time increases with 
larger feature size. Hence, by tailoring the sizes 
of different materials within the fiber, the mate-
rial with a smaller width breaks up faster than 
that of a bigger dimension. This work further 
expanded the possible in-fiber architectures by 
interconnecting broken-up semiconducting 
spheres with continuous conductive electrodes 
(Figure  10c–f). Furthermore, illuminating 
spheres with a laser beam generates Mie optical 
resonance in these spheres. The resonant 
effects could be quantified through measure-
ments from electrical signals generated from 
the photodetecting spheres, which are read out 
at the ends of the fiber. It is envisioned that 
fibers with such multiplicity of discrete spheres 
and continuous electrodes be implemented as 
neural probes of spatial functionalities.

4.2. Fibers as Regenerative Neuronal 
Scaffolds

The recovery of injured neural tissue is slow 
especially for tissue with damage exceeding 
3 cm in length, which results in life-long dis-
abilities[114–116] for approximately half of those 
who suffer from extensive nerve damage. 
Implanting a scaffold at the injured region 
can support the regenerative growth of neural 
tissue.[117,118] Thus far, neuronal growth can 
be guided and accelerated by several factors: 
topography,[119–121] chemical gradients,[122,123] 
or stimulus of growth via optogenetics.[124] The 
thermal-drawing process offers advantages in 
fabricating structurally designable fiber scaf-
folds of different materials, shapes, and func-
tionalities to support these guided growths. 
For topography-guided growth, Koppes 
et al.[125] fabricated polyetherimide (PEI) fiber 
scaffolds with cylindrical, rectangular, and 
grooved channels (Figure 11a). The size of the 
channels is tuned by controlling the stresses 
imposed during thermal-drawing. It was 
found that neuronal growth along the length 
of the fiber scaffold (Figure 11b,c) is enhanced 
in rectangular channels compared to circular 
channels. In addition, introducing micro-
grooves onto the surface of the channel walls 
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Figure 10.  a) Fabrication scheme to generate in-fiber spheres. A fiber with an As2Se3 glass core 
(G) encased in a PES polymer cladding (P) is thermally drawn and later fed into a heated furnace. 
The inset shows the glassy core becoming unstable and transforming into spheres due to capil-
lary instability at higher temperature. b) Size-tunable spheres formation from nano- to microscale. 
a,b) Reproduced with permission.[29] Copyright 2012, Springer Nature. c) Schematic of selective 
capillary breakup of different materials enabling 0D discrete chalcogenide glass to be flanked by 
1D continuous electrodes in the fiber. d–f) Optical images of the fiber: d) at the onset, showing 
continuous structure for the two materials, e) at an intermediate time, showing the transition 
into spheres, and f) after breakup, showing discrete chalcogenide spheres electrically connected 
to the adjacent electrodes. Scale bar is 1 mm. c–f) Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/
by/4.0/).[34] Copyright 2016, The Authors, published by Springer Nature.
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enables neurite alignment and thus higher directional growth 
along the fiber (Figure  11d). This finding is further supported 
by the works of Nguyen-Dang et al.,[126] in which the growth of 
dorsal root ganglia (DRG) occurs more preferentially and orderly 
along the textured surfaces of a PDMS fiber as opposed to the 
random growth on a nontextured surface.

In addition, optical and electrical simulations accelerate 
neuronal growth. For instance, delivering pulsed blue light[124] 
enhances neurites outgrowth from peripheral neural tissue of 
DRGs expressing channelrhodopsin 2 (ChR2), while applying 
a DC or AC electric field[127,128] enhances neurite sprouting and 
growth as well as Schwann cell proliferation.[129] Hence, the 
integration of light-emitters or optical waveguides into fiber 
scaffolds will be useful in creating multifunctional scaffolds for 
regenerative neuron growth. However, thermally drawn fiber 
scaffolds that house all functional units including the channel 
for neuronal growth, electrodes, and waveguides have not yet 
been demonstrated. Nevertheless, a preliminary preview of 
such a fiber is demonstrated by Yuan et al.[130] They fabricated 
thermally drawn microfluidic fibers that are integrated with 
electrodes positioned around a microchannel (Figure 11e). The 
flow of particles and cells through the optimally shaped micro-
channels is controlled and directed by electric fields applied 
across the electrodes within the fiber so as to separate living 
and dead cells (Figure  11f). While this fiber is not directly 
implemented as a scaffold, it is indicative of current complex 

fiber architectures that can enable future electronics-integrated 
scaffolds for highly regenerative neuronal growth.

4.2.1. Combining Porosity and Microchannels

The works reported above describe fiber scaffolds with micro-
channels that are fully enclosed except at the ends of the fiber. 
However, accelerating neuronal growth requires the exchange 
of nutrients such as oxygen. Thus, the fiber scaffold must be 
open to the external environment, yet still contain a confined 
microchannel for directed growth. One solution for open fiber 
scaffolds is introducing porosity in the fiber cladding. This 
is demonstrated by Grena et al.,[131] who achieved porosity in 
fibers in situ during the thermal drawing process by imple-
menting thermally induced phase segregation (TIPS) of a 
polymer–solvent mixture. From this process, porous fibers 
of varying materials, including biodegradable polycarprol-
actone (PCL) and polyvinylidene fluoride (PVDF), and dif-
ferent shapes were produced. In addition, by controlling the 
quenching temperature, pore sizes ranging from 500  nm to 
10 µm were achieved. Taking porous fibers a step further, 
recent work by Shahriri et  al.[132] introduces PCL porous 
fibers with microchannels. This work presents an alterna-
tive method to create porosity in fibers by salt leaching. Salt 
crystals and PCL are mixed, molded into a preform, and later 
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Figure 11.  a) Optical cross-sectional images of neural guidance fiber with (top) circular, (middle) square and (bottom) grooved channels. Scale bars = 200 µm. 
b) Schematic of the DRG-seeded fiber. c) Optical image showing the neurite ingrowth through a 5 mm, grooved fiber scaffold. The inset shows a higher mag-
nification image of neurite orientation along the grooves. d) Average ingrowth distance after 14 days for round, square, and grooved channels. The scaffolds 
are seeded at one end. Longer growth is observed for the grooved channels. a–d) Reproduced with permission.[125] Copyright 2016, Elsevier. e) Cross-sectional 
optical of a microfluidic fiber containing an arbitrarily shaped microchannel with surrounding CPE electrodes (black). Scale bar, 200 µm. f) Schematic of flowing 
live and dead cells through the fiber. The different cell types are subjected to different magnitudes of inertial and dielectrophoretic (DEP) forces, resulting in 
particle movement to different positions within the fiber. e,f) Reproduced with permission.[130] Copyright 2018, National Academy of Sciences.
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drawn into a fiber, before soaking in a solvent to remove the 
salt particles leaving behind a porous fiber. Varying the sizes 
and the amount of the salt changes the pore size and porosity 
volume. Finally, for its application as a nerve scaffold, this 
work demonstrates the printing of these porous fibers into 
centimeter-scale scaffolds with shapes that tailor to the exact 
dimensions and structures of the nerve gap within the spinal 
cord or in bifurcated nerves. These printed scaffolds contain 
tens of microchannels, surrounded by porous walls for nutri-
ents exchange toward fast neurite growth.

4.3. Physiological Sensing from Functional Fabrics

In addition to the in vivo implementation of these fibers as 
probes and scaffolds, electronic fibers can be used as a non-
invasive flexible platform that make direct conformal contact 
with bodily skin to sense physiological parameters. Given the 
substantial interaction area between clothing and the body, the 
ability to interrogate physiological signals via fibers and fab-
rics could be useful in diagnosing, tracking, and investigating 
health conditions.[133–135] In this subsection, we discuss the cur-
rent functional capabilities of multimaterial fibers for the pur-
pose of physiological sensing.

4.3.1. Thermal-Sensing Fibers

Our body temperature is indicative of a number of possible 
physiological conditions,[136–140] including sepsis, infection, 
shock, and even anxiety. Fibers with the ability to measure 
body core temperature can thus be beneficial in preventing 
and tracking these conditions. However, precisely monitoring 
and detecting thermal excitation over a large area with highly 
curved geometrical features still remains technologically 
challenging. Bayindir et al.[20] developed a thermal sensing fiber 
that is comprised of a temperature-sensitive multicomponent 
semiconductor (Ge17As23Se14Te46) interfaced with four metallic 
electrodes. The mechanism through which this device detects 
thermal changes is the thermoresistive effect, which correlates 
the change in electrical resistance across electrodes to the abso-
lute temperature of the semiconductor via an exponential rela-
tion. The composition of the semiconductor was chosen such 
that the electronic mobility gap of the material is small and 
electrical responsivity is high upon small temperature changes. 
Heating a single fiber above or cooling below the room 
temperature showed that the temporal response of the fiber 
is in the range of several seconds. This work further demon-
strated the capability of localizing the temperature distribution 
over a large area using a crosshatched fiber-mesh with 1  cm 
separation distance between neighboring fibers. Its mechanical 
flexibility was highlighted by conformally wrapping the fiber-
mesh around a mannequin head. A thermal map could be 
reconstructed using signals obtained by connecting each fiber 
to external circuits. The dynamical thermal map obtained by 
the fiber array was in good agreement with the data acquired by 
an infrared camera. This thermal sensing fiber mesh was also 
able to pinpoint the spatial location and heat distribution of a 
contacting heat source.

4.3.2. Diode Fibers Enabling Heartbeat Sensing

The rate and variabilities of blood pulsation reveal the status 
of the cardiovascular system.[141,142] Commercial heartbeat 
sensors utilize both light-emitting and photodetecting diodes 
that exhibit high optoelectronic performance to enable high 
sensing sensitivity. Toward this aim, Rein et  al.[35] introduced 
a new thermal-drawing approach to establish connections to 
commercial microscale diode devices within the fibers. This 
work combines the scalability of the thermal-draw process in 
forming long-length fibers with pre-made commercial devices 
(Figure  12a). Specifically, discrete devices are first embedded 
into the preform without any connections. During the draw 
itself, electrical wires are also fed into the milled channels within 
the preform. As the preform is scaled down into a smaller sized 
fiber, the wires are brought closer together until they eventually 
contact the devices (Figure 12b). Doing so allows hundreds of 
devices to make electrical contacts within the fiber in a single 
draw. Finally, with electrical connections made to the discrete 
optoelectronic devices, they are shown to emit light of varying 
wavelengths (red, green, and blue) (Figure 12c) and detect at a 
high bandwidth and sensitivity which is orders of magnitude 
larger than of previous thermally drawn optoelectronic fibers. 
Later, green light-emitting and light-detecting fibers are woven 
side by side within a single fabric (Figure 12d). They combine 
to form an optical pulsation sensor via photoplethysmography. 
As red blood cells absorb green emitted light, the light inten-
sity sensed by the light-detecting fiber varies correspondingly 
with the in-and-out amount of red blood cells, thus enabling 
readout on the heartbeat (Figure  12e). As a future step, since 
hemoglobin in red blood cells absorbs more red light at higher 
oxygen level, while deoxygenated hemoglobin absorbs more 
infrared light, a set of red and near infrared light emitting 
fibers, accompanied by the light detecting fiber, can potentially 
operate as an oximeter. [143–145]

4.3.3. Other Forms of Physiological Sensing

There is still a multitude of useful physiological data that has 
yet to be collected and utilized from the interfaces of electronic 
fibers and the human body. For instance, skin excretes sweat 
that contains many useful chemical markers[146,147] such as glu-
cose level, blood lactate, and uric acid. A fabric with a distrib-
uted, wide-area, sweat-sensing capability can potentially provide 
quick, accurate, and large-scale analysis of the sweat markers. 
Chemical-sensing fibers, in particular Gumennik et  al.[21] and 
Stolyokov et  al.,[85] which are introduced in the previous sec-
tion, are an important step toward sweat sensing. These studies 
describe the different possible fiber device configurations that 
facilitate electrical or optical readout of chemicals, which may 
include sweat-sensing agents. While these chemical-sensing 
fibers demonstrate a viable approach for achieving sweat-
sensing fibers, there are still limitations that reduce their utility. 
For instance, the fibers in both works are fully cladded by a 
thermoplastic polymer, resulting in chemical sensing occurring 
either at the tip of the fiber or along a fiber surface that must be 
manually cleaved, as the presence of cladding impedes sensing 
across the full length of the fiber. In addition, the incorporation 
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of the sensing agents into the fiber is per-
formed post-draw, thus reducing its fabrica-
tion scalability. The improvements necessary 
for the practicality and scalability of a sweat-
sensing fiber have to be made on the fol-
lowing fronts: i) surface-exposed sensing 
agents that are stable in the presence poten-
tial moisture or mechanical degradation, ii) 
efficient conversion of chemical to electrical/
optical signals, and iii) sensitive readout of 
these signals across the length of the fiber, 
which may be on the meter scale. The next 
step toward sweat-sensing fibers is identi-
fying suitable materials or composites that 
are made up of the relevant, stable, chemical-
sensing agents, while being thermally draw-
able. In addition, good interfacial electrical 
connections between the sensing agents and 
electrodes will be key to efficient and sensi-
tive sensing performance.

5. Energy Harvesting and Storage 
Fibers

The human body represents roughly two 
square meters of dynamic and ever-moving 
surfaces—most of which are covered by 
some form of fabric. The opportunity to 
utilize this large area for energy harvesting 
and storage has been explored for the last 
few decades. Since the material categories of 
thermally drawn fibers exhibit a number of 
functionalities compatible with energy gen-
eration and storage, studying these fibers 
becomes exciting especially for building 
textile-compatible, self-powered, integrated 
systems. Indeed, there exists an abundance 
of energy sources that are sustainable, free, 
safe, clean, and importantly, as compared to 
fossil and nuclear energy sources, scalable 
into powering of mobile devices. In daily life, 
the human body is continuously exchanging 
different forms of energy. Furthermore, elec-
tromagnetic solar radiation incident on the 
human body is absorbed by cellular organ-
isms to power vital functionalities. These 
and other energy sources in and around the 
human body motivate researchers to develop 
self-powered systems that avoid the size and 
weight burden of external power supplies.

Previous efforts to produce portable 
energy generation and storage systems 
that take advantage of these natural energy 
sources resulted in bulky, unsafe, and incon-
venient to wear systems. Therefore they have 
not been widely adopted by consumers.[148] 
In contrast, the thermal drawing approach is 
advantageous in its fully packaged, flexible, 
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Figure 12.  a) Schematic of the thermal draw process with devices embedded and wires fed 
into the preform. b) In the preform stage, the wires and devices are spaced far apart (I). As the 
preform necks into a fiber, the wires are brought closer together until they contact the devices 
(II). c) Photograph of blue-light-emitting diode fibers via thermal drawing of embedded devices. 
d) Schematic of a finger touching a light-emitting and light-detecting fibers that are woven 
in a fabric. e) By touching on these fibers, the measured reflected light amplitude gives the 
heartrate. The top black curve in the plot is the experimental data, while the bottom red curve 
is measured by a commercial sensor. The periodic amplitude corresponds to the frequency of 
the blood pulsation. a–e) Reproduced with permission.[35] Copyright 2018, Springer Nature.
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and lightweight in-fiber devices, which enable fiber-woven fab-
rics to provide power needs without additional size or weight 
from external connection. This section reviews the capability of 
fibers to harvest and store energy.

5.1. Energy Storage Fibers

The fiber geometry is suitable for power storage using fiber 
battery or supercapacitors. Fiber-based energy storage is 
important to power integrated fiber devices. There have been 
a number of efforts focused on the fabrication of electrochem-
ical energy storage fibers. Great academic progress has been 
made through the discovery of new high-performance active 
fiber materials such as carbon nanotubes (CNT), reduced gra-
phene oxide (rGO)/CNT, MnO2, and conducting polymers on 
centimeter scale fibers. The fabrication of electrochemical 
fibers can be categorized in two distinct routes: 1) solid-state 
processes wherein carbon nanotubes are directly spun into a 
fiber from the synthesis reaction zone[149,150] or a CNT forest 
during spinning,[151] or 2) wet processes wherein carbon 
nanomaterials are dispersed in a fluid, extruded out, and 
coagulated into a solid fiber.[152] Fabricating supercapacitor 
and battery fibers requires a multistep process, involving not 
only nanomaterial integration but also electrolyte coating and 
small-scale multifilament assembly. These approaches result 
in intra- and interfiber defects that, in turn, directly affect the 
electrical and ionic conductivity of the fiber devices. The key 
enablers of fiber-shaped energy storage devices are the length, 
which needs to be comparable with traditional textile fibers 
for machine weavability, and the energy density, which should 
be approximately equivalent to conventional energy storage 
systems; however, no system has been able to achieve this 
goal yet.

Typically, preforms are composed of thermoplastic or glass 
materials with thermomechanical properties that are compat-
ible with the preform-to-fiber thermal drawing process. How-
ever, active materials typically used in energy storage systems 
are not intrinsically compatible with this process. For example, 
electrolytes commonly used in batteries are liquid-based, which 
results in lumps in the fiber during thermal drawing, thus 
impeding co-drawability with other materials such as the elec-
trodes. In addition, thermal drawing is typically performed in 
an open environment exposed to air, but moisture-sensitive 
energy storage materials may degrade upon exposure to air. 
Thus, there exists a need to design new active materials that 
can leverage the thermal draw process in order to produce 
fibers with outstanding energy storage properties at scale.

There have been previous efforts to draw electrostatic fiber 
capacitors with interdigitated electrodes.[153] Capacitors are well 
known to store charges across electrodes that are separated by a 
dielectric. In this work, PVDF material was utilized as a dielec-
tric medium. To enhance the capacitance, the contacting sur-
face area between dielectric and electrodes can be increased by 
folding it into several layers (Figure  13a,b). Figure  13c shows 
that as the number of layers increases from one to six folds, 
the capacitance for a 50 cm fiber capacitor increases from 1 to 
25  nF (Figure  13c). This work represents an early demonstra-
tion of in-fiber energy and charge storage. Further studies to 

enhance its energy storage ability include infusing electrolyte 
solution as the active functional medium, rather than using a 
solid-state dielectric medium, so as to form fibers with superca-
pacitor capabilities.

5.2. Energy Harvesting Fibers

For energy harvesting, there are multiple suitable effects that 
can be operated from a fiber system. The piezoelectric effect 
converts stress or pressure into electricity. Triboelectricity takes 
advantage of the surface electrification effect between two dif-
ferent kinds of surfaces. Photovoltaics convert light into power. 
The thermoelectric (TE) effect exploits a temperature difference 
to generate electricity. These energy sources are sustainable, 
cheap, lightweight, and complementary to each other for con-
tinuous energy supply. In addition, the growing power needs 
of aerial and ground-based objects, such as drones and mili-
tary wear, motivate a focused thrust on fiber and fabric energy 
solutions that are equipped with on-demand energy harvesting 
capabilities that are both highly efficient and lightweight. In 
this subsection, we will discuss the multimaterial fiber drawing 
phenomena as an enabling tool for energy harvesting.

5.2.1. Photovoltaic Fibers

Using the thermal fiber drawing technique as a preliminary step 
to create a templated hollow silica fiber, He et  al.[60] reported 
photovoltaic fibers based on silicon p–i–n photodiode junctions 
fabricated via subsequent HPCVD (Figure 13d,e). They demon-
strate that silicon layers can be deposited over lengths of more 
than 10 m in fiber channels with the fiber exhibiting enough 
flexibility to be tied into tight knot (Figure  13f,g). To charac-
terize the layer compositions radially across the fiber cross-sec-
tion, the authors made use of Raman spectroscopy to correlate 
the value of the inverse of the Raman profile asymmetry (q−1) 
with the doping concentration. Plotting out q−1 against the 
radial distance shows the p-doped, intrinsic, and n-doped sec-
tions (Figure  13h). These p–i–n photodiode junction fibers 
function as optoelectronic devices for both solar-cell applica-
tions and high-speed (1.8 GHz) photodetectors (Figure 13i). To 
further improve the efficiency of photovoltaic conversion and 
light detection, advanced light-management schemes including 
controlling the fiber waveguide behavior was harnessed.

This work is a preliminary study aimed at introducing sil-
icon-based junctions into fibers with thermal drawing. Further 
studies are still required to understand the fundamental kinetic 
and thermodynamic processes for reliably producing p–n junc-
tions in fibers. By understanding the basic physics driving 
the PN junction formation in thermally drawn fibers, one 
could design and produce PV fibers, with high yield and effi-
ciency and in a form factor that is compatible with weaving for 
upstream fabric integration, and finally create all-fiber PV solu-
tions that surpass anything currently possible.[154,155] The ability 
to produce silicon microwires using a high-temperature fiber 
drawing system might facilitate the realization of this motiva-
tion.[39] This technique allows drawing of centimeter scale sil-
icon rod into micro, even nanoscale, silicon wires inside of a 
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silica cladding. Further studies show that a self-developed p–n 
junction scheme can be created inside the fibers via the forma-
tion of capillary spheres through the Rayleigh–Plateau insta-
bility. However, a fully integrated PV fiber with all-continuous 
thermally drawn p–n junctions and electrodes remains unex-
plored. This requires forming distinct interconnects between 
the p–n junction systems to in-fiber electrodes, which is a tech-
nical challenge in high-temperature thermal drawing due to 
intermixing.

5.2.2. Thermoelectric Fibers

TE power generation[156,157] is another form of carrier-based 
energy harvesting in fiber form factor. TE fibers and fabrics 

can be used not only to generate electricity from the natural 
temperature gradient present between the human body and 
the colder outside air temperature, but can also recover some 
of the dissipated heat generated by a PV cell integrated within 
the same fiber. To date, the TE effect has been investigated in 
a fiber platform by Zhang et  al.[158] They fabricated crystalline 
thermoelectric micro/nanowires by thermally drawing hermeti-
cally sealed high-quality inorganic thermoelectric materials in a 
flexible fiber-like substrate (Figure 14a). The resulting thermoe-
lectric fibers were intrinsically crystalline, highly flexible, ultra-
long, and mechanically stable (Figure  14b,c), which enables 
them to be woven into a fabric (Figure 14d). This wearable 2D 
cooling textile was assembled to achieve a maximum cooling of 
5 °C with an input current of 2 mA. These thermoelectric fibers 
were later used as energy generators by implementing them in 

Figure 13.  a) Optical micrograph of a fiber capacitor. Scale bar is 300 µm. b) SEM micrograph of the core region of the fiber, showing the interdigitated 
structure of the PVDF dielectric and the conductive polyethylene conductor. Scale bar is 20 µm. c) Capacitance of fibers measured as a function of 
length, for fibers with different numbers of PVDF/CPE folds. Increasing the number of folds enables to increase the capacitor surface area for a given 
length and thus increasing capacitance. a–c) Reproduced with permission.[153] Copyright 2013, AIP Publishing. Silicon p–i–n junction fibers fabricated in 
capillary templates via high-pressure chemical vapor deposition. d) SEM micrograph of a deposited and cleaved junction silicon p–i–n fiber fabricated 
in capillary templates via high-pressure chemical vapor deposition. e) Differential interference contrast (DIC) optical micrograph of a representative 15 
µm diameter Si p–i–n junction. f) A junction fiber within a ≈ 1 m long silica template wrapped into a coil. g) A 6 µm diameter silicon junction-fiber core 
etched out of its silica cladding can be manipulated into a tight knot. h) Abrupt junction profile, obtained via Raman spectroscopy, representing the 
p–i–n compositions. i) Current–voltage profile of the Si junction fiber, illustrating its solar cell and photodetecting capabilities. Inset shows the In–Ga 
eutectic electrical connections made to the n- and p-doped layers. d–i) Reproduced with permission.[60] Copyright 2013, Wiley-VCH.
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objects with a temperature difference, such as a heated cup, to 
harvest a maximum 2.34 mW cm−2 level output power density 
for a temperature difference of 60 °C (Figure 14e,f). This work 
bridged the gap between high-performance thermoelectric flex-
ible fibers and their practical applications in energy harvesting 
as well as body cooling.

5.2.3. Piezoelectric Fibers

The piezoelectric effect is a reversible form of energy conver-
sion. It can either convert mechanical loading into electricity or 
produce motion under an applied electric field. Power genera-
tion in this material is not only applicable to bodily movements 
but also different forms of pressure such as sound waves, wind, 

and any other stimuli which induces mechanical stress. The first 
multimaterial piezoelectric fiber[22] integrated a piezoelectric 
P(VDF-TrFE) thin film sandwiched between two carbon based 
polymeric electrodes and encapsulated within a rigid polymer 
cladding. During thermal drawing, the melting of the piezo-
electric domain and subsequent solidification resulted in the 
formation of piezoelectric β-phase. Confining the low viscosity 
crystalline piezoelectric domain between highly viscous elec-
trodes alleviated the capillary break-up of the active material and 
thus resulted in uniform thickness across all material layers. 
Even though the fiber was exploited for acoustic transduction 
from kilohertz to megahertz frequencies, the conversion effi-
ciency was limited and could not be utilized for power genera-
tion purposes. Exploring new designs like increasing the area 
of the active domain might enable efficient energy harvesting 

Figure 14.  a) Single TE fiber with a length of one meter showing good flexibility. Below is its cross-sectional SEM image. b) SEM images of drawn TE 
fiber cores with the diameter form nano to microscale. c) Minimum bending diameters of TE fibers for different fiber diameters, and the inset exhibits 
bent TE fibers with diameters of 50, 400, and 500 µm, respectively. d) TE fibers are woven into a large-area fabric to construct a wearable TE device.  
e) Implementation of the TE fibers on a cup poured with hot water. f) Voltage and power density output from TE fibers for varying temperature 
differences. a–f) Reproduced with permission.[158] Copyright 2017, Elsevier.
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capabilities. As such, a folded structure was introduced into 
another piezoelectric fiber, as shown in Figure 15a. The folded 
interdigitated fiber enabled a folded piezo-domain contacted 
by a multilayer electrode. The increased effective area in this 
new design allowed for an enhancement in the performance of 
piezoelectric fibers. Coherent interference and beam steering 

capabilities were achieved using two- and 
four-fiber phased arrays. Later, Lu et  al.[159] 
reported an all-polymer flexible piezoelectric 
fiber that exploited a similar multilayer 
design. The fiber features a hollow polycar-
bonate core surrounded by a spiral multilayer 
cladding consisting of alternating layers of 
piezoelectric nanocomposites and conduc-
tive polymer. Indeed, piezoelectric response 
was increased. The fibers exhibited high 
output voltage of up to 6  V under moderate 
bending, and they showed excellent durability 
in a cyclic bend–release test. The piezoelectric 
fibers were then weaved into textiles with 
high power generation demonstrated.

5.2.4. Triboelectric Fibers

The triboelectric effect relies on surface elec-
trification of two different materials rubbing 
against each other, resulting in one surface 
being charged positively and another nega-
tively. While this effect is often a nuisance, 
triboelectricity has recently been success-
fully demonstrated for energy generation 
purposes.[160]

Triboelectricity in garments can be based 
on three different interfaces—1) fiber–fiber 
interactions, 2) fiber–skin interactions, and 
3) in-fiber material interactions. First, when 
fibers of two different surface materials spa-
tially meet on the crossing of woven fabric, 
friction-induced electricity can be created. 
In addition, the large surface area of fiber–
fiber interactions is advantageous toward 
expanding the total triboelectricity genera-
tion. Surface engineering to increase the 
amount of interacting surface area on indi-
vidual fibers could help maximize triboelec-
tricity generation. Thermally drawn surface 
engineered fibers can be designed with micro 
or nanoscale texture on the polymer fiber 
surface using a recently developed fiber sur-
face patterning technique.[126,161] As shown 
in Figure 15b, macroscopic patterns are first 
created in the preform using either laser pat-
terning or mechanical milling approaches. 
In order to prevent the thermal reflow driven 
by the surface tension of the polymer and 
accelerated by the curvature of the patterns, 
a sacrificial polymer, having low miscibility 
with the patterned polymer, is interfaced with 

the patterned polymer. This allows for the drastic decrease in 
surface tension leading to a long reflow time scale of the pat-
tern. With this strategy, micro- and nanoscale texture with hier-
archical structures spanning a wide range of feature sizes were 
produced both on the fiber surface and within the fiber. Triboe-
lectric nanogenerators working in the vertical contact-separation  
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Figure 15.  a) Multimaterial piezoelectric fiber. The schematic shows thermal drawing of a 
preform into the piezoelectric fiber. SEM micrograph shows the fiber cross-section where the 
multilayer piezoelectric domains are contacted by multilayer electrodes. Reproduced with permis-
sion.[22] Copyright 2012, Wiley-VCH. b) Micro- and nanoscale texture on the surface of polymeric 
fibers. b-1) Schematic of preform-to-fiber draws highlighting the separation between the different 
textured layers. b-2) Picture of extended length of a fiber ribbon. b-3) Picture of the peeling-off 
process. b-4) SEM image of a microscale textured ribbon. Inset shows the magnification at its 
surface. Scale bar: 15 µm. b-5) SEM image of the top view of microscale textured fibers with tex-
tures of different height and width (scale bar: 10 µm). b-6) SEM top view of a nanoscale textured 
ribbon with a square shape (scale bar: 10 µm) with a zoom-in image (inset scale bar: 200 nm). 
b-7) (left) Schematic and (right) SEM image of a double-textured ribbon (scale bar: 100 µm). 
The top inset shows its magnification (scale bar: 20 µm) and the bottom inset shows a further 
magnification (scale bar: 1 µm). b) Reproduced with permission.[126] Copyright 2017, Wiley-VCH.
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mode, the lateral sliding mode, the single-electrode mode or 
the free-standing mode fabricated using fibers with micro- and 
nanoscale patterns exhibit significantly improved energy con-
version efficiency.[162] Second, natural friction with human skin 
generates electricity. This is familiar to us as static electricity. 
Skin can be positively charged when contacted with different 
kinds of polymers and could function as an efficient second 
material of the triboelectric system. Third, two different mate-
rials within the fiber itself can interact with each other upon 
mechanical agitation. For instance, as described in the earlier 
section, Nguyen-Dang et  al.[86] created a fiber with electrode 
domains that were spatially separated by an air gap and could 
be electrically contacted with a moving mechanical force. This 
study shows that integration of cantilever-like structures with 
freely moving functional domains within multimaterial fibers 

is feasible, paving the way for the development of in-fiber mul-
timaterial triboelectric device.

6. Smart Fibers toward Computing Applications

To date, most thermally drawn fibers are focused on achieving 
disparate sensing functionalities and several forms of feed-
back such as light-emitting or actuation. An intriguing and 
important functionality that has yet to be fully explored is an 
in-fiber control system that regulates all sensory and feedback 
signals. In short, “smart” fibers, that are able to automatically 
process input and give output based on their stored memory, 
can be the bridge between sensing and feedback to enable 
applications[163,164] in computing, healthcare, and robotics. A 
simple example is a shape memory fiber that outputs different 
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Figure 16.  a) SEM images of the fiber field-effect device illustrating the Sn gate, source, and drain. The channel is made up of a crystalline AST thin film. 
b) Channel current versus gate voltage for an un-annealed AST film that is in its amorphous state and an AST film annealed at 208 °C for 14 days. Vds 
is applied at 20 V. a,b) Reproduced with permission.[69] Copyright 2010, Wiley-VCH. c) Changes in the current–voltage as the ovonic memory-switching 
fiber undergo a SET/RESET operation. Inset shows the SEM cross section of the GAST fiber. d) Schematic of a fabric array consisting of GAST fibers 
with exposed electrodes arranged in a cross-bar array to increase memory space. c,d) Reproduced with permission.[165] Copyright 2011, Wiley-VCH.
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configurations based on its programmed shapes at different 
temperatures. While a shape memory alloy changes shapes 
with a thermal input, it is important to investigate fibers that 
operate akin to a computer, giving millions of programmed 
outputs based on different electronic inputs. Preliminary work 
toward such a vision includes an in-fiber field-effect tran-
sistor[69]—an electronic device that is essential in computers. 
The in-fiber transistor structure consists of a p-type crystal-
line As40Se52Te8 semiconducting thin film as the channel, a Sn 
source/drain, and a Sn gate separated from the channel by a 
PES dielectric layer (Figure 16a). The basic operation of this in-
fiber transistor is shown by the increase in channel conduct-
ance as the gate bias varies from 0 to −100 V (Figure 16b). The 
required gate bias to attain a 100% ON–OFF current ratio is 
75 V. While the voltage required for current modulation is still 
too high for practical use, this work represents the first step 
toward integrated digital circuitry in fibers.

In another work, phase change materials are harnessed 
to produce ovonic memory switching capabilities in fibers. 
Danto et  al.[165] made use of Ge22As18Se15Te45 (GAST) glass, 
which changes phases reversibly between highly resistive 
amorphous to highly conductive crystalline states with the 
application of voltage pulses. By applying a high voltage across 
Zn–Sn electrodes which interfaces GAST glass, the fiber 
transitions from an OFF (high resistance) to ON (low resist-
ance) state. The mechanism by which this reversible change 
can happen is the injection of charged carriers into defect 
states.[166–168] This process enables a high current to pass 
through the GAST glass, resulting in Joule heating that leads 
to a rapid temperature increase for nucleation and growth of 
the crystal phase. To reset the ON state to the OFF state, the 
crystallized phase can first be reheated by applying another 
round of high voltage, and later quenched quickly to form 
the amorphous state. Both the crystalline and amorphous 
phases are stable even as the voltage is removed, so the in-
fiber memory can be described to be nonvolatile. It is noted 
that the voltage threshold to switch the fiber from OFF to ON 
state is 190 V (Figure 16c). To further improve the power con-
sumption, different chalcogenide glass compositions can be 
explored. In addition, the memory size is still constrained to a 
single bit per fiber. To increase the memory size for practical 
in-fiber computing applications, multiple fibers with surface-
exposed electrodes can be arranged in a cross-hatched archi-
tecture to create a 2D grid of addressable interconnects with 
the memory density dependent on the density of intercon-
nects (Figure 16d).

7. Conclusion and Outlook

Fibers, ancient yet largely underdeveloped forms, are evolving 
into functional electronic devices and smart systems over 
the past few decades. Tremendous efforts have been put into 
developing different methods toward fiber electronics fab-
rication. These technologies include, but are not limited to: 
1) coating[169,170] (such as dip coating, spin coating, doctor 
blading); 2) spinning[171,172] (such as wet spinning, dry spin-
ning, melt spinning and electrospinning); 3) deposition[173,174] 
(such as electrodeposition, electroless deposition, sputtering, 

physical vapor deposition, chemical vapor deposition); 4) 
printing[175] (such as screen printing, inkjet printing, 3D 
printing, roll-to-roll printing); 5) physical integration[176–178] 
(such as twisting, weaving, braiding, convolution and wrap-
ping). Owing to the simplicity, flexibility and especially the 
versatile capabilities in processing different materials by these 
approaches, a wide range of technologically important mate-
rials such as semiconducting nanowires, highly conductive 
metals, carbon nanotubes, perovskite, functional fluid, gels, or 
electrolyte, can be harnessed as active fiber materials—some of 
these materials are still restricted in the thermal drawing pro-
cess due to the material’s lack of ability for viscous flow. How-
ever, many of these techniques involve multiple process steps. 
In specific, key to ideal performance in fiber electronics is good 
interfacial bonding between different device building blocks, 
which necessitates for each process step to be highly optimized. 
Moreover, it remains technologically challenging for these tech-
niques to scale to a large area. We will not review in full details 
of these technologies, but we refer the readers to a variety of 
relevant publications, including some state-of-the-art review 
articles[179–189] in the field.

Comparatively, the preform-to-fiber thermal drawing tech-
nique has emerged as a compelling platform for the fabrication 
of multimaterial fiber electronics. It exhibits several intriguing 
characteristics: 1) the macroscopic preform is constructed at 
the millimeter to centimeter scale, and thus desirable mate-
rials and structure can be precisely constructed. The subse-
quent thermal drawing leads to multimaterial fibers that main-
tain the preform cross-section with sophisticated structures; 
2) Thermal co-drawing of different electronic materials with 
disparate electronic, optoelectronic, thermomechanical, rheo-
logical and acoustic properties results in fibers with complex 
functionalities which are described in this review; 3) the scal-
ability is unparallel. Drawing a macroscopic preform produces 
potentially kilometers-long, thin fibers in a single step; 4) the 
feature size of active material can span three orders of magni-
tudes depending on the scale-down-ratio, hence well-defined 
nanoscale feature size can be achieved. The resulting fiber elec-
tronics can exhibit performance on par with their planar coun-
terparts; 5) With a protective cladding material encapsulating 
the fiber electronics, thermally drawn fibers are water-resistant, 
enabling its practicality for washable fabrics. 6) As we discussed 
in the Section 4.3.2, it is also emerging as a versatile platform 
for utilizing and interconnecting high-performance commer-
cialized materials or devices such as highly conductive microw-
ires or semiconducting chips that cannot be co-drawn with typ-
ical fiber materials. Such breakthrough drastically extends the 
possibilities of fiber electronics.

Looking forward, we summarize several key points and 
lay out limitations of thermally drawn fibers in the following 
paragraphs to act as a guideline for scientists, researchers, 
and people in the industry to focus on and understand what is 
needed for future research and development specifically for the 
field of thermally drawn fiber electronics.

First, the database of materials compatible with thermal 
drawing is still limited. The constraints imposed on thermal 
drawing restrict the type of materials that can be processed 
and device architectures that can be fabricated. In order to 
overcome this limitation, first, in-depth understanding of the 
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thermomechanical and rheological properties of materials, 
such as the newly established rheological criterion,[87] is fur-
ther required to expand the palette of thermally drawable mate-
rials. Next, it is necessary to develop new scalable post-drawing 
approaches (for example, materials deposition by HPCVD or 
materials structuring by annealing processes) to increase the 
range of functional materials that cannot be thermally drawn 
and to create new device functionalities in fibers that are com-
parable in performance to the mature thin-film technology. 
Combining the thermal draw technique with well-established 
commercialized materials and devices of microscale dimen-
sions can also enable fibers of increased functionalities and 
performances.[35] In addition, the thermal drawing process is 
currently tuned by two inputs: the temperature and capstan 
speed. Introducing new stimuli during the fiber draw such as 
mechanical agitation or rotation can produce in situ structural 
changes to bring about novel fiber architectures.

Second, the fundamental aspects of microstructural forma-
tion of thermally drawn in-fiber materials as well as the inter-
play between its microstructure and properties are still poorly 
understood. This leads to limited optical, electronic, and optoe-
lectronic performance. Improving the materials’ microstructure 
would give rise to an enhancement of sensitivity to unveil many 
new fiber applications and enable the practical implementation  
of fiber electronics. For example, as a real-world applica-
tion, highly touch-sensitive conformal fibers or fabrics can be 
used in the robotics industry as a robot-interfaced sensor that 
mimics the tactile sensing capabilities of the human skin for 
feeling and gripping objects.

Third, most fiber devices exhibit a single function. Mono-
lithic integration of multiple functionalities into a single fiber 
remains a significant challenge. Increasing the density of 
devices integrated in a single fiber requires the feature size 
of active materials in fibers to be scaled down as small as pos-
sible while maintaining their functionalities. To address this 
issue, novel materials with ideal rheological properties,[190–192] 
that retain their functional features when scaled to lower 
dimensions, can be further investigated. With the increase in 
thermally drawable materials and new fabrication approaches, 
we envision that a single strand of fiber will encompass highly 
sophisticated fiber architectures—both within its cross-sec-
tion and along its length—to exhibit a multitude of electronic 
functionalities, scaling in capabilities analogously to Moore’s  
Law.
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