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� A liquid core is continuously fed into
a microscale polymer fiber during
melt-spinning.

� Different liquid-polymer
combinations can be developed by
the unique co-extrusion process.

� Computational fluid dynamics
calculations confirm the versatility of
the process for a wide range of
microfluidic conditions.

� Liquid-core fibers show impressive
pressure transfer properties,
promising for microhydraulic
applications.
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Miniaturization is an essential requirement to advance areas where conventional mechatronic systems
may struggle. Microhydraulic devices that combine resilience and compliance could thus revolutionize
microrobot applications like locomotion and manipulation. Spurred by the deformability and structural
stability provided by veins in insect wings, microscale liquid-core fibers were created, comprising of a
polymeric sheath and a liquid core. A microfluidic co-extrusion spinneret was designed, assisted by com-
putational fluid dynamics studies, to achieve such unique liquid-core fibers. Hydraulic pressure transfer
tests were successfully applied on fine, up to 10 m long, oil-filled polyamide fibers. The results showed a
pressure transfer with a fiber length-dependent delay of � 20–100 s for fiber lengths of � 1–10 m, and a
viscoelastic behavior with relaxation times that behave linearly with fiber length. These findings enable
the development of resilient and deformable microhydraulic systems within restricted available space,
predestined for applications in soft robotics.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Microhydraulic devices are used in a wide range of applications
including medical equipment, robotics, and aerospace instruments
[1]. Microsystems for locomotion (e.g., micro air vehicles) and
manipulation (e.g., minimally invasive surgery), require sensors
and actuators with very small dimensions, simple design and high

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.111077&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.matdes.2022.111077
http://creativecommons.org/licenses/by/4.0/
mailto:rudolf.hufenus@empa.ch
mailto:jonas.hofmann@zhaw.ch
mailto:jonas.hofmann@zhaw.ch
mailto:ali.gooneie@maastrichtuniversity.nl
https://doi.org/10.1016/j.matdes.2022.111077
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


R. Hufenus, J. Hofmann and A. Gooneie Materials & Design 222 (2022) 111077
reliability [2–4]. While advanced micro-processors and micro-
sensors are readily available [5,6], micro-actuators are still a major
challenge in designing miniature robots, due to unavailability of
suitable components [7]. Hydraulic micro-actuators, which are
mainly popular in microfluidic systems, deliver among the highest
force densities at microscale, especially in the case of piston actu-
ators [8]. Although less common than electromechanical systems,
fluidic pressure-driven soft micro-actuators are gaining attention
[9,10].

It is often critical that microhydraulic structures show certain
levels of flexibility, for instance in emerging technology of soft
robotics, that aims at increasing flexibility and compliance of
robots intended for delicate tasks or high maneuverability for
robust locomotion [11–14]. Insect wings provide an exemplary
bioinspired strategy for designing microsystems by utilizing fine
and flexible, liquid-core tubular structures [15]. Beetles have spe-
cialized veins that enable seemingly conflicting functions of both
wing deformability and structural stability, required for wing stor-
age and flying, respectively [16,17]. Sun et al. [18,19] showed that
hemolymph fluid pressure in beetles’ veins, built up in the thoracic
muscles, facilitates the extension of hind wings during unfolding.
This spreading effect is the combined result of hemolymph pres-
sure changes in the veins and the elasticity of the wing structures
[20]. Despite these inspiring examples, a robust production strat-
egy to create such soft structures is still missing. Moreover, such
a strategy should act synergistically with material design to fulfill
deformability and stability requirements.

While research and development mainly concentrate on the
actuators themselves [8,21], which can be compared to the insects’
thoracic muscles generating hemolymph pressure [22], the role of
pressure transmitters (hydraulic hose in macroscale), the respec-
tive insect equivalents of space-saving hydrostatic veins [22],
apparently is neglected. In soft robotics, flexible structures with
embedded fluid channels deform in a predefined way when the
fluid is pressurized [21,23–25]. Here, fine elastic and pressure-
resistant liquid-core fibers (LCFs) could overcome design con-
straints in the fabrication of such soft robots, since fluidic path-
ways can easily be integrated, and powerful pumps could
operate externally.

Melt-spinning is the fastest and most economical of all fiber-
making processes, yielding elastic fibers as fine as 10 lm in diam-
eter [26]. Based on the principle of bicomponent melt-spinning
[27], a special co-extrusion line that enables the pilot-scale pro-
duction of liquid-filled polymeric fibers was designed [28]. Thus
far, it has only ever been possible to fill hollow fibers of limited
length in a complex multistep process [29–33]. The ability to pro-
duce a continuous LCF is attractive since post-filling of a fine hol-
low fiber would become increasingly slow and uneconomic at
extended lengths [34,35]. The Hagen-Poiseuille law [36] predicts
that a hollow fiber of 5 lm core diameter and just 1 m length
would take over one month for post-filling with oil (dynamic vis-
cosity of 0.25 Pa�s) at 1�bar. With this unique co-extrusion process,
1000 m of an oil-filled polymeric fiber can be produced in less than
a minute. Therefore, melt-spinning of LCFs offers a promising
potential to develop fine and flexible microhydraulic structures.
Table 1
Liquids used to produce LCFs. The viscosity at room temperature (23 �C) has been determ

Core liquid Product name Pro

PEG 500 Polyethylene glycol 500 Da Sigm
Swi

Ester oil Complex ester Synative ES 3345 Leh
Gelatin solution 5 wt% aqueous gelatin solution Sigm

Swi
Glycerol Glycerol G9012 Sigm

Swi

2

In this study, an extremely versatile microfluidic extrusion pro-
cess that can be used to create a wide range of LCFs from different
polymer-liquid combinations has been designed. A suitable liquid
for the core has to meet several requirements to enable continuous
and stable injection into polymeric fibers [28]: It must exhibit high
thermal stability to withstand extrusion temperatures, and rela-
tively low vapor pressure (<1 atm) at the processing temperature
of the polymer sheath. In addition, viscosity ratio and interfacial
tension between liquid and polymer must not lead to co-
extrusion instabilities. The thermoplastic sheath polymer, on the
other hand, mainly requires a high enough melt-strength to enable
fiber forming. Polymers suitable for melt-spinning usually show
excellent flexibility and stability, and combined with a low viscos-
ity fluid for unhindered pressure transfer, they are viable candi-
dates for fine microhydraulic fibers.

Although this unique process can yield LCFs as fine as � 50 lm
in outer diameter, as shown earlier [34], in this study the focus lies
on the production of LCFs with outer diameters ranging
between � 250–850 lm, since those allow for easier manipulation
in the desired research applications. Nevertheless, the findings will
also apply for finer fibers, thus enabling the development of soft
microhydraulic actuators.

2. Experimental details

2.1. Materials

For this study, four different liquids with diverse properties
were chosen, as listed in Table 1. The polymer polyethylene glycol
(PEG) was of interest because of its high vapor pressure and due to
the similarity to bicomponent melt-spinning, where both compo-
nents are thermoplastic polymers. With the idea of microhydraulic
applications, a complex ester oil has been chosen as a representa-
tive of hydraulic fluids. Water, the most common liquid, has sev-
eral exclusive properties [37], which makes it another interesting
candidate as core of an LCF. However, due to the low viscosity of
water, 5 wt% gelatin had to be added to enable processability.
Finally, glycerol has been chosen because it is an abundant, non-
toxic viscous liquid with low vapor pressure and low thermal
expansion.

Table 2 lists the polymers used to produce LCFs. Polypropylene
(PP) and linear low-density polyethylene (LLDPE) are flexible, easy-
to-process polymers abundantly utilized for melt-spinning fibers.
Cycloolefin polymer (COP) and terpolymer of tetrafluoroethylene,
hexafluoropropylene, and vinylidene fluoride (THVP) are transpar-
ent polymers suitable to produce polymer optical fibers [39]. Poly-
olefin plastomer (POP) has been considered because it is a
thermoplastic polymer which is highly elastic (tensile elongation
at break of 850 % [40]). Polycaprolactone (PCL) is of interest due
to its low melting point (Table 2), but also due to its good
spinnability and suitability for biomedical applications [41].
Finally, the low-melting-point polyamide copolymer (CoPA) and
the high-melting-point polyamide 6 (PA6), have been chosen
because polyamides possess outstanding abrasion resistance and
high tenacity.
ined applying the standard DIN 53211 [38].

vider Viscosity @ 23 �C (cSt)

a-Aldrich (Buchs,
tzerland)

60

mann & Voss & Co. (Hamburg, Gemany) 265
a-Aldrich (Buchs,

tzerland)
<50

a-Aldrich (Buchs,
tzerland)

>500



Table 2
Polymers used to produce LCFs. The melting temperature, Tm, is provided by the
manufacturer. In the case of THVP, it is taken from a previous publication [42]. COP is
an amorphous polymer, with a glass transition temperature, Tg, of 102 �C [42].

Sheath
polymer

Product name Provider Tm (�C)

PP-1 Random PP copolymer
621P

Sabic Europe

(Sittard, The
Netherlands)

145

PP-2 Braskem PP
homopolymer HSP165G

Braskem Europe

(Weena, The
Netherlands)

155

LLDPE Dowlex SC 2107G Dow Chemical
(Midland, MI, USA)

250

COP Zeonor 1020R Zeon Europe GmbH

(Düsseldorf,
Germany)

amorphous

THVP THVP 2030GZ 3 M Deutschland
GmbH

(Seefeld, Germany)

130

POP Versify 4200 Dow Chemical
(Midland, MI, USA)

84

PCL CAPA 6500 Perstorp Holding AB.

(Malmö, Sweden)

58

CoPA Polyamide 6/12
copolymer Grilon CF 6 S

EMS-CHEMIE

(Domat/Ems,
Switzerland)

130

PA6 Grilon A26 EMS-CHEMIE

(Domat/Ems,
Switzerland)

222
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2.2. Processing of materials

Melt-spinning, in short requiring an extruder, a spin pack and a
fiber draw-down unit, was the method of choice to produce LCFs in
a continuous way, as schematically shown in Fig. 1. Dried polymer
granulate was fed from a hopper, then melt-extruded and pumped
into the spin pack, where a capillary injector, connected to a high-
Fig. 1. (a) Schematic drawing of the LCF coextrusion spinline with screw extruder, water
spin pack. By way of illustration, core liquid and sheath polymer are represented in gre

3

pressure liquid pump, forced a liquid into the pressurized polymer
melt just before the die exit. The melt strand with liquid core was
subsequently quenched in a water bath and finally stretched
between heated rollers (godets) and wound on a bobbin. More
details about the process can be found in a previous publication
[26].

Polymer extrusion was carried out on a 19 mm, 25 L/D single
screw extruder (Rheomex OS, Thermo Fisher Scientific, Germany).
The tip of the injector (Fig. 1c) consists of a capillary tube with
inner diameter of 0.7 mm and outer diameter of 1.1 mm. The diam-
eter of the spinneret capillary, Dcapillary, was chosen as 1.5 mm for
all spinning trials. Processing temperatures and pressures, melt
pump throughput, die exit to quenching water distance, number,
temperatures and rotating speeds of the godets, as well as winding
speed, were adapted to the respective polymer properties [26]. The
draw-down ratio (DDR), i.e. the ratio between winding speed, vw,
and die exit velocity, v0, have been estimated from melt through-
put, Tp (polymer), syringe pump throughput, Tl (liquid), and Dcapil-

lary as follows:

DDR ¼ vw

v0
ð1Þ
v0 ¼ 4 Tp þ Tl
� �

pDcapillary
2 ð2Þ

Assuming a round fiber with outer diameter, Dfiber, DDR can also
be calculated as follows:

DDR ¼ Dcapillary
2

Dfilament
2 ð3Þ
2.3. Physical properties

To study the fiber cross-section, the LCFs have been embedded
within fine cellulose fibers before cutting and examination. Optical
microscopy pictures were taken using a VHX-1000 (Keyence,
Mecheln, Belgium) system. Scanning electron microscopy (SEM)
was conducted on a Hitachi S-4800 SEM (Hitachi High-
Technologies, Krefeld, Germany). As prepared, the fiber samples
were coated with Au/Pd (5 nm) prior to analysis.
quenching and fiber take-up unit. (b) Mechanical drawing of the custom-made LCF
en and blue, respectively. (c) Blow-up of the LCF co-flow spinneret.
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Mechanical testing of the fibers was performed with the tensile
testing machine ZwickRoell Retroline Z100 (ZwickRoell, Ulm, Ger-
many). Load-strain curves were determined in reference to the
standard ASTM D 2256. Fiber tests were performed with a gauge
length of 50 mm using a constant rate of extension of 100 mm/
min. Ultimate elastic strength (in N) and ultimate elastic strain
(in percentage of the initial gauge length) were obtained by aver-
aging over five measurements.
2.4. Pressure transfer test

In order to prove the feasibility of LCF #9 (Table 4) to act as
microhydraulic pressure transmitter, a test setup consisting of
two identical, custom-made syringes and an in-between, single
LCF of defined length was prepared. The custom-made syringes
(Fig. 2a) comprise a cylindrical piston of 7 mm diameter within a
tightly fitting acrylic glass tube (barrel). The piston is attached to
a screw within a thread connected to the barrel, and thus can be
manually screwed in and out in a stepless manner. A 10-bar pres-
sure sensor (AG416-001MG-2-TP, Angst + Pfister, Zurich, Switzer-
land) is connected to the liquid container of the piston. Both cut
open ends of an LCF are fed through the open ends (sealed hollow
screws) of the two syringes, and the through-hole for the LCF is
sealed with epoxy.

For the pressure transfer test, the LCF were cut to a length
of � 1–10 m, and each cut fiber end was thread through the
epoxy-filled hole of a hollow screw. After curing of the epoxy,
the protruding fiber ends (Fig. 2b) were cut with a scalpel to
expose the liquid core. The custom-made syringes were filled with
ester oil (Table 1) to match the liquid of the fiber core. Lumogen
Red 305 (BASF SE, Ludwigshafen am Rhein, Germany) was added
to the liquid in a concentration of 0.1 wt% to enhance visibility.
The fiber holders were screwed into the syringes with PTFE sealing
rings. All the while great care was taken to avoid air inclusions in
the liquid.

The two thus prepared syringes (actuator and receiver) with in-
between LCF (�1–10 m) were initially pressurized up to 2 bar by
pushing the piston of the actuator syringe. After pressure equaliza-
tion, monitoring was started and the actuator pressure was
increased and manually maintained at 8 bar. When the pressure
of the liquid in the receiver syringe reached 7 bar, the actuator
pressure was reduced to 2 bar until the receiver pressure dropped
to 3 bar, whereupon the actuator pressure was again increased to
8 bar. This cycle was repeated at least four times.
Fig. 2. (a) Image of the custom-made syringe, consisting of a piston that precisely fits w
end of an LCF is connected leak-tight to the liquid reservoir within the syringe, and the p
within hollow screw, before cutting to expose the liquid core of the fiber.

4

2.5. Simulation details

In this study, a systematic set of simulations was carried out (i)
to determine the processing limits for developing LCFs, and (ii) to
understand the microfluidic co-flow mechanisms that control the
process. To achieve these goals, the co-flow extrusion die geometry
from the experiments was used as the basis (see Fig. 3), and some
of its characteristic dimensions were varied, i.e. the length of the
inner core L and the diameter of the die (outlet) capillary Dcapillary.
Benefitting from geometrical symmetry, a quarter of the 3D die
geometry was simulated by the multiphaseInterFoam solver in
OpenFOAM v8.0 [43]. This solver employs volume-of-fluid (VOF)
method over a discretized domain of finite volumes. VOF couples
stresses in two (or more) immiscible fluids by an interpolation of
their properties (such as viscosity and density) over a thin layer
at the interface [44], and has proven to be effective in microfluidic
studies [45].

The effects of processing parameters were studied by systemat-
ically changing the inlet flowrates of the polymer sheath and the
liquid core, see Table 3 for a comprehensive list of processing
and material parameters used in the simulations. The volumetric
flowrate ratio was consequently varied between 0.016 and 0.718.
It should be noted that this range was designed based on (i) the
application requirements of LCFs that must contain a certain min-
imum amount of the core liquid, and (ii) the processing require-
ments that must contain a certain minimum amount of the
polymer sheath to ensure processability. The inlet flowrates were
added to the simulations as constant boundary conditions. This
constant flowrates resemble the behavior of injection pumps oper-
ating at steady state. In some simulations, a sinusoidal oscillating
flowrate was used for the liquid core to mimic the behavior of a
fluctuating pump. A fluctuating (diaphragm) pump can deliver a
continuous flow of core liquid without interruption for refilling
as opposed to the injection pump. Thus, it is industrially appealing
provided that the (often fast) fluctuations do not lead to processing
instabilities and/or discontinuous core (i.e. dripping behavior). In
order to simulate such a configuration, cases were developed with
oscillation frequencies of f = 700 and1400 Hz, with the latter value
reproducing the fluctuation frequency of the diaphragm pump
used for respective experiments.

Material properties that control the microfluidic co-flow behav-
ior were also studied [46]. Particularly, the viscosity ratio of liquid
to polymer as well as their interfacial tension were altered. The
shear viscosity of the polymer was modeled by using the Cross
Power Law model lc ¼ l0

1þðm _cÞn with l0, m, and n set to 273 Pa�s,
ithin a cylindrical barrel, and is additionally sealed with an EPDM O-ring. The open
ressure of the liquid is monitored by an inserted sensor. (b) LCF embedded in epoxy



Fig. 3. Schematic representation of the simulated co-flow geometry. The die inlet dimensions are shown on the left. The dimensions L and Dcapillary were varied in different
simulations according to Table 3. Co-flow behavior was simulated in a quarter of the geometry by using symmetry conditions (gray areas).

Table 3
Summary of co-flow simulations and their rheological parameters.

Flowrate of
polymer sheath
Qc (mm3/s)

Flowrate of
liquid core
Qd (mm3/s)

Flowrate
ratio
Qd
Qc

Polymer
viscosity
lc(Pa�s)

Liquid viscosity
ld(Pa�s)

Viscosity ratio
ld/lc (� 10-5)

Interfacial tension
of polymer-liquid
c(mN/m)

Observed co-flow
behavior

Dcapillary = 1.0 mm, L = 1.0 mm
9.16 0.44 0.048 27.3 0.0095 34.80 20 stable
9.16 0.44 0.048 27.3 0.0095 34.80 144 dripping flow
9.16 0.44 0.048 273 0.0095 3.48 144 stable
9.16 0.44 (f = 700 Hz) 0.048 27.3 0.0095 34.80 20 stable
9.16 0.44 (f = 1400 Hz) 0.048 27.3 0.0095 34.80 20 stable
9.16 0.44 (f = 1400 Hz) 0.048 27.3 0.0095 34.80 144 dripping flow

27.47 0.44 0.016 273 0.0095 3.48 144 stable
27.47 0.44 0.016 27.3 0.0095 34.80 144 stable
27.47 6.58 0.239 273 0.0095 3.48 144 core expansion

Dcapillary = 1.0 mm, L = 6.0 mm
9.16 0.44 0.048 273 0.0095 3.48 144 stable
9.16 2.19 0.239 273 0.0095 3.48 144 stable

27.47 2.19 0.080 273 0.0095 3.48 144 stable
27.47 6.58 0.239 273 0.0095 3.48 72 stable
27.47 6.58 0.239 273 0.285 104.40 72 stable
27.47 6.58 0.239 273 1.9 695.97 72 stable
27.47 6.58 0.239 273 9.5 3479.85 72 stable
27.47 6.58 0.239 273 0.0095 3.48 144 stable
27.47 6.58 (f = 1400 Hz) 0.239 273 0.0095 3.48 72 stable

Dcapillary = 1.0 mm, L = 9.0 mm
9.16 0.44 0.048 273 0.0095 3.48 144 stable
9.16 0.44 (f = 1400 Hz) 0.048 273 0.0095 3.48 144 stable

27.47 0.44 0.016 273 0.0095 3.48 144 stable
Dcapillary = 1.5 mm, L = 6.0 mm

9.16 6.58 0.718 273 0.0095 3.48 72 core expansion
9.16 6.58 0.718 273 0.285 104.40 72 stable
9.16 6.58 0.718 273 1.9 695.97 72 stable
9.16 6.58 (f = 700 Hz) 0.718 273 0.0095 3.48 72 core expansion
9.16 6.58 (f = 1400 Hz) 0.718 273 0.0095 3.48 72 core expansion

27.47 6.58 0.239 273 0.0095 3.48 72 stable
27.47 6.58 0.239 273 0.285 104.40 72 stable
27.47 6.58 0.239 273 1.9 695.97 72 stable
27.47 6.58 (f = 700 Hz) 0.239 273 0.0095 3.48 72 stable
27.47 6.58 (f = 1400 Hz) 0.239 273 0.0095 3.48 72 stable
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0.001 s�1, and 0.5, respectively. These parameters represent the
typical flow behavior of common polymers used in melt extrusion
and spinning [47–49]. In some simulations, l0 was set to 27.3 Pa�s
in order to investigate the co-flow behavior when the sheath poly-
mer has a lower melt viscosity than commonly encountered in
industrial production. The liquid core was modeled as a Newtonian
fluid with a constant viscosity, ld, in the range of 0.0095–9.5 Pa�s,
which corresponds to the typical viscosities of fluids used as the
core in the melt-spinning process (Table 1). Consequently, their
viscosity ratio was varied between 3.48 � 10-5-3.48 � 10-2 cover-
5

ing three decades. Air was modeled as a Newtonian fluid with a
constant viscosity of 1.48 � 10-5 Pa�s. The densities of polymer, liq-
uid, and air were set to 910, 950, and 1 kg/m3, respectively.

The interfacial tension, c, between polymer and liquid was var-
ied between 20 and 144 mN/m to study the effects of this critical
parameter on the co-flow behavior. It is well known that high c
can promote breakup of the dispersed phase and lead to dripping
behavior [46]. Thus, this wide range of c allows to examine the
flexibility of the co-flow process in extreme cases. Finally, the
interfacial tensions of polymer-air and liquid–air interfaces were



Table 4
LCFs produced in this study. Core ratios are estimated from Tl and Tp, and DDR from Equations (1) and (2); core and fiber diameters were taken from optical microscopy cross-
sections (5 measurements), ultimate elastic strength and strain from the load–strain curves (5 measurements).

No. Sheath
polymer

Core liquid Throughput Core ratio
(vol%)

Winding
speed
vw (m/min)

Draw-down
ratio DDR

Core
diameter
(lm)

Fiber
diameter
(lm)

Ultimate
elastic
strength

(N)

Ultimate
elastic
strain (%)

liquid
Tl (ml/min)

polymer Tp
(ml/min)

1 PP-1 PEG 500 1.4 8.1 15 140 26 112 ± 6 297 ± 10 2.1 ± 0.1 31 ± 1
2 COP Glycerol 0.3 6.3 5 120 32 59 ± 14 267 ± 40 4.2 ± 0.2 5.6 ± 0.1
3 THVP Glycerol 2.0 6.6 23 45 9 245 ± 28 497 ± 21 4.4 ± 0.7 421 ± 27
4 PCL Gelatin solution 1.0 6.0 14 10 3 307 ± 27 855 ± 24 4.8 ± 0.6 4.5 ± 0.7
5 POP Ester oil 1.5 6.6 19 60 13 170 ± 16 408 ± 19 0.8 ± 0.1 42 ± 2
6 PP-2 Ester oil 2.0 6.0 25 100 22 155 ± 12 319 ± 26 9.8 ± 0.6 21 ± 1
7 LLDPE Ester oil 2.0 6.0 25 100 22 161 ± 12 324 ± 8 7.2 ± 0.2 21 ± 1
8 CoPA Ester oil 1.0 6.6 13 80 19 116 ± 6 333 ± 4 26 ± 1 28 ± 2
9 PA6 Ester oil 2.5 10.5 19 65 9 221 ± 6 501 ± 7 4.4 ± 0.2 5.3 ± 0.4
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both set to 72 mN/m [50]. Although this value describes the pure
water–air interfaces, it was noticed in preliminary simulations that
it does not influence the results significantly.

The simulations were initialized by flowing the polymer into
the geometry until it reached steady state, which was achieved
by simulating � 1–2 s of real time. Afterward, the flow of the liquid
core was started until it reached steady state, which was achieved
by simulating � 1–4 s of real time. In all cases, the steady state was
achieved when the changes in velocity profiles near the die exit
(i.e. before entering the air-filled cylinder) and near the geometry
exit (i.e. near the end of the air-filled cylinder) became insignifi-
cant. These transient simulations were performed by using Euler’s
method with a maximum time step of 5 ls. The time step was
dynamically modified during the simulations to maintain a Cour-
ant number smaller than 1.
Fig. 4. Cac and Wed calculated from the simulations (markers) compared with the
approximate domains of different co-flow regimes from literature (colored areas),
see Nunes et al. [46] and the references within.
3. Results and discussion

3.1. Microfluidic co-flow behavior

Microfluidic co-flow behavior is controlled by (i) the microflu-
idic geometry, (ii) the flow parameters, and (iii) the fluid properties
[46,51]. These factors can be represented by Capillary number of
the outer (continuous) phase, Cac ¼ lcUc

c , and Weber number of

the inner (dispersed) phase, Wed ¼ qdddU
2
d

c , in which Uc and Ud are

the flow speeds of the continuous and dispersed phases respec-
tively, qd is the density of the dispersed phase, and dd is the char-
acteristic diameter of the dispersed phase. Variations of these
numbers lead to different co-flow behaviors including dripping
regime, jetting regime, and transition from dripping to jetting
[46]. While the dripping behavior results in the formation of dis-
persed droplets of the inner phase, a continuous thread of the inner
phase can be stabilized in the jetting regime by increasing its flow-
rate [52]. This latter scenario is particularly interesting for the
development of melt-spun LCFs.

Cac and Wed were calculated in all of the simulations to com-
pare their co-flow behavior with the literature, see Fig. 4. Approx-
imate domains of different co-flow regimes in a microfluidic
coaxial geometry are added to Fig. 4 from the data compilation
published in the review paper by Nunes et al. [46]. Most of the sim-
ulated cases, including those that copy the experimental coextru-
sion conditions applied in this work, fall in the jetting regime
and show a stable co-flow for a wide range of material combina-
tions and processing conditions. On the other hand, a few simula-
tion cases with extreme conditions (i.e. unrealistic for industrial
coextrusion purposes) fall in the transition regime. These cases
all led to dripping behavior as also summarized in Table 3. As a
6

result, melt-spinning of LCFs is theoretically a versatile approach.
This stable co-flow behavior is mainly achieved owing to the fast
processing speeds and the high polymer (sheath) viscosity. In com-
parison with theory, the experimental results also confirm that a
continuous liquid core can be injected into a melt-spun polymer
fiber in most cases studied.

It should be noted here that an important distinction between
theory and practice is the instability of co-flow in the startup phase
of the process. In some simulations that fall in the jetting regime,
the liquid core shows dimensional instabilities (expansion) due
to a sudden pressure release at the die exit, which destabilizes
the jetting flow. At this point, the fiber might break and a continu-
ous process may not be achieved. These cases are noted in Table 3.
In such simulations, a stable co-flow eventually emerges in steady
state. To avoid this problem in experiments, flow of the liquid core
was started first, and the sheath polymer was delivered subse-
quently. In this order, it was possible to initialize a continuous
coextrusion process in all cases. In extreme cases, expansion along
with large mismatch of core and sheath flowrates can lead to the
dripping flow behavior (Fig. 5).
3.2. Production and applicability of liquid-core fibers

In order to prove the versatility of the unique coextrusion pro-
cess, a variety of thermoplastic polymers with different suitable
liquids has been combined. A selection of successfully melt-spun
LCFs is presented in Table 4, together with processing parameters



Fig. 5. Representative dripping behavior of polymer-liquid co-flow at different times t0 to t4: (t0) start of liquid core flow, (t1) dimensional instability (expansion) of the liquid
core, (t2-t4) dripping flow.
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and dimensional properties. However, melt-spinning is a very chal-
lenging process with rather narrow processing windows. Process-
ability is further complicated by the injection of a liquid into the
polymer melt. In consequence, DDR, which defines the fineness
of a fiber at a given throughput, cannot be chosen at will, but has
to be evaluated in order to find a stable processing condition. Both,
DDR and throughput of core liquid and sheath polymer, need to be
within a certain range to prevent spinning instabilities [26]. In
addition, depending on the toughness of the sheath polymer, the
volume percent of the core liquid cannot exceed a certain value.
The highest value ever achieved with this technique so far was
25 vol%.

The required melt-processing temperatures of the polymers
ranged from 90 �C (PCL) to 240 �C (PA6), and the resulting spin-
neret pressures ranged between 38 and 127 bar. In some cases,
the resulting core and fiber cross-sections undulate considerably
(Table 4), which can be explained by the occurrence of draw reso-
nance, which can result from periodic oscillations of melt velocity,
cross-section area and spinline tension [26]. As it has been proven
elsewhere [34], much finer liquid-core fibers (Ø < 50 lm) could be
produced at 1000 m a minute when quenching the fiber in air
instead of water. However, such fine fibers are much more difficult
to manipulate, which is the reason why only LCFs quenched in a
water bath have been considered.

Under axial deformation, most unoriented or partially oriented
polymer fibers experience a transition from elastic to plastic defor-
mation at the so-called yield point (local maxima) in the load–
strain curve [26]. Since deformation is irreversible after passing
the yield point, the latter represents ultimate elastic strength and
strain (Table 4).

SEM was utilized to illustrate cross-sections of the LCFs pro-
duced (Fig. 6). The liquid core has evaporated due to the partial
vacuum in the SEM sample chamber, revealing hollow fiber tips
(with the exception of LCF #7). The fine membrane in the core of
LCF #4 most probably is remaining gelatin after evaporation of
water. Eccentricity of the core can be explained by small tolerances
in centering of the injector capillary, while out-of-roundness and
striations in the sheath stem from cutting of the fibers.

Each LCF presented in Table 4 has unique applications, which
will briefly be addressed here. PEG, a non-toxic, organic phase
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change material with high latent enthalpy [53], was utilized to pre-
pare a fiber (LCF #1) with phase change properties, where the PP
sheath serves as flexible supporting material. The effectiveness of
such an approach has been proven elsewhere [54].

Substituting the solid core of a polymer optical fiber (POF) with
a transparent liquid yielded luminescent waveguides with
improved mechanical robustness [55]. To this end, glycerol, having
a refractive index (RI) of 1.47, has been coextruded with COP
(RI = 1.53) and THVP (RI = 1.35). Since total internal reflection
requires a sheath with lower RI, the glycerol-COP core-sheath fiber
(LCF #2) expectedly showed very high attenuation, while the
liquid-filled THVP fiber (LCF #3) is a good candidate for highly flex-
ible POFs [55].

For medical applications, in particular for drug delivery sys-
tems, a water containing LCF might be of high interest. For this
purpose, PCL has been chosen as sheath polymer. Since PCL could
be melt-processed at � 90 �C, the evaporation of water during
coextrusion was prevented. To improve processability, 5 % gelatin
has been added to distilled water in order to increase the viscosity
of the core liquid (LCF #4).

Microhydraulic applications require a non-compressible, non-
corrosive synthetic oil with low vapor pressure and high thermal
stability. Therefore, it has been decided to coextrude a complex
ester oil (Synative ES 3345, Table 1) with a variety of thermoplastic
polymers (Table 2). Polyolefins are excellent sheathing materials
since they are lightweight (density < 1 g/cm3) and chemically resis-
tant. POP was utilized for melt-spinning an LCF (#5) due to its high
extensibility, resulting in extraordinary flexibility of the fiber. PP
and LLDPE, on the other hand, yielded polyolefinic LCFs (#6 and
#7, respectively) with considerably higher stiffness compared to
POP, which prevents bulging when the core liquid is pressurized.

In contrast to polyolefins, the outstanding toughness of polya-
mides enables applications in harsh conditions. When softness of
the sheath is favored, CoPA can be considered (LCF #8), while
PA6 is an excellent choice for microhydraulic applications that
ask for robustness and reliability (LCF #9). The latter fiber has thus
been elected to perform hydraulic tests that prove its respective
practicality (Section 3.3).

To exemplarily measure diameter uniformity of LCF #9 during
production, the two axis diameter measuring device Zumbach



Fig. 6. Exemplary SEM cross-section images of all LCFs presented in this study (the fine surrounding fibers have been used for LCF embedding to facilitate cutting). #1: PEG
core with PP sheath; #2: glycerol core with COP sheath; #3: glycerol core with THVP sheath; #4: gelatin solution core with PCL sheath; #5: ester oil core with POP sheath; #6:
ester oil core with PP sheath; #7: ester oil core with LLDPE sheath; #8: ester oil core with CoPA sheath; #9: ester oil core with PA6 sheath.

R. Hufenus, J. Hofmann and A. Gooneie Materials & Design 222 (2022) 111077
ODAC 18XY (Zumbach Electronic AG, Orpund, Switzerland) was
installed before the last godet (Fig. 1). As can be seen in Fig. 7,
the uniformity of the melt-spun fiber is excellent, with deviations
from the mean diameter ranging at � 1 %.

3.3. Microhydraulic properties of the selected liquid-core fiber

Microhydraulic properties of the exemplary fiber LCF #9 were
tested by a pressure transfer test as described before. In these
experiments, the fiber is fixed between two syringes that apply
and measure pressure at the two ends of the fibers. Representative
Fig. 7. (a) Diameter of LCF #9 measured online during melt-spinning over a period of 10 m
positive (X) and negative (Y) values, respectively. The inset displays a blow-up of the X a
Microscopic image depicting cross-sections of a bundle of LCFs #9 (out-of-roundness an
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results of such experiments on two fibers with 1.14 and 9.57 m
lengths are shown in Fig. 8. In one measurement cycle, the actuator
syringe applies a sudden pressure of 8 bars on one end of the fiber
and the receiver syringe measures the pressure respond at the
other end. After the pressure at the receiver reaches 7 bars, the
applied pressure is abruptly reduced to 2 bars and again the pres-
sure relaxation is measured by the receiver syringe. This cycle was
repeated at least 3 times for each fiber. At first, it is clear that the
response of the fibers to an applied pressure is a reversible process.
This is particularly important in certain force-sensing applications
that require the fiber to preserve its performance after repeated
in. For better visibility, the results of the two axis (X/Y) measurement are plotted as
xis for the first minute. The resolution of the diameter measurement was 5 lm. (b)
d striations in the sheath stem from cutting of the fibers).



Fig. 8. Repeated cycles of input pressure on LCF #9, with a length of (a) 1.14 m and (b) 9.57 m, by the actuator syringe (blue line) and the output pressure read by the receiver
syringe (green line). The response of the fiber is modeled by a combination of Kelvin-Voigt (for creep) and Maxwell (for relaxation) viscoelastic models (red dashed line).
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actuation cycles. Moreover, the results show that the pressure at
the receiver changes gradually over time, which can be described
by a simple viscoelastic model. During the high-pressure stage
(8 bars), the creeping pressure increase follows a Kelvin-Voigt
behavior [56]. The pressure relaxation stage (2 bars), on the other
hand, is best described by a Maxwell model [56]. A possible expla-
nation for the gradual change of pressure can be the expansion of
the sheath polymer under the internal pressure of the liquid core
[57]. This behavior relaxes the pressure buildup along the fiber
length and hence results in a respective gradual pressure buildup
at the receiver syringe. A similar mechanism affects the pressure
relaxation stage.

The average response time of the fibers with varying length (be-
tween 1 and 10 m) to actuation were estimated from the relaxation
times of the Kelvin-Voigt (sK) and Maxwell (sM) viscoelastic mod-
els, see Table 5 and Fig. 9. The fitted relaxation times both follow a
linear behavior with the fiber length. This supports the earlier
hypothesis that the elastic stretching of the polymer sheath
induced the time-dependent pressure at the receiver syringe.
Another interesting observation relates to the offset of the relax-
ation times at vanishing fiber lengths. Both fitted lines coincide
Table 5
Relaxation times of Kelvin-Voigt (sK) and Maxwell (sM) models for different lengths of
LCF #9. The errors are calculated from sequential pressure cycles for each fiber.

Length (m) sK (s) sM (s)

1.14 23.7 ± 3.9 18.7 ± 0.4
1.75 16.4 ± 0.3 13.2 ± 0.9
2.07 34.0 ± 1.4 27.5 ± 0.3
3.74 35.8 ± 1.2 28.5 ± 0.3
5.73 62.8 ± 2.4 51.0 ± 1.5
7.73 95.1 ± 1.2 79.3 ± 1.2
9.57 105.7 ± 3.8 77.1 ± 1.7
9.75 111.1 ± 1.4 92.1 ± 1.2
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at an offset relaxation time of. s = 4.4�s This offset is ascribed to
the response time of the syringes in the pressure transfer setup.

With regard to possible applications, enabling adaptive stiffness
control with LCF technology could improve the locomotion capa-
bilities of soft robots in complex environments, for example, (i)
in perching on vertical substrates, where tuning body and tail stiff-
ness is critical [58], (ii) in the transition from water to land, where
the same robotic limb must function as both a flipper in the water
Fig. 9. Relaxation times of Kelvin-Voigt (sK) and Maxwell (sM) models as a function
of different lengths of LCF #9. The error bars are calculated from sequential pressure
cycles for each fiber and are multiplied by a factor of 5 for better visibility. The lines
show the best fits to the data, and their offset is shown by the green marker at.
s0 = 4.4�s.
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and a load bearing leg on land [59], (iii) when traversing over soft
substrates or granular media [60], or (iv) during undulatory move-
ments such as swimming (actuating air pressure of 0.8–1.2 bar)
[6,24]. Furthermore, the tail is emerging as an important appen-
dage in numerous locomotion modes such as the aforementioned
perching [58], but also during object traversal [12] and mid-air
reorientation [13,61]. The ability to tune the tail stiffness to the
environment would therefore enable a wide variety of different
locomotion modes while only adding a single appendage to the
robot.
4. Conclusions

Due to capillary resistance, filling fine hollow fibers within rea-
sonable time can only be achieved with fibers of limited length. To
overcome this bottleneck, a unique co-extrusion line to produce
fine polymeric fibers with a continuous liquid core has been devel-
oped. Based on the principle of bicomponent spinning [27], a
microfluidic extrusion process to melt-spin kilometer-long LCFs
that are filled during production has been designed. The liquid is
injected under high pressure through a capillary and meets the
molten polymer within a co-flow channel before exiting the spin-
neret. The resulting fiber can be quenched, drawn and wound like
regular melt-spun fibers.

To determine the processing limits of melt-spinning LCFs, a
comprehensive set of numeric simulations has been performed. It
has been found that with the implemented co-flow spinneret
design, the choice of polymer-liquid combinations examined, and
the process parameters applied, the process falls in the jetting
regime. This co-flow regime, which results from fast processing
speeds and high polymer viscosity, assures a continuous, uniform
and centered liquid core within a stable polymeric sheath.

An intriguing application aimed for is soft robotics, where
pressure-resistant LCFs could form a net of microhydraulic ele-
ments, embedded in various forms and shapes with restricted
available space, actuated by powerful external pumps. This would
be beneficial since LCFs can be embedded in flexible structures that
deform in a predefined way when the fluid is pressurized. In order
to prove the feasibility of the LCFs for force transmission in micro-
hydraulics, pressure transfer tests on different lengths (up to 10 m)
of an exemplary oil-filled polyamide fiber have been applied. The
results show that co-extruded, melt-spun LCFs can transmit forces
over extended lengths in a reversible and reliable way, and thus
have the potential to refine microhydraulic structures. Further
tests mimicking specific applications in soft robotics are suggested.
Pressure range, fiber and size of the pump’s reservoir are key
parameters influencing the pressure transmitter’s characteristics.
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