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Abstract

In-fiber structured particles and filament array have been recently emerging, providing unique advantages of feasible fabrica-
tion, diverse structures and sophisticated functionalities. This review will focus on the progress of this topic mainly from the
perspective of fluid instabilities. By suppressing the capillary instability, the uniform layered structures down to nanometers
are attained with the suitable materials selection. On the other hand, by utilizing capillary instability via post-drawing ther-
mal treatment, the unprecedent structured particles can be designed with multimaterials for multifunctional fiber devices.
Moreover, an interesting filamentation instability of a stretching viscous sheet has been identified during thermal drawing,
resulting in an array of filaments. This review may inspire more future work to produce versatile devices for fiber electronics,
either at a single fiber level or in large-scale fabrics and textiles, simply by manipulating and controlling fluid instabilities.
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Introduction

The intriguing fluid instabilities are ubiquitous in a host
of daily phenomena with beautiful patterns, while being
essential for many technological advancements and appli-
cations [1-4]. For example, the classical capillary instabil-
ity appears from faucet dripping to ink-jet printing, during
which a cylindrical liquid thread breaking up into a series of
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droplets to reduce surface energy [3]. The dewetting instabil-
ity controls or affects adhesion dynamics and surface coat-
ing, during which a thin liquid sheet with thickness down
to hundreds of nanometers spontaneously ruptures into an
array of droplets arising from the van der Waals force [5, 6].

Thermal drawing has been a well-developed technique for
producing kilometer-long silica fibers with uniform dimen-
sions in the telecommunication industry, during which a
preform is heated at an elevated temperature into a viscous
state and stretched into extended fibers by applied tension [7,
8]. Over the last decade, this technique has been successfully
employed to achieve an altogether different class of multi-
material multi-functional fibers [9]. This specially designed
fiber is composed of distinctive components (e.g., semicon-
ductors, insulators, and metals) and complex geometries
(e.g., wires, cylindrical shells or layer structures), enabling
the sophisticated integrated functionalities (e.g., electronic,
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optoelectronic, and acoustic), at either a single-fiber level
or in large-scale fabrics and textiles, for a broad range of
applications in biomedical, optoelectronic and micro/nano
technologies [9-13].

Typically, the process of thermal process is extremely sta-
ble that the structure and geometry of cross-section is well
preserved from the preform into the fiber with only a simple
scaling down in feature size by suppressing capillary insta-
bility, leading to periodic dielectric structures for photonic
bandgap fiber [9]. (For the well-developed 2D hollow-core
photonic crystal fibers, the same capillary instability leads
to the surface smoothness of silica glass during fabrication
process, resulting in the intrinsic scattering to be responsi-
ble for the ultimate optical loss [14].) Nevertheless, recently
the capillary instabilities has been successfully utilized into
post-drawing process to achieve structured particles and
their assemblies for multifunctional devices [11, 12, 15].
Moreover, an intriguing filamentation instability of a stretch-
ing viscous sheet during thermal drawing opens new oppor-
tunities to achieve unprecedented micro/nanostructures with
feasible fabrication, massive production, and versatile func-
tionalities [16—19].

In this review, we will explore in-fiber micro/nano-struc-
tures from the perspectives of fluid instabilities. First, the
theory of capillary instability is briefly reviewed. Then by
suppressing the capillary instability during thermal drawing
process, the prescribed structures and geometries of cross
section from preform to the fiber can be preserved down
to nanometers. On the other hand, by utilizing the capil-
lary instability via post-drawing process, various structured

particles and particle assemblies can be attained. In addi-
tion, these structured particles offer more opportunities for
diverse fiber devices. Moreover, the observation and mech-
anism of filamentation instability of a stretching viscous
sheet during thermal drawing will be presented. Lastly, the
relevant challenges and opportunities of in-fiber structures
are discussed.

Brief Review of Capillary Instability

The study of capillary instability (Fig. 1a) has a long history.
In 1849, Plateau identified the intrinsic mechanism asso-
ciated with the surface tension, since breakup reduces the
surface area and the associated surface energy [20]. Lord
Rayleigh performed linear stability analysis to quantitatively
characterize the growth rate dependent on wavelength, and
found that a small disturbance is magnified exponentially
with time [21]. (This capillary instability is also referred as
Rayleigh-Plateau (RP) instability.) Subsequently, Tomotika
investigated the effect of viscosity of the surrounding fluid,
which delays or slows down the growth rate [22].

Reduction of Surface Energy

For a liquid thread which is simplified into a perfect long
cylindrical shape, the surface energy is proportional to the
surface area for a deformed cylindrical shape. The perturba-
tions can be decomposed into a series of independent modes
(Fourier series) with wavelength (4) and an amplitude e.
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Fig. 1 Classical capillary instability. a High-speed imaging of a
liquid jet subjected to capillary instability; b Evolution of capillary
instability [15]; Reproduced with permission [15]. Copyright 2012,
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Then Under the constrain of volume conservation for an
incompressible liquid, the surface energy is expressed as
below,

Esurf(l) = E(s)urf + [(zﬂRo)z _ 12] 62, (1)

v
2R,
where E(S)'"f is the surface energy of a perfect cylindrical
thread, y the interfacial tension, and R, is the radius of the
liquid thread. For the short wavelength (4 < 2zR))), the last
term of Eq. 1 always becomes positive (regardless of €, y),
hence the surface energy will increase and the perturbation
is unfavorable. However, for the longer wavelength that sat-
isfies with the following criteria,

A>27R,, (2)

the surface energy always decreases with the amplified per-
turbation, consequently subjecting to capillary instability to
minimize the surface energy (Fig. 1b).

Growth Rate and Instability Timescale

Further, the linear stability analysis describes the dynamics
of perturbation amplitude (¢, A) evolving exponentially with
time at a certain growth rate @,

e(t, A) = e(0)exp{iowt}. 3

Qualitatively, this growth rate is related with physical prop-
erties of liquid, and can be expressed as below,

w = w(”inn’ Hout> y’RO’ )’) = Ml’”—mt/”mn)’ (4)
noutRO

where #7;,,, /o, are the viscosity of inner fluid and outer

fluid, and ¥ is the growth factor which is a complicated

Bessel functions dependent on wavelength for the given

liquids [22]. As shown in Fig. lc, at the long wavelength

(¥ <0,w < 0), the amplitude of perturbation gradually
decays with time, resulting in stability. Otherwise, at longer
wavelength (¥ > 0, w > 0), the amplitude of perturbation
gradually increases with time, resulting in instability. At a
certain wavelength, the largest #,,,,, corresponds to the fast-
est growth of instability w,,,,.

By varying #;,,, #lo, typically related with thermal draw-
ing, the timescale of this instability (7;,) is determined by
this fastest growth rate among various wavelength,

_ -1
Tinst ™ a)falt ~ m?x[w(j" noul/ninn)/nout] . (5)

As shown in Fig. 1d, for the given #,,,=1, the higher 7,
results in longer 7, to delay or suppress instability.

Besides a cylindrical core, the capillary instability of a
cylindrical shell with equal viscosities [23] or concentric
cylindrical shells [24] has been studied theoretically as well.
These theoretical results can provide helpful guidance to
either suppress or enhance instability through selecting suit-
able materials or controlling fabrication process for the com-
munity in materials science and optical fibers.

Suppressing Capillary Instability for Uniform
Layered Structures During Thermal Drawing

By suppressing capillary instability, uniform layer thick-
nesses have been demonstrated in flexible polymer fibers
(Fig. 2a). SEM micrographs (Fig. 2b—d) clearly reveals the
high-quality multiple-layer structures with thicknesses down
to micrometers and tens of nanometers [9, 18].

Radial-Stability Criterion

The process of thermal drawing is extremely complicated,
involving many physical parameters and their coupling (e.

Fig.2 In-fiber cylindrical shells with thickness down to micro/nano-
meters by suppressing capillary instability. a Photograph of fiber. b
SEM of fiber cross-section; Magnified view of multilayer structures
reveals the thickness of micrometer (¢) and tens of nanometers (d),
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g., heating transfer, flow field, and temperature-depend-
ent viscosity, and necking effect). As a first step toward
understanding, only a single fluid instability, i.e., capillary
instability resulting in radial fluctuations for a cylindrical
fluids, is investigated. Consequently, the stability criteria
offers the necessary (although not sufficient) condition to
maintain the uniform layered structures [18], proving the
theoretical guidance for the materials selection and struc-
ture design, and particularly to exclude certain materials
combinations for fiber drawing as well.

The instability time scale (z;,,) is calculated over
a broad range of physical parameters including geom-
etry [e.g. radius (R) and shell thickness (h)] and mate-
rials properties (viscosity) (Fig. 2e). The dwelling time
(Tawelting) 18 defined by the time of materials in viscous
state before exiting hot furnace to be frozen in fiber dur-
ing thermal drawing (typically 74yepjing & 100 s). By com-
paring these two timescales, the radial stability criterion
(Tinst > Tawelling) iMplies that the instability is delayed or
suppressed. On the other hand, the radius fluctuations
alone will render the shell unstable (7, < Tayeliing)>
resulting in the fast development and growth of insta-
bility. For example, the time scale for 5y, = 10 Pa-s,
Nowa = 10° Pa - s, corresponding to Se-PSU, indicates the
stability of shells of radius R =~ 250 pm, consistent with
the experimental observation.

Materials Selection Map

Given the viscosities and surface tension of a particular
material pair, we can use Fig. 2e to determine whether
that pair is suitable for drawing: if it is radially unstable,
then it is almost certainly unsuitable, whereas if it is radi-
ally stable then the pair is at least potentially suitable.
Each materials combination can be classified by whether
it falls in the radially stable (7 > Ty pn, Yellow region)
or radially unstable (7 < 74yeying, White region), as shown
in Fig. 2e.

These materials combinations are presented in
Fig. 2f [18]. The boundary line (7 = Tyepin,) divides the
map into two areas. The shaded area above the boundary
line is the region of potentially suitable materials combina-
tions for fiber drawing (As,Se;~PES, As,S;-PEI, Se-PSU);
while the materials combinations below the boundary line
are unsuitable due to radial instability (Se—PE). Moreover,
since a high viscosity cladding improves stability, a wider
variety of shell materials with low viscosity may possibly
be employed, such as the metals Sn and In. These various
available classes of metals, polymers and semiconductors
expand the potential functionalities of devices in micro-
structured fibers.
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Utilizing Capillary Instability for Structured
Particles Via Post-Drawing Thermal Process

Instead of suppressing capillary instability, interestingly
one can deliberately utilize the instability to generate a
variety of micro/nanostructures with novel functionalities
by employing the post-drawing thermal treatment, such as
inducing in-fiber capillary instability. Actually, this post-
drawing process is a general approach for all the fibers
in a broad sense, which are produced by many different
approaches besides thermal drawing [9-12, 25], including
electrospinning [26—28], melt spinning [29], solution spin-
ning, gel spinning [30] (Fig. 3a). The capillary instability
of these continuous fibers via thermal treatment results
in the discrete particles and their assemblies in a high
throughput, chemically clean manner (Fig. 3b).

Digital Design of Particle Structures

By heating a solid cylindrical-shaped core embedded into
a fiber at an elevated temperature, capillary instability
generates scalable fabrication of uniformly sized spheri-
cal particles, with the size ranges from millimeters down
to tens of nanometers [15]. Interestingly, the structured
particles with various internal structure (e.g., Janus, core-
shell, or beach ball) was demonstrated by heating the
structured core to trigger instability [15]. Moreover, the
digital design of structured photonic particle was studied
by accurately distributing the high refractive-index con-
trast materials independently within its 3D architecture
(Fig. 3¢) [31].

By tuning various physical parameters such as viscosity
and surface tension through different thermal modulation
at spatial, time, material domains, both the particle mate-
rial and morphology library have been expanded in several
ways. Biomaterial like bio-functional coating or biocom-
patible packaged biological core was integrated into parti-
cles [32]. Development of spatial selective [25] or material
selective [33] thermal profile for optoelectronic material
pair with high viscosity contrast leads to the fabrication
of Si spheres and bispherical Si ‘p—n molecule’ devices.
Even further complexity in digital preform design was
highlighted for solely or combined radial and azimuthal
control on particles [31]. In addition, control on solidifica-
tion front and recrystallization, microstructure and stress
control on SiGe alloy spheres was demonstrated for band-
gap modification and in-fiber microelectronics [34].

Non-spherical structures were also fabricated based
on controlled plastic deformation during breakup pro-
cess [35], templates [36, 37], inverse capillary instabil-
ity under solvothermal reaction [38], and solvent vapor
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annealing [39]. Moreover, an extra design dimension for
desired functionality by adding composite into our mate-
rial library, such as the fabrication of porous spheres [40],
quantum dots composite particles and magnetic-polymeric
composite particles [41]. Indeed, much progress of inte-
grating multiple materials into a single particle to achieve
multiple functionalities has been made.

Digital Design of Particle Assemblies

These structured particles remain frozen in situ as a new
form of metamaterials or devices and are identified as inner
suspended discrete micro/nanostructure (Fig. 3d). For exam-
ple, with the ultra-smooth surface resulted from fluid insta-
bility, spherical, or sphere-based chalcogenide-glass parti-
cles [35] or Si spheres [33] with tapered optical fiber can be
assembled to build high Q-factor microresonator. Besides,
selectively heating can transform the middle semiconduct-
ing core of a tri-core fiber into a train of spherical particles,
which bridges the side carbon polyethylene composite [42]
or metal [43] electrodes, therefore constructing long but
discrete photodetecting devices. This general in-fiber fluid
instability was also explored to fabricate metal nanoparticles
[44] and well-dispersed metal-polymer nanocomposite [45].
More future works should be required to extend many possi-
bilities of functional devices based on this special fabrication
method (Fig. 3d).

Structured-Particle-Based Multifunctional
Fiber Devices and their Applications

Deep investigation and precise control of the in-fiber cap-
illary instability induced by thermal treatments have been
paving a new way to generate a variety of micro/nanostruc-
tures with novel functionalities. In this section, we briefly
review the particle-based multifunctional fiber devices and
their remarkable contributions in biomedical, optoelectronic
and micro/nano technologies.

Polymeric Micro- and Nanoparticles for Biosensing
and Encapsulation

Currently, synthesizing functional polymeric micro- and
nanoparticles are of great significance in biomedicine and
therapeutics as biosensors, biomarkers and drug-delivery
carriers [32]. However, conventional methods for produc-
ing these particles are limited in the little polymer species,
the monotonous morphology and the small size range. The
thermal treatment induced in-fiber capillary instability offers
methods to overcome these traditional limitations. The
developed process can generate uniformly sized spherical
polymer particles with continuously tunable diameters from
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the millimeter scale down to 50 nm. A typical example of the
fabrication process is illustrated in Fig. 4a: a polymer fiber
with target core/cladding materials and designed structure is
achieved by the fiber thermal drawing process and capillary
instability is induced by the heating furnace to generate the
functional spherical particles. The particles can be easily
designed by only changing the structure of the fiber preform
and be biocompatible by using biomaterials, ideal for vol-
ume encapsulation and surface functionalization. For exam-
ple, microcapsules of biological materials in collagen-filled
polymer-shell are achieved by this approach, which can be
useful for cosmetics and biomedicine applications. The col-
lagen was injected into a 50 pm diameter hollow core fiber in
which acyclic olefin polymer layer line the polysulfone clad-
ding, then the capillary instability was induced to generate
collagen-filled polymeric microcapsules. While coating the
polymeric particles with antibodies or antigens would make
these spheres useful in biodetection and immunoassay [32].

Multi-material Structured Particles Fiber Device

The ability to generate diversities of in-sphere structures is of
significant interest. As shown in Fig. 4b, core-shell spheres,
Janus spheres, beach ball spheres and multilayer spheres
were achieved by the fibers with structured cores [15]. As
the fiber preform is constructed at the macroscale, complex
fiber geometries can be achieved by judiciously structuring
over the core in the radial direction (core-shell and multi-
layer spheres) and azimuthal structure (Janus and beach all
spheres) [31]. The structured fiber core is surrounded by a
polymer matrix and it transforms into multi-material parti-
cles during the thermal treatment. This approach to generate
structured multi-material particles has several important fea-
tures. First, uniformly sized spherical particles with a wide
range of diameters from 20 nm to 2 mm can be fabricated.
Second, it can produce large numbers of structured particles
by the breakup phenomenon of high-density parallelizing
cores in the same fiber. Such particles demonstrate a supe-
rior performance serving as polarization-dependent optical
scattering elements with a tailoring scattering efficiency.
Furthermore, with doping materials, the in-fiber generated
structured spheres gain more functionalities such as emitting
fluorescence, expanding their capabilities in photonics and
bio-imaging.

Metal-Polymer Nanocomposite Fibers

Thermally induced capillary stability promises a scalable
generation of polymer fibers with metal micro/nano com-
posites, which have unique physicochemical advantages for
electronics, energy and biological applications. The polymer
fiber patterned with neatly arranged and well dispersed metal
nanoparticles that can present better tuned electromagnetic
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Fig.4 Applications of particle-based multifunctional fiber devices.
a Fabrication of collagen-filled microcapsules. P;: cyclic olefin poly-
mer; P,: polysulfone. Reproduced with permission [32]. Copyright
2013, National Academy of Sciences. b Fabrications of multi-mate-
rial structured spherical particles [15, 31]. (i) Schematic diagram
of the fiber preform for the Janus particles. (ii) Schematic diagram
of the fiber preform for the beach ball particles. (iii) Schematic dia-
gram of the fiber preform for the core-shell structured particles. (iv)
Schematic diagrams and SEM micrographs of the core-shell and mul-
tilayer particles cross-sections. G:As,S3;; G,: Ge; 3(As,Ses)gg7; P:
polyethersulfone. Reproduced with permission [15]. Copyright 2012,
Springer Nature. Reproduced with permission [31]. Copyright 2016,
National Academy of Sciences. ¢ PES polymer fiber with Sn metal
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nanoparticles. (i) Schematic of metal-polymer nanocomposite fiber.
(ii) SEM image of Sn nanoparticles [45]. Reproduced with permis-
sion [45]. Copyright 2016, ASME. d Fabrication of optoelectronic
fibers based on break-to-contact approach [43]. Reproduced with per-
mission [43]. Copyright 2017, WileyVCH. e High-Q microcavity res-
onator arrays. (i) Top and profile SEM micrographs of As,Se; WGM
resonator arrays. The average size of the spherical particles is 124.4
pm [35]. (ii) Transmission spectra of a silicon spherical particles of
60 pm in diameter. The quality factor Q of the WGM resonator mode
is 7.1 x 10°. Inset shows the coupling of evanescent light into the
spherical particle resonator by a tapered silica fiber [33]. Reproduced
with permission [35]. Copyright 2014, WileyVCH. Reproduced with
permission [33]. Copyright 2017, Wiley VCH
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properties and higher strength properties [45]. To achieve
this type of fiber, a fabrication of PES (polyethersulfone) fib-
ers with parallelizing Sn cores is demonstrated as an exam-
ple, which are produced by a multi-stage iterative size reduc-
tion thermal drawing process. The earlier thermal drawing
processes reduce the size of the polymer fiber and produce
a remarkably long fiber with dozens of Sn cores, then in
the later processes, the thermal induced in-fiber capillary
instability transfers these fiber cores into a large number of
nanoparticles (Fig. 4c). This method promises a nanomanu-
facturing process to polymer fiber with well-aligned metal
particles in high throughput, leading to a variety of new
functionalities.

Optoelectronic Fibers and Photodetecting Devices

Optoelectronic fibers and photodetecting devices are being
developed based on the selective amplification of in-fiber
capillary instability. Based on a precisely defined electrode-
semiconductor-electrode trial cores fiber, a fully functional
optoelectronic in-silica device is achieved by employing
Plateau-Rayleigh instability in fiber (Fig. 4d). As men-
tioned in the last section, the heating process will transfer
the functional materials into a viscous liquid statue and lead
the continuous core to breakup into a chain of spheres. Dif-
fering from transferring all cores into spheres, the selec-
tive amplification only breaks semiconductor core into a
chain of spheres taking the advantage of distinct melting
points between the semiconductor materials and the elec-
trode materials as well as accurate temperature control. For
electrical connection in the fiber, the semiconductor spheres
with larger diameters than the core would create contacts
onto the continuous electrode cores directly, forming a fully
functional in-fiber optoelectronic device. On the basis of the
above principles, As,Se; core/carbon polyethylene compos-
ite electrodes [42] and germanium core/platinum electrodes
optoelectronic fibers [43] have been achieved. The break-
to-contact technology can create ~ 10* self-assemble and
entirely packaged spherical photodetecting devices per meter
of the fiber.

High-Q Microcavity Resonator Arrays

The ability of fabricating uniform-sized particles with ultra-
smooth surface and crystalline structure create an oppor-
tunity to achieve high-Q whispering gallery mode (WGM)
resonator arrays. WGM resonators with high-quality factor
(Q) and small mode volumes are widely investigated in bio-
sensing, micro-lasing, optical signal processing, and nonlin-
ear optics. The micro- and nano-spherical particle generation
based on in-fiber capillary instability open a new route for
fabricating the high-quality three-dimensional microcav-
ity resonator arrays [35] (Fig. 4e). The spherical particles
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fabricated from this method feature an ultra-smooth surface
roughness owning to the high surface tension and large built-
in stress during their formation, which is an extraordinary
platform for developing optical resonators. In general, target
functional materials (As,Se; and silicon) are firstly made
into the rods and drawn into a fiber with suitable cladding
materials by the thermal drawing process. Followed by the
thermal treatment processing, the continuous fiber cores
eventually break into chains of spheres due to the in-fiber
Plateau-Rayleigh instability. These spheres ultra-smooth sur-
face, perfectly spherical shape and uniformly diameters are
confirmed with AFM and SEM, which performed 3.1 x 103
high-Q factor with As,Se, particles [33] and 7.1 X 10° high-
Q factor with Si particles [35] as WGM micro-resonator
arrays. It is worth noting that, this fabrication method can be
seamlessly applied to other semiconductors (Ge and Bi, Te;)
and silica.

Identifying Filamentation Instability
of a Stretching Viscous Sheet

In-fiber micro/nanostructures, such as uniform layered struc-
tures or structured particles, can be manipulated by either
suppressing the well-known capillary instability during ther-
mal drawing or utilizing it via post-drawing process. Fur-
thermore, as the feature size of geometries is reduced down
to micro/nano-scale during thermal drawing, new physical
phenomena might possibly occur.

Observation of Filamentation Instability

An instability phenomenon has been identified during a ther-
mal drawing where a viscous sheet, subjected to a unidirec-
tional stretching, evolves into an array of continues filaments
arranged orderly [16, 17] rather than droplets (for example,
in spinodal dewetting of a thin sheet or in capillary-insta-
bility breakup of a cylindrical jet), as shown in Fig. 5a. In
this phenomenon, stability is preserved along the longitu-
dinal (stretching) direction, while instability occurs exclu-
sively along the transverse (perpendicular to the stretching)
direction. Therefore, the term ‘anisotropic instability of a
stretching viscous sheet’ (AISVS) is used for this physical
phenomenon.

Physical Mechanism

Since AISVS phenomenon was observed at the micro-
scopic length scale, van der Waals forces should play an
important role, similar to dewetting phenomena. Moreo-
ver, the effect of stretching for a sheet is analogous to that
of a continuous falling viscous jet under gravity, and hence
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the longitudinal instability is suppressed [46]. Thus, the
physical mechanism for AISVS is proposed by combin-
ing stretching and van der Waals forces in Fig. 5b: (I) a
viscous sheet undergoes elongation deformation; (II) per-
turbations are amplified in the transverse direction; (IIT)
the longitudinal stability is suppressed compared to the
transverse stability; (IV) consequently, this anisotropic
instability results in an array of filaments. (Here the cur-
vature is neglected since the radius are much larger than
the thickness.)
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Reprinted figures with permission from [19]. Copyright (2019) by the
American Physical Society

Linear Theory

In the model, a viscous thin sheet with thickness H,, velocity
wy, and width 27 at the inlet, sandwiched within another
fluid, is stretched by a drawing force over a length L to the
take-up speed w;. For a stretching thin sheet, the attenuation
rates of thickness and width are Sy, = Hy/H and S, = ¢, /¢
respectively. And then along the longitudinal direction,
stretching extends the length of fluid elements at arate S, S
due to the flow continuity. Hence, the velocity (w), the wave
number of a perturbation along the stretching direction (kj),

@ Springer
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that along the transverse direction (k, ), and the sheet thick-
ness (H) are related by

w/(SySs) = wys

k, /S, = const,

k”SHSf = const,

HS;; = const. ©
Stretching changes the perturbation growth (i.e., the instabil-
ity development) along the two directions. To quantitatively
evaluate this effect, a total growth rate is obtained by inte-
grating local growth rate w(k, H) [19, 46]. This dispersion
relation of a viscous uniform sheet sandwiched by another
viscous fluid was studied [19, 24].

Consequently, the total growth rate along the longitudinal
stretching direction (@) and transverse direction (@, ) for
perturbations introduced at position z, are

P

g 1
Su(2,)8(z,) Su(z,)
X o) [ku(zp) spes.@ @5 de,
(7a)
P, (zp k) :/ w, [k, (7), H()ldT
L
-/ 1
_/ oS, )5 @) (7b)
Sf(g) SH(Zp)
Xw, [kl(Zp)Sf(Zp) ,H(z,) 5@ de.

Here the time integral has been transformed into a spa-
tial integral by using the local-velocity relationship
dr = dé/w = d&/(wyS,Sy). The instability should be domi-
nated by the fastest total growth rate along both directions
respectively, i.e., @ = max [dﬁ” (zp,k”)], @' = max [ch
(o k)]

Considering a perturbation is introduced at the starting
point z, = 0 at one-dimensional ‘fiber limit’ with S, = S,
[refs], the fastest total growth rate along the longitudinal
directions (cDTr) and the transversal direction (@') as a func-
tion of the final scaling factor Sf (attenuation rate at z = L,
Sy = Sy(L) = S,(L)) are presented in Fig. Sc. The longitudi-
nal instability can be suppressed by the stretching effect
(Sy > 1) whereas the transverse instability is dramatically
enhanced. Therefore, an anisotropic instability phenomenon
appears (d5’|f < @) and becomes more striking at larger S.

Theory Consistent with Observation

These theoretical predictions are further compared with
experimental results for AISVS. For PSU/Se/PSU, growth

@ Springer

rate @' is calculated for different initial thickness H,, and per-
turbations introduced at any point z, € (0, L). The theoretical
breakup wavelength is obtained from 4,, = 275(z,,)/(K]'Sy),
where perturbations with wavenumber k' introduced at z,,
have the fastest growth rate @',

During thermal drawing, the produced structures are
frozenor solidified into the fiber, allowing both cross-sec-
tional and axial inspection with spatial resolution down to
nanometers through SEM. Consequently, the quantitative
conclusions for stability limits of the feature size can be
made, allowing the visualization of evolution of transversal
instability (Fig. Se~h). The experimental wavelength (4,,,) is
measured as the average space of Se filament arrays in SEM
images of fiber cross sections. The experimental results [16,
19] agree well with the theory in Fig. 5d.

Outlook

Here we mainly focus on the perspective of fluid instabilities
to overview in-fiber nanostructures. The effect of stress or
viscoelasticity of non-Newtonian fluid during thermal draw-
ing is beyond the scope, and actually during polymer cold-
drawing, the stress can cause controllable and sequential
fragmentation of the core to produce nanorods [47].

This fabrication method of structured particles via post-
drawing thermal treatment highly depends on a physical
mechanism of fluid instabilities and the subsequent breakup,
as opposed to the chemical synthesis. This method has been
paving a new way for broad applications including but not
limited to electronic devices, photovoltaics, medicine and
healthcare, targeted drug delivery, biology, chemical sens-
ing, and cosmetics. Such a process can achieve spherical
particles from a variety of materials with disparate optical,
electronic, magnetic and thermal properties with a wide
range of processing temperature from 400 to 2400 K and
10 orders of difference in fiber core/cladding viscosity ratio
regardless of the crystal structures [9, 12].

An unavoidable limitation in the isothermal method is
the precise control on the resulting sphere sizes, as the iso-
thermal break-up process constantly lead to the formation of
satellite spheres, which is still a complex route to be control-
lable. As an ideal heating source in the thermal treatment
due to its narrow operating wavelength, small beam size,
highly stable output and tunable power, CO, laser has been
demonstrated to precisely control the molten core/cladding
interface, which leads to the formation of spherical particles
with uniform diameters in a full spectrum of diameters from
micro- to nano-scale [48].

Although remarkable development has been made in the
field of functional structured particles, by using a single par-
ticle and particle assemblies as a platform, the optimization
of material selection and the fully designable distribution
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of micro/nanofillers in matrix may lead to intriguing new
physical phenomena and practical applications. Further
improvements can be realized by the optimization of fiber
fabrication process such as controlling the drawing stress
to achieve a more uniform fiber core, which will lead to a
smaller variation of the resulting sphere sizes. Moreover,
the ability to induce a precisely tunable built-in stress onto
spherical particles and to form in-fiber homo- and hetero-
junctions may offer a substantial impact on future devel-
opments of photonic, electric, thermoelectric devices, and
other related fields [11-13].

Moreover, the filamentation instability of a stretching
sheet during thermal drawing clearly offers more opportu-
nities to explore fluid instability, and unconventional sophis-
ticated nanostructures might be achieved through designing
structures such as filamentation in two adjacent sheets or
three-layer sandwiched sheets. By utilizing the available
toolbox of various materials combination (such as semi-
conductors, metals, and polymers) compatible with thermal
drawing, more versatile functional nanodevices are antici-
pated to be realized in either single fibers or mass-produced
in large-scale textiles [11-13, 49].
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