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Thermally drawn multimaterial fibers have experienced rapid development in the past two decades owing to the high scalability,
uniformity, and material and structure compatibility of the thermal drawing technique. This article reviews various
multimaterial fibers based on different functional structures and their applications in disparate fields. We start from the
functional structures achieved in optical fibers developed in the early stage of thermally drawn fibers. Subsequently, we
introduce both typical functional structures and unique structures created in multimaterial fibers for varying applications. Next,
we present the early attempts in breaking the axial symmetric structures of thermally drawn fibers for extended functionalities.
Additionally, we summarize the current progress on creating surface structures on thermally drawn fibers. Finally, we provide
an outlook for this trending topic towards wearable devices and smart textiles.

1. Introduction

Fabrics have served as an indispensable product in everyday
life for thousands of years [1]. Although they were used in
tremendous applications with various forms ranging from
small pieces, including bandages and towels, to different
kinds of apparel, the basic functions of these fabrics have
not evolved much from ancient to modern times. In most
cases, they are considered lacking technological functions
and used in cleaning, offering physical protection from the
external environment, achieving thermal comfort, or provid-
ing aesthetic expression. In the last few decades, the leaping
semiconductor industry enabled the rapid development of
electronic devices with numerous functions such as sensing,
communicating, computing, and actuating. Moreover, these
devices are getting smaller in size and lighter in weight, mak-
ing them portable for ease of use and implementation.
Inspired by these achievements, escalating research interests
have focused on realizing different functions, such as vital
sign monitoring, external environment detection, and data

transmission, on fabrics to construct wearable fabric-based
devices [2].

Fibers, as the building blocks of fabrics, determine the
basic properties and the realization of functionalities on fab-
rics. Thus, the scalable fabrication of flexible fibers compati-
ble with various materials and complex architectures is
highly demanded to support the development of functional
fabrics and their wide range of applications. Unfortunately,
it is quite challenging to employ fiber as a new platform to
develop functional devices. Current processing techniques,
such as lithography and molecular beam epitaxy, are mostly
developed for rigid and planar substrates such as wafers,
which are not compatible with the soft and highly curved
fibers. Besides, the commonly used materials, such as silicon,
and planar structure configuration in conventional devices
are difficult to be transferred to fibers. Hence, countless
works have been carried out to explore new processing tech-
niques for fiber-based devices. Electrospinning [3], dip coat-
ing [4], chemical and physical deposition [5], electrochemical
deposition [6], and hydrothermal synthesis [7] have been
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extensively studied as fiber processing methods. As a result,
various fiber functionalities and promising fiber applications
such as solar cells, supercapacitors, and light-emitting
devices were demonstrated [8]. However, these approaches
require complex material deposition procedures to form a
single fiber. Moreover, structures of fibers fabricated by
the techniques mentioned above are usually restricted to
homogeneous or layered core-shell structures, leading to
limited functionalities. Additionally, the weaknesses in
durability, uniformity, and scalability in the production
of these fibers also become the bottleneck towards indus-
trial production.

Recently, a preform-to-fiber thermal drawing technique
has been broadly employed for the mass production of longi-
tudinally uniform fibers with an extended length up to tens of
kilometers [9]. This thermal drawing technique was origi-
nally used to fabricate glass and polymer fibers for optical
communication. Owing to their high production rate, axial
uniformity, and stability, optical fibers have become an indis-
pensable item implemented all over the world for long-
distance light data transmission today. Further, microscopic
fiber with elaborate inner structures could be achieved simply
by constructing the corresponding structure in the macro-
scopic preform [10]. Therefore, to date, various sophisticated

structures have been achieved inside optical fibers, demon-
strating many other applications such as fiber laser [11],
imaging optics [12], and fiber-optic sensor [13, 14]. Encour-
aged by these achievements in optical fibers, researchers start
to incorporate different functional materials such as metals
and semiconductors in thermally drawn fibers. Because of
the superior flexibility in fiber structure design, different
materials could be arbitrarily assigned to form disparate
functional structures. In the past two decades, these multima-
terial fibers with varying functional structures have exhibited
their tremendous potential in various research fields includ-
ing optoelectronics [15, 16], electronics [17], micro/nanofab-
rication [18, 19], and neural interfaces [20]. In this review
article, we will focus on functional structures achieved in
thermally drawn fibers and discuss their potential applica-
tions, as shown in Figure 1. We will start from the structures
in kinds of optical fibers, which is the original purpose of this
thermal drawing technique. Then, we will introduce the var-
ious functional structures achieved in the newly developed
multimaterial fibers. Subsequently, some efforts for breaking
the axial symmetry of the thermally drawn fibers are dis-
cussed. Besides inner structures, we will also present the
recent studies on creating micro/nanostructures on fiber sur-
faces at last.
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Figure 1: Various functional structures achieved in thermally drawn fibers. Reproduced with permission. Copyright 2012, AAAS [96].
Reproduced under the terms of the Creative Commons Attribution-NonCommercial license (CC BY-NC 4.0). https://creativecommons.org/
licenses/by-nc/4.0/ [97]. Reproduced under the terms of the Creative Commons Attribution license (CC BY 4.0). https://creativecommons
.org/licenses/by/4.0/ [43, 64, 70, 77, 81, 98]. Reproduced with permission. Copyright 2006, Wiley-VCH [58]. Reproduced with permission.
Copyright 2012, Wiley-VCH [28]. Reproduced with permission. Copyright 2018, National Academy of Sciences [65]. Reproduced with
permission. Copyright 2014, Wiley-VCH [82]. Reproduced with permission. Copyright 2016, published by Springer Nature [74]. Reproduced
with permission. Copyright 2016, Wiley-VCH [76]. Reproduced with permission. Copyright 2017, Wiley-VCH [83].

2 Advanced Devices & Instrumentation

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


2. Thermal Drawing Process

The thermal drawing process begins with preparing a macro-
scopic preform where glassy materials, such as silica and
thermoplastic polymer, constitute a great portion of the
structural materials. The material and architecture of the
resulting thermally drawn fiber are consistent with those of
the preform. Therefore, a well-constructed preform with
the desired material located at the prescribed position is req-
uisite to achieve various functional fibers. Till now, many
preform preparation approaches have been developed to
enable a wide range of functional fiber structures, such as
rod-in-tube [21], extrusion [22], thin-film rolling [23],
deep-hole drilling [24], casting [25], fused deposition model-
ing [26], double crucible [27], direct assembly [28], and addi-
tive manufacturing [29].

The schematic of the preform-to-fiber thermal drawing
process is shown in Figure 2(a). The prepared preform is
firstly fixed above a vertical tube furnace, and a weight may
be attached below the preform. Then, the preform is fed
down into the furnace and held in the place where the bottom
part of the preform is below the heating zone of the furnace.
The temperature is set according to the cladding material of
the preform, usually 50-100°C higher than its glass transition
temperature. After around half an hour, the temperature of
the material at the heating zone is high enough to become
soft and necked down under the pulling of the attached
weight or the weight of the preform’s bottom part. The size
of the preform reduces in the neckdown region and finally
forms a fiber. To draw the fiber continuously, the preform
is then fed into the heating zone at a constant speed (vp)
while the fiber is drawn down and collected by a capstan at
a much larger speed (vf ), as sketched in Figure 2(a). Since

the total volume of the materials remains unchanged during
the thermal drawing process, the diameter of the fiber can be
controlled by the preform speed and fiber speed, as the equa-
tion described below:

Dfiber =Dpreform ×
ffiffiffiffiffi
vp
vf

r
: ð1Þ

In this manner, a hundred-meter-long fiber with a diam-
eter ranging from hundreds of micrometers to several milli-
meters can be drawn from a hundred-millimeter-long
preform with a diameter of several centimeters, while the fea-
ture size of the fiber inner structure may reach as small as
tens of nanometers.

To ensure that the resulting fiber possesses an identical
structure as predesigned, several general criteria should be
applied when selecting different materials for codrawing.
Firstly, the preformmust consist of at least one thermoplastic
material to support the whole structure from collapse. In gen-
eral, this thermoplastic material should possess a high viscos-
ity (usually 104-108 Pa∗s) under its drawing temperature to
keep the complex structure from deformation. Secondly, all
the other materials inside the preform should be softened
or molten under the drawing temperature. And the boiling
temperature of the crystalline materials should be higher
than the drawing temperature. Thirdly, the materials in the
preform should better have similar thermal expansion coeffi-
cients to prevent mechanical fractures during the rapid cool-
ing down process after being drawn into fiber. Lastly, all the
materials should be chemically stable without decomposition
or interpenetration. Also, chemical reactions should be gen-
erally avoided to ensure a steady and continuous drawing

(a)

(b) (c) (d)

(e) (f) (g)

Silica

ZnSe

Preform

Core
Cladding

Fu
rn

ac
e

Fiber

50 𝜇m20 𝜇m 10 𝜇m

Figure 2: Schematic of the thermal drawing process and optical fibers with different structures. (a) Schematic of the thermal drawing process.
(b) Schematic of hollow-core Bragg fibers. (c) Schematic of hollow-core microstructured fiber with several rings of air holes separated by
nanoscale support bridges. (d) Schematic of hollow-core PBG fiber. (e) Optical image of all solid PBG fibers. Reproduced with permission.
Copyright 2007, The Optical Society [44]. (f) SEM image of antiresonant hollow-core optical fiber. Reproduced under the terms of the
Creative Commons Attribution license (CC BY 4.0). https://creativecommons.org/licenses/by/4.0/ [98]. (g) Functional material (ZnSe)
deposited in hollow-core fiber via HPCVD. Reproduced with permission. Copyright 2011, Wiley-VCH [99].
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process. However, in some special cases, in-fiber chemical
reactions during the thermal drawing process could be lever-
aged to fabricate fibers with extended materials and architec-
ture selections [30, 31].

3. Functional Structures in Optical Fibers

Conventional optical fibers usually have a solid cylindrical
core-cladding structure. The refractive index of the fiber core
is slightly larger than the cladding to ensure that the light
could be confined in the core and achieve total internal
reflection at the interface between the fiber core and the clad-
ding. This slight refractive index difference could be realized
by doping rare earth elements. According to the refractive
index distribution in the cross section, the conventional opti-
cal fibers could be divided into step-index fiber and graded-
index fiber. Both step-index fiber and graded-index fiber
can be further divided into single-mode fiber and multimode
fiber depending on their structure size and refractive index
distribution. As this simple all-solid structure optical fiber
is easy to fabricate at a large scale and possesses ultralow
transmission loss, the conventional optical fibers have been
widely used in telecommunication [32], power transmission
[33], fiber optic sensor [34], etc.

In the past few decades, microstructured optical fibers
(MOFs) have attracted intensive research interests because
of their capability of tunable inner structure, which enables
MOF to have lots of unique optical properties that cannot
be achieved in conventional optical fibers, such as high non-
linearity [35], tunable dispersion [36], and large mode area
[37]. A large group of MOFs is the photonic bandgap
(PBG) fibers. PBG fibers are a kind of optical fiber that com-
prises sophisticated microstructures to confine light by pho-
tonic bandgap effect instead of total internal reflection [38].
Bragg fibers are fabricated in the early stage of the develop-
ment of hollow-core PBG fibers [39]. Such Bragg fibers usu-
ally consist of a hollow core and an alternating multilayered
structure in the cladding area formed by two materials with
a large difference in refractive index, such as polyethersulfone
(PES) and As2Se3 [40], as demonstrated in Figure 2(b). As a
photonic bandgap is formed by the periodic alternating
layers, light with a specific frequency will be confined inside
the hollow core and transmit along the fiber. Thus, this spe-
cific frequency is tunable by simply changing the thickness
of each layer [41]. Also, this Bragg fiber possesses a low loss
as the light is transmitted in air other than solid fiber mate-
rials. The reported loss of the PBG fiber with a fundamental
bandgap at 10.6μm is 0.95 dB/m, which is much lower than
that of the state-of-art photonic crystal fiber whose loss is
2.1 dB/m [42]. Besides the hollow-core Bragg fibers con-
structed from an alternating multilayered structure, there are
some other types of PBG fibers. As shown in Figure 2(c),
instead of using materials with different refractive indexes to
form a multilayered structure, the dielectric layers can also
be formed by rings of air holes separated by nanoscale support
bridges [43]. Such dielectric rings form the photonic bandgap
to guide light in the hollow core, whose refractive index is
smaller than that of the surrounding cladding material.
Moreover, the photonic bandgap could also be formed from

a 2D periodical array of air holes in a dielectric material
(Figure 2(d)), which has been widely studied as another
type of PBG fibers since it was first demonstrated in 1998
[38]. Additionally, the PBG fiber with a 2D periodical array
can also be formed without air holes but with high-index rods
in the low-index background, as shown in an all-solid PBG
fiber in Figure 2(e) [44]. The fundamentally different light
guidance mechanism from total internal reflection enables
PBG fibers to have numerous intriguing optical properties,
such as ultralow optical nonlinearity, low latency, and high
damage threshold [45]. These advantages enable the PBG
fibers to have a series of applications such as cylindrical optical
resonators [46], high-power laser transmission [40], surface-
emitting fiber lasers [11], gas sensing [47], and particle guid-
ance [48].

Another type of MOFs is antiresonant hollow-core opti-
cal fiber, as shown in Figure 2(f). The cladding layer of this
fiber forms a Fabry-Perot (F-P) cavity. This cavity could be
considered transparent when the light is in resonance with
the cavity, and thus, the light will leak through the cladding,
while there will be a high reflection in the cavity when the
antiresonance occurs, confining the light in the fiber core.
Recently, the loss of this antiresonant hollow-core optical
fiber has been reported to be reduced to 0.28 dB/km at the
wavelength ranging from 1510 to 1600 nm [49]. Moreover,
owing to its simple waveguiding mechanism, antiresonant
hollow-core optical fibers possess many other advantages
over hollow-core PBG fibers, such as high laser damage
threshold and broadband light propagation, predicting their
promising applications including mid-infrared fiber gas
laser [50], chirped pulse amplifier [51], and biochemical
sensing [52].

Additionally, MOFs can also be used as templates for
depositing functional materials inside their air channels via
the high-pressure chemical vapor deposition (HPCVD) pro-
cess. This process utilizes precursors mixed with carrier gases
flowing through the air channel inside a fiber. And the high
temperature at the required location induces the decomposi-
tion of the precursors and depositing the desired material on
the wall of the air channel. As the surfaces of the thermally
drawn fiber are extremely smooth [53] and the inner diam-
eter of the air channel is small enough (10-8 to 10-4m) to
sustain a high pressure in MPa level, the desired material
can be deposited at high speed with a low scattering interface
on the channel wall. As shown in the cross-sectional image
in Figure 2(g), many functional materials including plati-
num (Pt), zinc selenide (ZnSe), and silicon (Si) have been
deposited inside fibers via the HPCVD process for various
applications in photodetection, fiber amplifiers, optical com-
munications, etc. [18]

4. Functional Structures in Multimaterial Fibers

Inspired by these various fiber structures and applications
achieved in optical fibers and the intriguing capabilities of
thermal drawing, escalating research interests have been
focused on integrating more functional materials into fibers
with predesigned structures to explore the potential applica-
tions of multimaterial fibers in optoelectronics, electronics,
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microfluidics, etc. [54]. As high flexibility is always an impor-
tant performance for fiber-based devices, the multimaterial
fibers are mostly based on thermoplastic polymers. Owing
to the low process processing temperature and good process-
ing performance of polymers, more complex and irregular
structures could be realized in the polymer preform for
extensive applications.

The ability to incorporate conductors and semiconduc-
tors enables multimaterial fibers to have disparate function-
alities. A typical structure for such multimaterial fibers is
shown in Figure 3(a) [55]. A semiconducting Ga10Ge15Te75
(GGT) glass is employed as the fiber core between two
Zn10Sn90 electrodes. And this whole structure is encapsulated
in polysulfone (PSU) polymer cladding, which serves as the
supporting material during the thermal drawing process
and the protective layer of the fiber. The GGT glass is a
phase-change material that can change its phase between
amorphous and crystalline upon heated electrically or opti-
cally. Therefore, this fiber can be used as an ovonic memory
switching device. As shown in Figure 3(b), the as-drawn
GGT core is in an amorphous state, which has a large resis-
tance (“OFF” state). When a voltage is applied to the elec-
trodes and increased to 150V, the GGT core is crystallized
after being heated electrically, and the resistance drops signif-
icantly, indicating an “ON” state. This switching voltage can
be greatly reduced when the fiber is heated on a hot plate.
Besides this ovonic memory switching, many other function-
alities have been demonstrated using similar structures, such
as photodetection [56, 57] and thermal sensing [58].

In some applications such as photodetector and transis-
tor, the round solid core is not an optimized geometry for
semiconductor materials due to its limited specific surface
area. Thus, the thin-film configuration is also frequently used
for improving device performance [59]. Figure 3(c) shows a
photodetecting fiber integrating two layers of a thin-film
semiconductor and eight electrodes for lensless imaging
[60]. Moreover, by alternating the thickness and components
of the outer semiconducting layer, wavelength discrimina-
tion could be achieved from the photocurrent ratios of the
inner layer and outer layer (Figure 3(d)). Besides, the inci-
dent angle and color of the light could be figured out by
adjusting the configuration of electrodes and semiconducting
layers.

Since the polymers are easy to handle and process, multi-
layered structures could be conveniently realized in rectangu-
lar fibers by stacking different materials layer by layer for
various applications, including energy storage [61, 62],
acoustics [63], and actuator [64]. As shown in Figure 3(e), a
multilayer structure of carbon-loaded polyethylene (CPE)
and piezoelectric material poly(vinylidene fluoride trifluor-
oethylene) (P(VDF-TrFE)) is constructed in polycarbonate
(PC) cladding [63]. This large active area multilayered struc-
ture allows the acoustic fiber to have an enhanced piezoelec-
tric performance, indicating the opportunities in large-area
conformal acoustic emission and sensing devices. Similarly,
Figure 3(f) shows an energy storage fiber developed by fold-
ing multiple bilayers comprising PVDF as the dielectric layer
and CPE as the electrode layer [61]. This capacitive response
reached 20 kHz, and the capacitance increased to 47 nF/m

when six folds of the PVDF layer were integrated into a single
fiber. The capacitance was further increased to 100nF/m by a
Swiss roll structure cylindrical fiber (Figure 3(g)).

Additionally, a number of thermally drawn polymer
fibers with unique structures have been demonstrated for
special applications [28, 65–67]. For example, a complex
structure incorporating two photodetecting units and a hol-
low core is built inside a fiber for chemical sensing, as shown
in the schematic in Figure 3(h) [28]. The inner surface of the
hollow fiber is coated with a chemiluminescent material.
Therefore, when the hazardous vapors enter the hollow core,
light will be emitted from the chemiluminescent material
and detected by the photodetecting units as sketched in
Figure 3(i). This work achieved a high concentrate resolu-
tion of 10 ppb, paving the way for remote and large-area
chemical sensing. Also, a microstructured fiber with a liquid
metal electrode and four carbon-loaded polyethylene (CPE)
domains encapsulated in a hollow-core SEBS matrix is dem-
onstrated in Figure 3(j) [68]. CPE is a conductive polymer
that served as electrodes. When a localized pressure is
applied to the fiber, two CPE domains will get in contact.
Hence, the resistance between the two electrodes at the fiber
end can be measured. After the relationship between the dis-
tance and the resistance is calibrated, the location of the
pressed point can be identified by the measured resistance.
And the direction of the pressure can be determined from
the three CPE domains at different positions (Figure 3(k)).
Moreover, the amplitude of the pressure can be informed
by the deformation of the liquid metal electrode. Thus, the
direction, amplitude, and position of external pressure could
be detected simultaneously through this microstructured
fiber. A multimaterial fiber with irregular microfluidic chan-
nels for live and dead cell separation is displayed in
Figures 3(l) and 3(m) [65]. Taking advantage of the ability
to create arbitrary microchannel cross sections, this micro-
fluidic fiber shows great potential in electrowetting, electro-
taxis, and other microfluidic devices for blood capillaries
and vascular transport tissues. Moreover, the control of the
thermal drawing technique over fiber structure is not only
limited to the geometry of each domain in the fiber. The
microscopic structure of the domain is also adjustable. As
shown in Figures 3(n) and 3(o), porous structure has been
achieved via thermally induced phase separation during the
thermal drawing process [69]. And freestanding porous fiber
with different shapes can be obtained after removing the fiber
cladding. All these functional structures for intriguing appli-
cations can be credited to the high flexibility in designing the
inner structure of the thermally drawn fibers, revealing a
future in multifunctional fibers and wearable electronics.

5. Breaking the Axial Symmetry of Thermally
Drawn Fibers

During a typical thermal drawing process, all the structures
and materials in the preform will be stretched to a fiber. Such
an elongation process will lead to a continuous and uniform
fiber with axial symmetry; i.e., the cross-sectional structure of
the fiber will remain unchanged regardless of the cut-plane
position. Although the high uniformity along the fiber axial
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direction is a magnificent advantage of thermally drawn
fibers to ensure reliable production and stable performance,
it also brings some limitations in certain applications where

localized information along the fiber is needed, or multiple
functional units are needed to be integrated along the fiber
axial direction. Therefore, to make full use of the fiber length,
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Figure 3: Various functional structures of thermally drawn multimaterial fibers. (a, b) An ovonic memory switching fiber with core/cladding
configuration. Reproduced with permission. Copyright 2011, Wiley-VCH [55]. (c, d) A photodetecting fiber with thin-film functional
material. Reproduced with permission. Copyright 2009, American Chemical Society [60]. (e) An acoustic fiber with a multilayered
structure. Reproduced with permission. Copyright 2012, Wiley-VCH [63]. (f, g) An energy storage fiber with a multilayered structure
(Scale bars, top: 300 μm, bottom: 20μm). Reproduced with permission. Copyright 2013, AIP Publishing [61]. (h, i) A chemical sensing
fiber with a complex inner structure. Reproduced with permission. Copyright 2012, Wiley-VCH [28]. (j, k) A pressure sensing fiber with a
liquid metal electrode and four CPE domains encapsulated in a hollow-core SEBS matrix. Reproduced with permission. Copyright 2018,
Wiley-VCH [68]. (l, m) A microfluidic fiber with irregular microchannels. Reproduced with permission. Copyright 2018, National
Academy of Sciences [65]. (m, o) Porous fibers with different geometries. Reproduced under the terms of the Creative Commons
Attribution license (CC BY 4.0). https://creativecommons.org/licenses/by/4.0/ [69].
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create novel micro/nanostructures, and fabricate unique
devices, numerous attempts have been made to break the
axial symmetry of thermally drawn fibers, such as the intro-
duction of Plateau-Rayleigh instability [70–72], laser recrys-
tallization [73], cold drawing [74], and convergence
thermal drawing [75].

Kaufman et al. reported a postprocessing approach to
introduce Plateau-Rayleigh instability for breaking the axial
symmetry of thermally drawn fibers [71]. This process starts
with fabricating an axially uniform fiber with a core-cladding
structure through the thermal drawing process. The fiber is
then heated above the glass transition temperature of the
cladding material by being fed into the furnace at a constant
speed. During the heating process, the cladding material
will become soft, and Plateau-Rayleigh instability-induced
breakup will occur in the molten core material driven by
the surface tension, forming a series of spheres in the fiber
core. And spheres with different sizes and periods can be pre-
cisely controlled by adjusting the feeding speed and core
diameter. This process can produce micro/nanospheres at
high scalability by incorporating a high density of fiber cores
in one preform. Thus, large numbers of spheres could be
produced from the breakup simultaneously when heated in
the furnace. Moreover, structured composite spheres such
as core-shell spheres, “Janus” spheres, and multisectioned

spheres could be achieved by adjusting the core structure
accordingly. However, the Plateau-Rayleigh instability-
induced breakup from isothermal heating will result in a
series of “satellite” spheres, which are much smaller than
the designed sphere size, leading to limited sphere uniformity.
Using localized heat sources such as flame and laser beam
could address this issue [19, 76]. As shown in Figure 4(a),
the localized flame could generate a gradient heating zone with
a precisely controlled position instead of a large isothermal
heating area. As a result, uniform spheres are fabricated in
the fiber core without “satellite” spheres [70]. Furthermore,
by constructing a multicore structure with different materials
in the fiber, the selective breakup of the fiber cores could be
achieved [76]. As displayed at the bottom of Figure 4(a), ger-
manium (Ge) is sandwiched between two platinum (Pt) cores.
As the melting temperature of Pt is much higher than that of
Ge, only Ge core will break up and contact the two Pt cores
after being heated, forming a series of metal-semiconductor-
metal device architecture. These works exhibit numerous
potential applications such as photodetection, drug delivery,
and tunable optical scattering.

Besides the particle size, composite, and structure, the
position of the in-fiber particles is also designable. Zhang
et al. demonstrated an in-fiber particle manipulation based
on the Marangoni convection in 2019 (Figure 4(b)) [77].
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When a carbon dioxide (CO2) laser beam is focused on the
upper surface of the fiber, a temperature gradient, as well as
surface tension gradient, will be generated. As the silica clad-
ding is softened under the high temperature, the particles
migrate along with the softened silica towards the heated
point driven by the surface tension gradient. The moving
direction and velocity can be precisely controlled by the laser
direction and power. This in-fiber particle manipulation
approach could be used for in-fiber device assembly. As
shown in Figure 4(c), a heterojunction is formed by moving
a silicon (Si) particle and a Ge particle into contact. A clear
rectifying current-voltage (IV) curve is measured to reveal
their stable contact, showing the perspective of the in-fiber
assembly of 3D functional structures. Also, the crystal struc-
ture of the fiber core could be engineered by the laser beam
[73]. As sketched in Figure 4(d), a thermoelectric material
tin selenide (SnSe) core in a thermally drawn fiber is success-
fully recrystallized by CO2 laser annealing from as-drawn
polycrystalline to single crystalline. The recrystallized single-
crystal SnSe fiber core shows superior thermoelectric proper-
ties. The ZT value is enhanced to 2 at 862K. This approach
enables more possibilities in fabricating high-performance
single-crystal semiconductors in fiber-based devices.

The axial symmetry of the thermally drawn fiber can also
be broken through cold drawing [74]. As shown in
Figure 4(e), when a rectangular fiber with a brittle glass thin
film and polymer cladding is gradually stretched, a necking
appears and propagates along the fiber. The original thin film
will be fragmented into well-ordered stripes progressively, as
shown in the SEM (scanning electron microscope) images of
the intact thin film and fragmented film after the cold draw-
ing in Figures 4(f) and 4(g). This cold drawing process is
reversible. And it is applicable to other fiber geometries,
including rectangle, triangle, and cylinder, suggesting the
potential applications in tuning optical properties of com-
posite structure, large-area metasurface, and mass produc-
tion of micro/nanoparticles.

Besides these postprocess approaches, a recently devel-
oped convergence thermal drawing technique has achieved
drawing axial asymmetric fiber directly [75]. This technique
includes rigid commercial semiconducting devices in the pre-
form at the prescribed position. And tungsten wires are fed
into the channels continuously during the thermal drawing
process. As the lateral size reduced during the neckdown pro-
cess, the wires and commercial devices will be squeezed
together and achieve electrical contact. Therefore, a series
of commercial devices can be incorporated into fibers at dis-
crete positions and function well. This convergence thermal
drawing process bridges the thermal drawing technique and
the numerous planar semiconductor devices, providing a
path to large-scale integration of functional devices in fibers.

6. Surface Structured Fibers Drawn from
Patterned Preforms

So far, we have discussed various functional structures inside
multimaterial fibers for numerous applications. Beyond the
inner structure, creating surface structure could also endow
thermally drawn fibers with many other unique functionali-

ties, e.g., hydrophobic surface, antimicrobial effect, nerve
guidance scaffolds, and coloration [78–80]. Therefore, sev-
eral attempts have been reported to create surface patterns
on thermally drawn fibers by far [81–86].

The fabrication processes of these fibers are quite similar.
They usually start from etching grooves on a macroscopic
preform through machining, laser etching, or soft lithogra-
phy. Then, the patterned preform is applied to the thermal
drawing process. During this process, the macroscopic pre-
form will be elongated to a microscopic fiber, and the width
of the grooves will be scaled down along with the preform,
as sketched in Figure 5(a) [82]. As a result, the patterned
cylindrical preform is drawn into a star-shaped fiber with a
tunable diameter; i.e., one-directional microgrooves along
fiber axial direction are achieved on the entire fiber surface
(Figure 5(b)). And the pattern size can be controlled by alter-
nating the preform pattern or adjusting the drawing param-
eters, including preform feeding speed and fiber drawing
speed. Surface patterns on rectangular fibers are also
reported. As shown in the SEM images in Figures 5(c)–5(e),
by thermally drawing a patterned polymer bar, microstruc-
tures with the size down to several micrometers is created
on a fiber surface [83]. Moreover, this process can create pat-
terns in the inner surface of hollow fiber [84]. Two machined
half-preforms are prepared followed by consolidating to
form a hollow preform with inner surface patterns. And
inner surface patterns with different sizes are achieved after
the thermal drawing process.

Applications of the surface patterned fibers mentioned
above are also demonstrated in previous works. The micro-
grooves could enhance the hydrophobicity of the polyethyle-
nimine (PEI) fiber surface [82]. As shown in Figure 5(f) (i)
and (iii), the contact angle of water on the star-shaped PEI
fiber is larger than that on the smooth fiber, indicating better
hydrophobicity. Similarly, after a layer of PDA is coated on
both smooth PEI fiber and star-shaped PEI fiber, the fibers
become hydrophilic. Figure 5(f) (ii) and (iv) show that the
contact angle of water on smooth PDA-coated fiber is 32°

while it reaches 0° on star-shaped PDA-coated fiber. More-
over, the one-directional surface grating will lead to aniso-
tropic wetting property; i.e., the measured contact angle is
dependent on the observation direction. For the hydrophobic
fibers, the contact angle measured perpendicular to the fiber
axial direction is larger than that in the other direction. Such
anisotropic wetting property and superhydrophilic surface
enable the star-shaped PDA-coated fiber to have a promising
application in microfluidics. As demonstrated in Figure 5(g),
a fiber array is built, and several microfluid channels filled
with different colored water are formed. The water is trans-
ported along the channel very fast, and no intermixing is
observed. Furthermore, several microfluidic networks have
been constructed for connections, bridges, switches, and
diagnostic devices. Additionally, similar demonstrations are
also exhibited for surface patterned rectangular fibers. These
demonstrations reveal the opportunities of surface patterned
fibers in tuning the liquid behavior on large areas and flexible
systems.

The periodic microgrooves on the fiber surface could also
act as diffraction grating [83]. When the surface patterned

8 Advanced Devices & Instrumentation



fiber surface is illuminated by incandescent light, the dif-
fraction grating will split the light with different wave-
lengths. Thus, the light with different wavelengths will be
reflected in different directions. As shown in the photos
in Figures 5(h) and 5(i), when observing from different
directions, different colors will appear on the surface pat-
terned fiber. And a colorful diffraction pattern will appear
if the fiber is woven into a fabric, achieving structural col-
oration (Figure 5(j)). Likewise, when monochromatic light
is incident on the grating, the transmitted light will be split
and travel in different directions according to the following
equation:

nλ =D sin α, ð2Þ

where n is the diffraction order, λ is the wavelength, D is
the grating period, and α is the diffraction angle. Thus, fiber
with a smaller groove period will lead to larger different
angles, which is observed in the experimental results shown
in Figures 5(k) and 5(l).

Also, the microgrooves can be fabricated on the inner
surface of a hollow fiber. A previous study has shown that a
series of inner surface patterned fibers are employed as nerve
guidance scaffolds [84]. And the influence of scaffold geome-
try and sizes on neurite growth could be conveniently inves-
tigated owing to the advantage of the thermal drawing
technique in fiber structure control. These diverse applica-
tions expose a broad perspective of surface patterned fibers.

7. Nanoscale and All-Directional Surface
Patterned Fibers

Although different surface structured thermally drawn fibers
have been fabricated for various applications as discussed above,
these fabrication approaches are only compatible with creating
surface grooves with a resolution of several micrometers.

To further improve the pattern resolution, an inherent
limitation, polymer reflow, has to be addressed. Polymer
reflow driven by surface tension occurs when a preform with
an uneven surface is heated above its glass transition temper-
ature. As the surface tension always tends to smoothen the

(a) (b) (c) (d)

(e)

(f)
Smooth PDA-Smooth Star shaped PDA-Star shaped

50 𝜇m

10 𝜇m

Pe
rp

en
di

cu
la

r
Pa

ra
lle

l

100 𝜇m100 𝜇m

(i) (ii)
PDA

Tape

Fibers

Substrate

(iii) (iv)

(h)(g)d1

d2

d
n

(i) (j) (k)
–2 +2

+1
Micropattern

Nanopattern

0

–1

–1 +1

0

(l)

Figure 5: Surface patterned thermally drawn fibers and their applications. (a) Schematic of thermally drawn fibers with microgrooves. (b)
SEM image of round fibers with microgrooves. (c–e) SEM images of microgrooves on rectangular fibers. (f) Wetting properties of smooth
fibers and star-shaped fibers with and without PDA coating. (g) Microfluidic channels constructed from surface patterned fibers. (h-j) The
structural coloration of surface patterned fibers. (k, l) Surface patterned fibers served as diffraction gratings. (a, b, f, g) Reproduced with
permission. Copyright 2014, Wiley-VCH [82]. (c–e, h–l) Reproduced with permission. Copyright 2017, Wiley-VCH [83, 86].

9Advanced Devices & Instrumentation



uneven surface, the resulting pattern on the fiber surface
might be heavily distorted compared to its initial design,
especially for a nanoscale pattern. To address this limitation,
Nguyen-Dang et al. have studied this reflow process by
modeling the underlying flowing mechanism [85, 86]. To
simplify the model without losing the generality, they assume
that the surface structure on the preform/fiber has the math-
ematical form of a sinusoidal function (one harmonic): ysðx
Þ = d + h sin ðð2π/λÞxÞ, where d is the average thickness of
the preform and h and λ are the amplitude and the period
of the perturbation, respectively, both usually much smaller
than the thickness of the preform: h, λ≪ d. Also, the defor-
mation of the structure during the fiber drawing process is
decoupled into two mechanisms: the scaling deformation
due to the drawing process (scaling deformation) and the
thermal deformation of the microstructure (reflow deforma-
tion). In this model, the differential dh representing the
change in structure height of the surface pattern at a position
z along the fiber axial direction is divided into two parts, i.e.,
the scaling deformation dhsc caused by the thermal drawing
process, which is the ideal case for the thermal drawing pro-
cess, and the reflow deformation dhre driven by surface ten-
sion.

dh = dhsc + dhre: ð3Þ

According to mass conservation and assuming that the
polymer is incompressible, the volume flow through the cross
section at position z and z + dz should be the same. Thus, the
scaling deformation dhsc can be calculated.

dhsc = −
1
2
h
v
dv, ð4Þ

where v is the local drawing speed at position z. As the poly-
mer is drawn at a high viscosity (usually 104 to 108 Pa∗s), the
Reynolds number of the polymer is estimated to be very
small. Thus, the polymer could be considered as a Newtonian
fluid. For ease of calculation, the surface pattern is assumed
to be of sinusoidal shape with only one harmonic. And the
reflow deformation dhre could then be obtained by solving
the Navier-Stokes equation.

dhre = −
πγh
ηλ

dt = −
πγh
ηλ

dz
v
, ð5Þ

where γ and η are the surface tension and viscosity of the
polymer, respectively, and λ is the period of the sinusoidal
surface pattern. Noticing that the deformation only occurs
at the neckdown region in the furnace with a length of L,
the final pattern height hðLÞ could be obtained by combining
equations (3)–(5) followed by integrating from z = 0 to z = L.

h Lð Þ = h0
vf
V0

� �− 1/2ð Þ
exp

ðL
0
− π

γ

ηλ

1
v
dz

� �
: ð6Þ

In this equation, the first part, f sc = ðvf /V0Þ−ð1/2Þ, is the
scale-down ratio of the thermal drawing process. And the

second part, exp ðÐ L0 − πðγ/ηλÞð1/vÞdzÞ, represents the con-
tribution of surface tension-inducted polymer reflow, indi-
cating that the polymer reflow will be enhanced
exponentially with the increase in surface tension or decrease
in pattern size. The reflow factor could be defined as f re = 1
− exp ðÐ L0 − πðγ/ηλÞð1/vÞdzÞ. It varies from 0 to 1, where a
value that tends to 0 means that the polymer reflow is negli-
gible and the surface structure has no distortion, while a
value that tends to 1 means that the polymer reflows heavily
and the surface structure is totally collapsed during the ther-
mal drawing process. Therefore, to achieve a smaller pattern
size, lower surface tension is required to maintain a small
value of the reflow factor.

The experimental verification is then performed. As
shown in Figures 6(a) and 6(b), a patterned PC preform
and a preform with patterned PC/CPE interface are prepared
for the thermal drawing process. As the surface tension of PC
is about one order higher than that of the PC/CPE interface
[87], the reflow factor value of PC is much larger than that
of PC/CPE under the same drawing condition, as plotted in
Figure 6(c). For fibers drawing from the PC preform, both
surface patterns with the periods of 2μm and 10μm are
heavily distorted (top of Figure 6(c)). For fibers drawing from
the PC/CPE preform, the PC layers are peeled off from the
CPE layer after the thermal drawing process. Thus, PC fibers
with exposed surface patterns are achieved, which show
much smaller distortion with similar pattern periods (bottom
of Figure 6(c)). Through the same process, a more complex
hierarchical surface pattern on PC fiber is successfully fabri-
cated, reaching a pattern resolution in the sub-micrometer
level, as shown in Figure 6(d) (i). Similarly, high-resolution
surface structure can also be achieved on cylindrical fibers
(Figure 6(d) (ii) and (iii)). The smallest feature size of around
100 nm is demonstrated by constructing a poly(methyl
methacrylate)/polycarbonate (PMMA/PC) interface, which
has a very low interfacial tension of 0.39mN/m [85].

However, constructing low interfacial tension in preform
sacrifices the flexibility in designing the fiber’s inner struc-
ture. Furthermore, because of the elongation during the ther-
mal drawing process, all the exhibited surface patterns on
fibers are limited in one-directional structure along the fiber
axial direction, which essentially hinders the development of
patterned fibers.

To create high-resolution surface patterns in arbitrary
directions, the direct imprinting in thermal drawing (DITD)
technique is proposed to combine the thermal drawing tech-
nique and nanoimprinting [81]. As shown in the schematic
in Figure 6(e), a pair of rollers with surface patterns is placed
right below the furnace. Once the fiber is drawn out of the
furnace from the neckingdown area, it is directly pressed by
the patterned rollers. Thus, reverse patterns will be created
on both fiber surfaces as the temperature of the thermoplastic
fiber is still above its glass transition temperature. Also, dur-
ing the imprinting process, the temperature of the fiber will
drop significantly as the roller is at a low temperature. Such
a temperature drop can greatly reduce the reflow, leading to
a high-fidelity pattern on the fiber surface. The SEM image
in Figure 6(f) confirms that a regular 2D dot array is formed
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on the fiber surface after being pressed by rollers patterned
with a 2D hole array. When white light laser illuminates this
fiber, a clear interference pattern appears (Figure 6(g)),
revealing the high quality of the pattern on the fiber surface.
Through this DITD technique, a 300-meter-long continuous
fiber is obtained with a surface pattern covered on the entire
surface, as shown in the photos in Figure 6(h). By changing
the templates on the rollers, a wide range of regular patterns

in different directions and irregular patterns and customized
letters can be created on the surface of fibers with various
materials. As the feature size of the surface pattern reaches
as small as tens of nanometers, several surface patterned
fibers with different nanostructures are fabricated, as demon-
strated in Figure 6(i). The plasmonic behaviors of the fiber
with round nanopatterns are studied. And the experimental
results in Figure 6(j) agree well with the simulated results.
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Moreover, a multimaterial fiber with surface microstructure
is fabricated for energy harvesting. The performance of
the surface patterned fiber is much higher than that of
the flat fiber. And a multipoint touch sensing fabric is suc-
cessfully constructed. This DITD technique avoids the elon-
gation of surface patterns and greatly reduces the reflow,
representing the bright future in functional fibers and wear-
able electronics.

8. Conclusion and Outlook

The high scalability, uniformity, and material and structure
compatibility of the thermal drawing technique enable a wide
range of intriguing applications based on multimaterial
fibers. In this review article, we have discussed various
functional structures constructed in multimaterial fibers for
various applications, including optoelectronics, electronics,
micro/nanofabrication, and neural interfaces. Specifically,
we firstly introduced some commonly used structures for
optical fibers. Then, we presented some typical structures
and more complex and special structures achieved in multi-
material fibers. Next, we discussed the efforts towards break-
ing the axial symmetry of thermally drawn fibers. At last, we
summarized previous works on creating structures on fiber
surfaces. These functional structures could serve as strong
supports to the functional materials for realizing fiber
functionalities.

Although countless thermally drawn multimaterial fibers
with various functional structures have been demonstrated,
the development of multimaterial fibers is still in its early
stage, and more studies are needed to achieve deeper under-
standings of the underlying science, including rheology, ther-
modynamics, fluid mechanics, and material processing.
These fundamental studies could greatly help researchers to
revisit and improve the current progress, including develop-
ing thermoplastic materials with ideal rheological properties
to promote structural accuracy and finding novel materials
to expand the functionalities of multimaterial fibers. Also,
semiconductors, the key materials of modern industry,
should be further explored for incorporated into functional
fibers. Previous works have shown various semiconductor
fibers and exhibited many fascinating applications based on
the core-cladding structure [88–95]. Further developments
could be made in employing new semiconductors (such as
organic semiconductors) and combining them with well-
designed fiber structures and electrode configurations to
achieve better performance and more functionalities. More-
over, integrating disparate functions in a single fiber by com-
bining surface patterns, functional materials, and fiber
structures is highly demanded. Noticing that different surface
patterns could realize different functions and the created sur-
face pattern only alters the surface of the fibers without
affecting inner material and architecture, various functional-
ities can be brought to current functional fibers as additional
values. Therefore, the tremendous combinations of surface
patterns, functional materials, and fiber architectures repre-
sent the countless possibilities of multifunctional fibers. Fur-
thermore, modern textile technology can be applied to
thermally drawn fibers for producing highly integrated func-

tional fabrics at industrial scales. And the ability to incorpo-
rate different functional fibers will lead to multifunctional
fabrics. Therefore, we would like to invite industrial and aca-
demic researchers in related fields to join and collaborate on
this promising topic. We can envision that the thermally
drawn multimaterial fibers will open a new era of wearable
devices and smart textiles.
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