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1 Introduction

During the thermal drawing process, a preform is heated into

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online
View Journal | View Issue,

In-fiber composite nanostructures formed through
filamentation instability during the thermal drawing
process

Peihao Li, Hui Deng, Weixue Xia, Qingchang Meng, Wenbin Yi, Yue Ben
and Bingrui Xu

Long and flexible fibers with composite nanostructures have impactful applications in sensing, energy
harvesting, biomedicine, and healthcare. Recent progress on in-fiber nanostructures from the
perspective of filamentation instability is reviewed. The physical mechanism of filamentation instability is
revealed by considering both the stretching effect and van der Waals forces, and theoretical predictions
reach a close agreement with experimental results. Then, it is shown that using textured films in the
preform with varying template thickness, the filamentation instability can be controlled to obtain
a prescribed diameter and periodicity of ordered nanowire arrays in fibers. The filamentation instability of
multilayer sheets has been investigated to get fibers with multilayer and multimaterial nanostructures.
Lastly, second-order nonlinear stability analysis could provide guidance on the diameters of the main
nanowires and satellite nanowires in fibers. This review could motivate more work in the future to obtain
various multifunctional and multimaterial fibers through filamentation instability.

the preform are well preserved in the final fiber, with only
a proportional reduction in terms of dimensions (multilayer
cylindrical sheets,*** or multilayer planar sheets'*™¢), since the

aviscous fluid state and then stretched into long fibers, which is
a proven technology to produce kilometer-long optical fibers in
the telecommunications industry. Over the past twenty years,
this technology has been successfully employed to fabricate
advanced multimaterial fibers and textiles." Typically, the
structure and geometric configuration of the cross section in
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flow instability is suppressed by the high viscosity of the
materials during the thermal drawing process. These designed
fibers are composed of distinctive materials and complex
geometries, enabling sophisticated integrated functionalities
for extensive applications in optoelectronics, energy harvesting,
sensing, biomedicine, and healthcare.*™ The radial dependency
of the axial velocity,"” cracks and deformations of semi-
conducting cores,’” and thermal shrinkage behavior and
thermo-mechanical properties' have been investigated for
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deeper insight into multimaterial fiber formation during
thermal drawing and better fabrication of advanced functional
fibers.

Flow instabilities are ubiquitous in nature, with different
patterns and many engineering applications.>*** For example,
liquid threads break up into droplets in ink-jet printing, the
wine-tear phenomenon arises from capillary ridge instability,
and viscous coiling instability happens when highly viscous
fluids fall on a solid surface. Recently, fluid instabilities have
been employed during thermal drawing to further extend the
fabrication of micro/nano-structures in fibers and textiles.?**

There are mainly two instability phenomena during the
thermal drawing process. Firstly, capillary instability has been
fruitfully employed in post-drawing processes to obtain parti-
cles with various structures (multishell particles, multicompo-
nent particles, composite particles, porous particles, etc.) and
fibers with embedded particle assemblies (from 1D to 3D
assemblies).>*?® Theoretical models including nonlinear effects
have been implemented to better understand the fundamentals
of the in-fiber capillary instability, especially particle size
selection and prediction.'®*>* These particle-based multifunc-
tional fibers have potential applications in optoelectronics,
micro/nano-technologies, and biomedicine.**>*

The other phenomenon is the filamentation instability in
multi-layer sheets when viscous sheets are further stretched to
the nanoscale.®*** When a sandwiched As,Se; sheet is
stretched as thin as 10 nm in a PES/As,Se;/PES structure, it is
observed that the As,Se; sheet breaks up into a set of contin-
uous filaments, ie., the filamentation instability phenom-
enon.”**' The instability and rupture of liquid viscous sheets
have been investigated experimentally and theoretically since
the 1950s,***® and Oron et al.** and Craster & Matar*® reviewed
works on the instability of thin viscous sheets over many
decades. However, filamentation instability is significantly
different from the common instability and breakup of liquid
sheets, where instability occurs only in the perpendicular
direction (perpendicular to the stretching direction) rather than
in the parallel direction (along the stretching direction). The
mechanism of filamentation instability is also revealed by
combining van der Waals forces and the stretching effect, and
its theoretical predictions are in close agreement with experi-
mental results from 2019.*" In-depth understanding of the fil-
amentation instability has unlocked the ability to control and
self-assemble filaments in fibers.*>** This intriguing fila-
mentation phenomenon during the thermal drawing process
opens new opportunities to fabricate nanowires and multi-
functional fibers with micro/nanostructures.*-*

Besides the aforementioned capillary and filamentation
instabilities, mechanical instability during planar fiber cold-
drawing has also emerged as a pivotal complementary
strategy for fabricating in-fiber nanostructures. For instance,
a thin capping layer can act as a “mechanical buffer” to
suppress premature fracture of 2D films during the elastic
deformation stage of the polymer substrate.”” Thermoplastic
polymers subjected to a continuous tensile stress experience
a state of mechanical instability, resulting in neck formation
and propagation.*® The necking process with strong localized
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strain enables the transformation of initially brittle polymeric
materials into robust, flexible, and oriented forms.**

In this review, we mainly focus on in-fiber composite nano-
structures from the perspective of filamentation instability.
Firstly, the physical mechanism of filamentation instability is
reviewed.*' Then, it is shown that using textured films in the
preform with varying template thickness, the filamentation
instability can be controlled to obtain a prescribed diameter
and periodicity of ordered nanowire arrays in fibers.** The fila-
mentation instability of multilayer sheets has been investigated
to get fibers with multilayer and multimaterial nano-
structures.*”> Lastly, second-order nonlinear stability analysis
could provide guidance on the diameters of the main nanowires
and satellite nanowires in fibers.*

2 Physical mechanism of
filamentation instability

A liquid viscous sheet ruptures into an array of continuous
filaments when the sheet thickness is further reduced to the
nanoscale during the thermal drawing process. The Reynolds
number in the filamentation phenomenon is found to be much
less than 1, i.e. Re < 1.*"** Thus, the capillary instability caused
by aerodynamic forces for planar viscous sheets is irrelevant,
with the relative motion between sheets and surrounding fluids
playing an important role.*® Therefore, another destabilizing
factor should be introduced to explain the observed fila-
mentation instability. It is noted that the thickness of thin
liquid sheets is thinned down to the nanoscale when the fila-
mentation phenomenon happens. This brings to mind the
spinodal dewetting phenomenon for sheets with a thickness
less than 1 pm, dominated by the long-range behavior of van der
Waals forces.>

Moreover, in filamentation instability, ruptures appear
purely in the perpendicular direction rather than in the parallel
direction, as shown in Fig. 1a. Therefore, this filamentation
instability phenomenon can be termed ‘anisotropic instability
of a stretching viscous sheet’ (AISVS). In the AISVS phenom-
enon, besides van der Waals forces dominating the instability
as mentioned above, the stretching effect should be taken into
account, similar to a viscous thread falling under gravity where
the instability is suppressed and capillary breakup is delayed.>
Thus, the physical mechanism of the AISVS phenomenon is
suggested by considering both van der Waals forces and the
stretching effect, as shown in Fig. 1b: (I) a viscous sheet is
stretched - the perpendicular and parallel directions are
marked; (II) perturbations in the perpendicular direction
dramatically grow, but perturbations in the parallel direction
are suppressed; (III) perturbations keep growing over time; (IV)
consequently, the viscous sheet ruptures into an array of
filaments.*

2.1 Linear stability analysis

In the mathematical model, a viscous thin sheet (viscosity u,)
with initial thickness H,, velocity w,, and initial width 2¢,,
sandwiched by another fluid (viscosity u,), is stretched over
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Fig.1 The filamentation phenomenon. (a) Filamentation instability during the thermal drawing process: (i) sketch; (ii) rupture of the liquid sheet in
the perpendicular direction; (iii) continuous filaments in the parallel direction. Reprinted (adapted) with permission,3* copyright (2008) American
Chemical Society. (b) Mechanism sketch for AISVS. (c) Maximum total growth rates @] in the parallel direction and @7 in the perpendicular
direction. (d) In the PSU/Se/PSU structure, the prediction of the breakup wavelength reaches a close agreement with the wavelength measured
from experiments. (e—h) SEM images of the filamentation instability in the perpendicular direction. (b—h) Reprinted with permission,* copyright
(2019) by the American Physical Society.

a length L to the take-up speed wy. For this sheet, the thinning
thickness rate is Sy = Hy/H, and the width thinning rate is
S¢=4{y/f. The length of fluid elements along the parallel
direction extends at a rate of SyS, due to flow continuity.
Therefore, the wavenumbers of perturbations in the parallel
direction & and in the perpendicular direction k,, the flow
velocity w and the thickness of the stretching sheet H are

associated with**
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ki

SyS, = const, k, /S, = const,

HSpy = const.

w/SuSe = wy,

ey

According to the linear stability analysis of uniform planar

sheets in another viscous fluid dominated by van der Waals
forces,*"** the perturbation growth rate is expressed:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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w(k,H) = 7

wo(cosh(kH) — 1) + p,(sinh(kH) — kH)
w2 (sinh(kH) + kH) + 2u p,cosh(kH) + p,2(sinh(kH) — kH)
(2)

Here the term of the van der Waals forces appears in the
effective surface tension v = v — A/ (kK*mH*), with the surface
tension vy and the Hamaker number A between two fluids.*

In the presence of the stretching effect, perturbations along
the perpendicular direction grow dramatically compared to
ones along the parallel direction (i.e., the instability develop-
ment). To quantitatively estimate the evolution of perturbations
in both directions, the total growth rate integrating the local
growth rate w(k,H) could be constructive.*"** For perturbations
introduced at position z;, the total growth rate in the perpen-
dicular direction (@,) as well as the one in the parallel
stretching direction (@) can be determined:*!

Py (zp, k) = J ) [ky(x), H(r)]dz

Ip

_ L WOSK(;)SH(:)‘UH {ku () Sgh(,Zp)Sé (2p) H(z) Su (Zp)} dz,

@S0’ Su (&)
(3a)
¢L (Zp,kL) = [: wl[kL(T)7H(T)]dT
L 1 ,, Si(©) S (z) o)
= — oo Wi |k (Z = Z b
~ ) weSi(€)Su (%) [k (=) S[(zp)’H( v) SH(C)}K

Here, the integral on time is converted into an integral on space
by substituting the local velocity expression dt = d{/(woS¢Sy)-
The maximum total growth rates in the parallel direction
o' = max[®|(zp,k))] and in the perpendicular direction
T = max[® , (z,,k, )] should dominate the instability.**

At first, perturbations brought in at the starting point z, =
0 in the ‘fiber limit’ case are considered, where the thinning
rates of thickness and width are equal Sy = S, and the final
thinning factor Sy is defined as the thinning rate at z = L, i.e.,
St = Sy(L) = S¢(L).*" In Fig. 1c, the maximum total growth rates
in the parallel direction (@) and in the perpendicular direction
(®T) versus the final thinning factor Sy are presented. When
there is no stretching (S¢ = 1), perturbations along both direc-
tions grow equally with @|* = @' In the presence of stretching
(S¢ > 1), the stretching effect dramatically enhances the
perpendicular instability but suppresses the parallel instability,
@' < @7. Similar results can be obtained for perturbations
introduced at other positions. Therefore, the AISVS phenom-
enon (filamentation instability) appears and becomes more
striking with increasing Sp.**

2.2 Comparison between theoretical predictions and
experimental results

In a polysulfone (PSU)/Se/PSU structure with different initial
thicknesses H, and perturbations brought in at any point z;, €

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(0, L), the maximum growth rates @' are calculated. The most
severe perturbation corresponding to the maximum growth rate
@ is introduced at z,,, and its initial wavenumber at z,, is
k. Then the final theoretical breakup wavelength at z = L can
be worked out from 2, = 27tS(2,,,)/(KT Sg). ™

During thermal drawing, the structures in the cross section
are solidified in the fiber, so that it is possible to visualize the
perpendicular instability through SEM (Fig. 1e-h). The wave-
length in experiments (A.p) can be measured as the average
space between filaments in SEM images of cross sections in
fibers. The theoretical predictions reach a close agreement with
experimental results,*** as shown in Fig. 1d.

Filaments of semiconducting or other materials can be
produced at the nanoscale, driven by filamentation instability
during thermal drawing, creating fascinating possibilities in the
manufacturing of nanowires on a large scale. It is noted that the
diameter of the filaments and the space between the filaments
are dominated by the most severe perturbation with the fastest
total growth rate @'7'.

3 Controlled filamentation instability

For filamentation instability dominated by the maximum total
growth rate @7, the diameter of the filaments and the space
between the filaments are determined by the initial sheet
thickness H, and the thinning factor Sr. Many practical appli-
cations in engineering have higher-level requirements; for
example, a smaller space between filaments in fibers allows
collective interaction and interference effects. Thus, precise
control of filamentation instability can provide the preferred
filament diameter space between filaments, key to advanced
photonic and other applications.

The precise control of filamentation instability is realized
using textured films in the preform with varying template
thickness, as shown in Fig. 2a.” (1) A microscopic pattern with
a periodic square is imprinted on a thermoplastic polymer with
a polydimethylsiloxane (PDMS) stamp. (2) Then, the thermo-
plastic polymer film is reflowed to smooth out the pattern.* (3)
A chalcogenide As,Se; (or Se) is thermally evaporated onto the
polymer substrate at an angle, resulting in a thickness fluctu-
ation. (4) The films are encapsulated into a preform by hot-
embossing another polymer film on top. (5) The preform is
thermally drawn to microscopic dimensions, and the chalco-
genide sheet breaks up into long nanowires (filaments) encap-
sulated in long flexible fibers, as shown in Fig. 2b and c. As
presented in Fig. 2d and e, the filamentation instability can be
manipulated by choosing an appropriate thickness and period
of the deposited chalcogenide sheet to tune the nanowires with
the desired diameter and spacing.*

The template thickness fluctuation can be assumed as
a combination of varicose and sinuous perturbations with the
preferred wavelength and initial amplitude (termed ‘template
perturbation’). It is anticipated that the template perturbation
should dominate the filamentation instability instead of
perturbation, with the fastest growth rate as the fiber is scaled
down, so that the polymer film thins and ruptures at prescribed
locations. This requires (1) the template perturbation to grow,

RSC Adv, 2025, 15, 45112-45121 | 45115
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Fig.2 Controlled nanowire-array fabrication process. (a) (1) A microscopic square pattern with a period is imprinted on a thermoplastic polymer
with a PDMS stamp. (2) The polymer film is then reflowed to smooth out the pattern. (3) A chalcogenide As,Ses (or Se) is thermally evaporated
onto the polymer substrate at an angle, resulting in a thickness fluctuation. (4) The films are encapsulated into a preform by hot-embossing
another polymer film on top. (5) The preform is thermally drawn to microscopic dimensions by adjusting the furnace temperature, and drawing
and feeding speeds. The film breaks up periodically into long-ordered nanowires. (b) During thermal drawing, the continuous film in the preform
(top) is heated and stretched, is subjected to fluid instability, and subsequently produces well-ordered filament arrays (bottom). (c) SEM cross-
section of a thermally drawn fiber, demonstrating the perpendicular breakup. (d) Optical micrographs of cross-sections of the chalcogenide films
after deposition onto a polymer substrate with different template periods. (e) SEM pictures of the corresponding nanowire array geometry. (f)
Linearized model of the total instability growth rates during thermal drawing at three experimental template periodicities (termed the “initial
period”) and for the fastest-growing perturbation, for varying deposition thicknesses. Vertical dashed lines show the maximum thickness for
which growth rates remain positive (horizontal dashed line). (g) Relative amplitude growth for varying film thicknesses. The horizontal dashed line
shows the limit above which the template instability remains 100 times larger than the fastest growing one. Using vertical dashed lines from (d),
a range of thicknesses for regular filament formation is estimated for each of the three cases (sections in bold). Figures reprinted with permission
from ref. 43. Copyright (2022) by Springer Nature.
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i.e., its total growth rate @1 > 0, and (2) the final amplitude of
template perturbation ar to remain larger than that of the
fastest-growing perturbation a,.x throughout the drawing
region:*

ar aro
= exp[(@r —

Amax,0

Prnax) 1] > 1. (4)

amax
Here ar,o and amax o are the initial amplitudes at ¢ = 0 of the
template perturbation and fastest-growing perturbation, and ¢
is the stretching time in the drawing region. For a typical
textured film aro/@max,0 = 100; thus, the relative amplitude
growth exp[(®r — Ppax)ts] > 0.01.

In Fig. 2f, the total growth rates of three experimental
template perturbations and the fastest-growing perturbations
during thermal drawing are plotted, and dashed lines give the
maximum thicknesses required for @ > 0. The relative ampli-
tude growth exp[(®r — Pmax)t] for varying film thicknesses is
shown in Fig. 2g, and the amplitude growth of the template
perturbation is 100 times larger than that of the fastest-growing
perturbation above the horizontal dashed line. With the vertical
dashed lines obtained from Fig. 2f, the thickness range for
controlled filamentation is estimated for the three cases with
different initial periods (sections in bold). Besides the linear
analysis, fully numerical modelling has also been also per-
formed, and the evolution of the instability also validates the
rationale of controlled filamentation instability by textured
films in the preform.*

Fabricating nanowires with the desired diameter and
spacing in the fibers through controlled filamentation insta-
bility allows tuning of diffraction efficiencies.*® Moreover, it is
possible to obtain self-assembly metasurfaces in multimaterial
fibers during the thermal drawing process. This process with
massive production opens up a route to fabricate ultralong
tunable nanowires and flexible fibers with embedded nanowire
assemblies  for = nanophotonics and  optoelectronic
applications.”

4 Multilayer composite
nanostructures

Many practical applications in photonics require fibers with
multilayer and multimaterial structures,'*”'*?”* and fila-
mentation instability in multilayer sheets during thermal
drawing is necessary. A linear stability analysis has been per-
formed for 2D multi-fluid sheets, as shown in Fig. 3a. The
outermost layers (the 1st layer and the Nth layer) can be
assumed to extend to infinity since they are much thicker than
the sandwiched thin sheets. The dispersion relation between
the perturbation wavenumber k and its growth rate o is
derived:*

Az(k) x C= O'Al(k) X C, (5)

where A,(k) and A,(k) are matrices calculated from the geometry
and fluid parameters, and the growth rate is the real part of the
eigenvalue o, i.e. w = Re(o). This is a generalized eigenvalue
problem, which is worked out with numerical methods.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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There are N — 1 roots o,(k) (n = 1, 2, ..., N — 1) for the
generalized eigenvalue problem (5), and then the initial
perturbation amplitudes ¢ on the ith interface can be solved
for each root o,(k). The initial perturbation amplitudes on all
interfaces &, = [¢[),e?),... e V] (e, is normalized to ||e,| = 1)
are the ‘eigen-amplitudes’ corresponding to the root o,(k).*>
Once the growth rate w,, = Re(a,,) > 0, this mode is unstable. For
a wavenumber k, there are (N — 1) solutions of growth rates for
an N-layer problem. In Fig. 3b, the most unstable mode with the
maximum value w,, = max,(w,(k)) should dominate the
instability of N-layer sheets, with its corresponding wave-
number k,, and eigen-amplitudes emz(sgﬂ,),egﬁ),...,sg ’1)).42

The four-layer N = 4 case with different viscosities, interfa-
cial tensions, thicknesses, and so on, has been carefully
studied.*”” It has been found that there are several different
unstable modes, and the eigen-amplitudes corresponding to
the maximum growth rate Q,,, can switch among various modes.
For example, as shown in Fig. 3c, as the thickness ratio Hz/H,
increases, the most unstable mode switches from mode A
(varicose mode between the 1st and 3rd interfaces) to mode F
(varicose mode between the 1st and 2nd interfaces). In mode A,
the maximum growth rate Q,, decreases with increasing thick-
ness ratio H;/H,, but it increases in mode F.

These results of the filamentation instability in multilayer
sheets are helpful in the design of composite nanostructures in
fibers by manipulating this instability through multilayer
structures and their thicknesses, as listed in Table 1.**

Firstly, to enhance the filamentation instability of highly
viscous materials, appropriately designing the multilayer
structure could increase the perturbation growth rate. For
example, in Table 1, for the 3-layer PES/As,Se;/PES structure,
the maximum growth rate w,, = 1.33 x 10 ° s~ ' for a 50 nm
As,Se; sheet. Changing the 3-layer structure to the 4-layer PES/
As,Ses/Se/PES structure with an additional Se layer with
Hys,se, = Hse = 50 nm, the growth rate can be enhanced by
almost one thousand times to w,, = 0.952 s~ . It is noted that
this growth rate is much larger than that in the 3-layer PES/
As,Se;/Se structure with Se as a surrounding fluid. Thus, to
accelerate the rupture of highly viscous materials, it is better to
design an extra cladding layer of less viscous fluid with thick-
ness H; = H, rather than simply setting this less viscous fluid as
the surrounding fluid.

Secondly, to preserve the structure in the preform when
using less viscous materials and to realize the fabrication of
long fibers with in-fiber structures including such materials, it
is necessary to reduce the perturbation growth rate. In Table 1,
for the 4-layer PSU/Se/As,Se;/PSU structure with Hag e, = Hge =
30 nm, the growth rate is still very large, i.e., W, = 5.557 s~ * (the
less viscous Se layer dominates the instability and ruptures). To
further restrain the filamentation instability, increasing the Se
layer thickness to Hs. = H.; x 30 nm switches the dominating
mode to the ‘para-varicose’ mode for the 3-layer structure with
the high-viscosity As,Se; layer, with a much slower growth rate
of wy = 0.0191 s, as shown in Table 1.

Moreover, a layer of certain thickness can be assumed as the
surrounding fluid for thin sheets in the vicinity, as shown in
Fig. 3c; the dominating instability mode switches from mode A to

RSC Adv, 2025, 15, 45112-45121 | 45117
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Fig. 3 Sketch of multilayer planar sheets: (a) N-layer liquid sheets with viscosities u; and N — 1 interfaces Y with interfacial tensions 7"); (b) N-
layer sheets with small perturbations in the linear stability analysis. (c) Maximum growth rates Q,, at different cladding layer thicknesses Hs/H, for
a four-layer (N = 4) problem (solid line), the corresponding three-layer limit (N = 3, n; = 10, n3 = 1, dashed line), and the slowest growth rate
QSOW accompanied with the critical thickness He,. Figures reprinted with permission,2 copyright (2020) by the American Physical Society. (d) 3D
self-assembled nanowire arrays in fibers from (g) in ref. 43. Figure reprinted with permission,** copyright (2022) by Springer Nature.

Table 1 Manipulating instability (perturbation growth rates) through designing multilayer structures and their thicknesses. Reprinted with
permission,*? copyright (2020) by the American Physical Society

Structure Viscosities (Pa s) Thicknesses (nm) Growth rate wy, (s™)
PES/As,Se;/PES 10°/10°/10° 0 /10/ % 0.703

PSU/Se/PSU 10°/1/10° 0 /80/ 0.184
PES/As,Se;/PES 10°/10°/10° % /50/ % 1.33 x 107
PES/As,Se;/Se 10°/10°/1 0 /50/ 2.56 x 1072
PES/As,Se;/Se/PES 10°/10%/1/10° 0 /50/50/ 0 0.952
PSU/Se/As,Se;/PSU 10°/1/10°/10° ©/30/30/ % 5.557
PSU/Se/As,Se;/PSU 10°/1/10°/10° 0 /30H,,/30/ 0.0191
Se/As,Se;/PSU 1/10°/10° 0 /30/ % 0.0191

mode F with an increasing thickness ratio Hz/H,. Consequently, 5 Second-order nonlinear

this thick sheet layer can be utilized as a detached layer, di- fil tati instabilit
minishing the interaction and influence between adjacent layers. amentation instabiuty

Therefore, a multilayer structure can be divided into combinations
of multiple 3-layer, 4-layer or 5-layer sub-structures to attain highly
integrated in-fiber composite nanostructures through a single
thermal drawing process, such as the self-assembled 3D nanowire
structure in the fibers in Fig. 3d.*

Since linear filamentation stability analysis is insufficient to
explain late-stage phenomena such as satellite nanowire
formation, a nonlinear approach is thus necessary to better
understand these behaviors. Fig. 4a illustrates that nonlinear
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Fig. 4 (a) Schematic diagram of nonlinear filamentation instability resulting in main and satellite nanowires. (b) The influence of liquid sheet

thickness and initial perturbation on the diameter ratio between the main filament and the satellite filament. Figures reprinted with permission,**
copyright (2024) by the American Physical Society. (c) Small satellite nanowires observed in experiments.** Figure figure with permission,*

copyright (2022) by Springer Nature.

filamentation instability will result in main and satellite nano-
wires. To precisely manipulate filamentation instability and in-
fiber nanostructure development, the nonlinear evolution
arising from the late stages of the instability was important in
previous experiments, where small satellite nanowires could be
observed, as shown in Fig. 4c. Moreover, linear filamentation
stability analysis focuses on the varicose mode, where the
sinuous mode can be neglected. But the harmonic of the
sinuous mode presents as a varicose mode in the nonlinear
evolution. Thus, it is indispensable to take into account both
varicose and sinuous modes in the nonlinear filamentation
instability. Second-order nonlinear stability analysis has been
performed for 3-layer viscous sheets (a viscous uniform sheet
with viscosity u; sandwiched by another viscous fluid with
viscosity u,), given the coexistence of varicose and sinuous
modes. The second-order dispersion relations for varicose and
sinuous modes are expressed, respectively, as:**

. A
sz*(**m)

wy(cosh(kH) — 1) + pu,(sinh(kH) — kH)
w2 [sinh(kH) + kH| + 2u, u,cosh(kH) + w,?[sinh(kH) — kH]
(6)

© 2025 The Author(s). Published by the Royal Society of Chemistry

s 7,k
277
us(cosh(2kH) + 1) + w (sinh(2kH) + 2kH)

2kH (g — o) (1 + ta) + 241 2 C08h(2KH )+ (uy* + pp?)sinh(2kH)
(7)

The first-order and second-order contributions to the insta-
bility and the influence of the van der Waals force and viscosity
have been explored. It is found that second-order perturbations
of first-order sinuous and varicose modes are varicose, and the
second-order perturbations of the coupled sinuous and varicose
modes are sinuous. Moreover, the sinuous first-order pertur-
bations and their varicose second-order ones decay during the
instability evolution, as well as the sinuous second-order
perturbations of the coupled sinuous and varicose modes.
Thus, the varicose first-order perturbations and their varicose
second-order perturbations dominate the instability.**

Although the stretching effect is not considered, the liquid
sheet can be considered to represent the state of the sheet after
being stretched. Therefore, the second-order filamentation
instability analysis results can provide theoretical predictions
for controlling nanowire dimensions and guidance for many
fiber applications.* Firstly, the satellite nanowire size can be

RSC Adv, 2025, 15, 45112-45121 | 45119
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Table 2 Diameter ratios of main filaments to satellite filaments D,,,/Ds.
Reprinted with permission,** copyright (2024) by the American Phys-
ical Society

The film thickness H/nm

171/nm 100 80 60 40 20

2 1.9163 1.9208 1.9390 1.9376 1.9841
4 1.9174 1.9211 1.9414 1.9491 2.0588
6 1.9187 1.9244 1.949 1.9761 2.2339
8 1.9225 1.9320 1.9618 2.0233 2.3393
10 1.9280 1.9427 1.9835 2.0938 3.1701

predicted. These areas on the cross-section can be integrated
using the Newton-Raphson method after obtaining the
geometric form of the liquid sheet. The cross-sectional area is
denoted as A, for the main filaments, and A for the satellite
ones. Then, the diameter of the main filaments is estimated via
Dy, = 2 X y/Ap /7, and the diameter of the satellite filaments

via Ds = 2 X y/Ag/7. The diameter ratios of the main filaments
to the satellite ones D,,/Ds, in cases with five liquid sheet
thicknesses and five different initial perturbation amplitudes
174, are listed in Table 2. The diameter ratio D,,/Dg is main-
tained between 1.91 and 1.94 at 1%,/H < 0.1, which means the
diameters of the main and satellite filaments are mainly
determined by the sheet thickness. As the initial perturbation
amplitudes 1%, increase, the diameter ratios D,,/Ds increase,
and they increase faster under the condition of 1%,/H > 0.1, as
shown in Fig. 4b. Precise prediction of main and satellite
nanowire sizes facilitates the production of fibers with self-
assembled nanowires.

Moreover, if the sandwiched liquid sheet evolves with
complex patterns resulting from nonlinear evolution, but is not
yet broken at the cross section, more sophisticated in-fiber
nanostructures can be obtained.* This implies extensive
possibilities for multi-functional fibers with composite nano-
structures, thereby presenting intriguing potential applications
for nanodevices based on single fibers or integrated fabrics.

6 Conclusion and outlook

In this review, we mainly focus on in-fiber composite nano-
structures obtained via filamentation instability during thermal
drawing. The filamentation instability enables the production
of an array of kilometer-long nanowires or a long fiber with self-
assembled nanowires. Textured films in the preform with
template thickness fluctuation achieve control of the diameter
and periodicity of ordered nanowire arrays. The studies on the
multilayer and second-order filamentation instability further
extend the possibilities of nanowires in a fiber, such as 3D self-
assembled nanowires, featuring main nanowires with small
satellite nanowires.

Filamentation instability clearly offers more opportunities
for deeper research on fluid instability and more sophisticated
in-fiber nanostructures. Non-Newtonian fluid properties (such
as viscoelastic fluids, shear-thinning fluids and shear-
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thickening fluids), the dependences of surface tension and
viscosity on temperature, more complicated geometries, and so
on during thermal drawing are beyond the scope of this review,
but may play an important role in filamentation instability. For
instance, a targeted investigation into shear-thinning fluids for
non-Newtonian fluid systems in filamentation instability is
highly actionable, and could clarify how shear-thinning
behavior modulates the balance between the stretching effect
and van der Waals forces, obtaining diameters of nanowires or
nanostructures in fibers different from those in Newtonian
fluids. Future work on these factors will facilitate much more
precise control of filamentation instability, to fabricate fibers
with prescribed nanowires or nanostructures. It is possible that
more nanodevices can be realized with multimaterial (such as
semiconductors, metals, and polymers) and multifunctional
fibers in either single fibers or in large-scale textiles.
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