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High-Tensile Strength, Composite Bijels through 
Microfluidic Twisting

Shankar P. Kharal, Robert P. Hesketh, and Martin F. Haase*

Rope making is a millennia old technique to collectively assemble numerous 
weak filaments into flexible and high tensile strength bundles. However, deli-
cate soft matter fibers lack the robustness to be twisted into bundles by means 
of mechanical rope making tools. Here, weak microfibers with tensile strengths 
of a few kilopascals are combined into ropes via microfluidic twisting. This is 
demonstrated for recently introduced fibers made of bicontinuous interfacially 
jammed emulsion gels (bijels). Bijels show promising applications in use as 
membranes, microreactors, energy and healthcare materials, but their low ten-
sile strength make reinforcement strategies imperative. Hydrodynamic twisting 
allows to produce continuous bijel fiber bundles of controllable architecture. 
Modelling the fluid flow field reveals the bundle geometry dependence on a 
subtle force balance composed of rotational and translational shear stresses. 
Moreover, combining multiple bijel fibers of different compositions enables the 
introduction of polymeric support fibers to raise the tensile strength to tens of 
megapascals, while simultaneously preserving the liquid like properties of the 
bijel fibers for transport applications. Hydrodynamic twisting shows potentials 
to enable the combination of a wide range of materials resulting in composites 
with features greater than the sum of their parts.
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helices can be assembled by entropy,[1,2] 
molecular chirality,[3–5] DNA origami and 
vapor deposition techniques,[6,7] helices 
made of larger fibers can be obtained for 
example via the liquid rope coiling effect.[8,9]

Forming higher order helices or bundles 
with multiple fibers combines the proper-
ties of the individual fibers collectively. As 
a result, textile bundles show high tensile 
strength as well as high bending flexibility.[10] 
Traditionally, ropes are fabricated by attaching 
the ends of multiple filaments to rotating 
tools, which twist these around each other.[11] 
This millennia old technique continuous to 
be applied for the bundling of electrospun 
nanofibers into microropes.[12] Simultaneous 
nanofiber extrusion and bundling has been 
realized by either rotating fiber collection 
substrates, or rotating fiber extrusion noz-
zles.[13,14] However, bundle collection follows 
a batch protocol with limitations on the final 
bundle length. Moreover, the techniques are 
not applicable to delicate fiber materials that 
break easily upon mechanical load.

Here, we introduce an in situ technique to continuously 
twist fibers into bundles in a single step fashion. Our technique 
relies on applying well defined hydrodynamic shear stresses 
and can be applied to combine fibers with different material 
properties. To illustrate this principle, we show that twisting 
delicate soft matter fibers around a central support fiber results 
in high-tensile strength composite bundles.

We demonstrate hydrodynamic twisting for the bundling of 
fibers made of bicontinuous interfacially jammed emulsion gels 
(bijels)[15–17] formed by Solvent Transfer Induced Phase Separa-
tion (STrIPS).[18,19] Bijels are a class of materials with potential 
applications as catalytic microreactors,[20–22] energy storage mate-
rials,[23,24] separation membranes,[25] tissue engineering scaf-
folds,[26] and food products.[27] However, their low mechanical 
strength currently limits their wide application potentials.[28,25] 
Twisting bijel fibers into bundles introduces a versatile reinforce-
ment strategy with manifold potentials. We analyze the hydro-
dynamic stresses during twisting and discover a subtle balance 
between axial and rotational forces. Controlling these allows for 
the formation of microropes with adjustable geometry.

2. Results

To obtain bijel fiber helices, a coaxial extrusion device is employed 
(Figure  1a). The device is composed of four glass capillaries 

1. Introduction

Helices are ubiquitous structures in nature and technology. Their 
significance lies in their space saving configuration with impor-
tance both for macroscopic objects such as compact helical stair-
cases, and for molecules such as the double helix of DNA with 
high genetic information density. While molecular or colloidal 

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. This is an open access article under the terms of the 
Creative Commons Attribution-NonCommercial License, which permits 
use, distribution and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial purposes.
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centered in a larger outer capillary (see the Supporting Infor-
mation for detailed schematics of microfluidic device). Water is 
pumped through the outer capillary by means of a syringe pump. 
Four parallel fibers are obtained by flowing a ternary liquid 
mixture composed of oil (diethylphthalate or ethylene glycol 
dimethacrylate), ethanol, water, silica nanoparticles and cetyltri-
methylammonium bromide (CTAB) under a pressure of 400 kPa 
through the four glass capillaries into the water stream.

Upon contacting the water stream, the ternary liquid mixture 
rapidly turns into a viscoelastic fiber, a process termed Solvent 
Transfer Induced Phase Separation (STrIPS).[18] In brief, ethanol 
diffuses from the ternary liquid mixture into the surrounding 
water. The rapid loss of ethanol causes water and diethylphtha-
late (DEP) to phase separate.

During STrIPS, CTAB modified nanoparticles accumulate on 
the interface between DEP and water, rigidifying the interface 
by jamming. The resulting structure is named bicontinuous 
interfacially jammed emulsion gel (short bijel).[15] The bijel is 
composed of a bicontinuous oil/water channel network and 
stabilized by a percolating film of nanoparticles.[16,17]

Bijel fibers are twisted into a helix by rotating the larger 
capillary around its own axis via a DC motor (Figure  1b). The 
rotating capillary is mounted in a polydimethoxysilane (PDMS) 
bearing to facilitate leak proof operation. Smooth rotation in the 
PDMS bearing is possible because of the lubrication provided 
by a coating of tridecafluoro-2-(tridecafluorohexyl)decyl trichlo-
rosilane on the outer capillary, inhibiting bonding between the 
glass surface and the PDMS bearing. Figure 1c shows a micro-
graph time series of fiber extrusion and helix formation upon 
outer capillary wall rotation (Video S1, Supporting Information).

Twisting of fibers begins near the extrusion nozzles immedi-
ately after the rotation has been initiated. After 1 rotation of the 
outer cylinder the fibers have twisted half a period around the 
central axis (indicated by arrows). With the second wall rotation 

completed the fibers have twisted a full period around the cen-
tral axis. This trend continues with each wall rotation adding 
another half period. Simultaneously, the fiber bundle becomes 
tighter indicated by a decreasing pitch length (horizontal length 
of a full twist): At 1 wall rotation the pitch length is 4.4 mm, 
at 2 wall rotations 2.0 mm, and at 4 wall rotations it reaches a 
steady state value of 1.4 mm (see the Supporting Information).

As expected, the rotational speed (revolutions per minutes) 
controls how tight the bundle is twisted. Figure  2ai shows 
micrographs of steady state bundles at different rpm, constant 
water flow rate Qw of 0.8 mL min−1 and ternary mixture pres-
sure of 400 kPa (Video S2, Supporting Information). The 
bundle “tightness” is quantified by the helix angle α as depicted 
in Figure 2aii. The helix angle α can be determined by meas-
uring the radius of the bundle and the helix pitch (repetition 
length) from the micrographs (see the Supporting Informa-
tion). Increasing from 1390 to 3000 rpm results in a linear 
increase of α from 10° to 27° (Figure 2aii).

Interestingly, the bundle geometry also depends on the 
water flow rate. Figure  2bi shows micrographs of steady 
state fiber bundles at different Qw, constant rpm of 3000 and 
ternary mixture pressure of 400 kPa (Video S3, Supporting 
Information). The bundles become progressively tighter with 
decreasing Qw. The helix angle α decreases linearly from 37° at 
0.5 mL min−1 to 18° at 1 mL min−1 (Figure 2bii).

3. Discussion

Our results show that the bundle tightness depends on two 
control parameters: (i) rpm, and (ii) Qw. This indicates a bal-
ance between forces in rotational and in flow direction. In the 
following, we approximate the forces acting on the fiber bundle 
based on a hydrodynamic model.

Figure 1.  Principle of in situ hydrodynamic twisting. a) Schematics of the microfluidic device. A combination of capillaries with square and round cross-
sections and different sizes are interdigitated and sealed with glue. A gear is connected to the rightmost capillary to allow for rotation. b) Schematics 
of bijel fiber helix formation upon activating the rotation of the outer channel wall. c) Micrograph time series of helix formation upon initiation of the 
wall rotation at 1900 rpm for a water flow rate of 1 mL min−1. Each micrograph has three numbers on the left, representing (top to bottom) i) time in 
milliseconds, ii) number of wall rotations, iii) number of fibers twisted around the central axis. The arrows indicate half period (upward arrow) and full 
period (downward arrow) of the twisting for one selected fiber. All scale bars are 0.5 mm.
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The flow space for the water around the bundle is approxi-
mated as a cylindrical annulus (Figure 2c). In this model, the 
outer wall rotates uniformly with angular velocity ω2 around 
the axis of a centered cylinder. The centered cylinder approxi-
mates the shape of the bundle, which itself rotates with angular 
velocity ω1 and translates with velocity U. The bundle surface 
velocities U can be determined by measuring the movement of 
irregularities on the fiber surface via high speed video-micros-
copy (see the Supporting Information). Two Navier-Stokes 
Equations (NSE) are solved to calculate velocity (vz(r), vθ(r)) 
and shear stress profiles (τrz(r), τrθ(r)) around the bundle (see 
the Supporting Information and Figure  2c). The shear stress 
ratio | 1r Rτ θ / | 1rz Rτ  is defined to approximate the forces on the 
bundle surface. In Figure 2d the helix angle α is plotted against 

| 1r Rτ θ / | 1rz Rτ .
The dependence of α on the shear stress ratio is approxi-

mately linear in the studied range and shows the combined 
effect of the hydrodynamic forces. Interestingly, for all experi-
ments, | 1r Rτ θ / | 1rz Rτ  is always smaller than 0.2, indicating that 
hydrodynamic forces in axial direction dominate over the rota-
tional shear stresses. When | 1r Rτ θ / | 1rz Rτ  is gradually increased 
from 0.05 to 0.18, α increases from 10° to 37°.

An alternative representation of the shear stress ratio is given 
by the angle β, which represents the direction of the resulting 
vector with the components | 1r Rτ θ  and | 1rz Rτ . A plot of α against 
β is shown in the inset of Figure  2d. The slope of this linear 
dependence can be interpreted as the resistance of the fibers 
against twisting, which is likely a function of the fiber bending 

modulus, as well as the packing constraints in the bundle. 
However, additional experimental research probing the depend-
ence of the slope on the fiber material properties is needed to 
develop an analytical prediction.

To probe the impact of inertial forces we calculate the Reyn-
olds numbers for the water around the fibers in rotational (Reθ) 
and translational (ReZ) directions (see the Supporting Informa-
tion). For our experiments with bundles made of 4 fibers Reθ 
ranges from 20 – 45, and ReZ ranges from 10 – 23. The ratio 
Reθ/ReZ increases from 1 to 4 when the helix angle increases 
from 10 – 38°. These calculations confirm laminar flow in 
both directions and that inertial effects are larger in rotational 
direction.

The flow rate of the ternary mixture Qt is controlled by the 
pressure. All experiments are performed at a pressure of 400 kPa.  
For lower pressures periodic fiber pinch-off occurs due to fiber 
yielding, while for higher pressures nonuniform fiber extrusion 
takes place.[24] It is possible to increase Qt and still extrude uni-
form fibers, but then also Qw needs to be increased to maintain 
enough shear stress. However, in order to obtain significant 
twist angles an increase of Qw requires an increase of the rpm. 
The simultaneous increase of Qt, Qw, and rpm increases the 
bundle extrusion speed at a constant bundle size.

At the constant pressure of 400 kPa for the ternary mixture, 
stable bundles can be obtained within a range of Qw from 0.5 to 
1.0 mL min−1. Outside of this range 3 distinct phenomena are 
observed: (i) clogging of the extrusion capillary by the solidi-
fying ternary mixture (Qw  < 0.5 mL min−1), (ii) pinch-off of 

Figure 2.  Hydrodynamic study of steady state bundles. ai) Micrographs for different rotational speeds (rpm) at constant water flow rate of 0.8 mL min−1,  
aii) helix angle measurements. bi) Micrographs for different water flow rates at 3000 rpm, bii) helix angle measurement, all scale bars are 0.5 mm. The 
lines in the diagrams of (a) and (b) are drawn to guide the eye. c) 3D depiction of bijel bundle in flow channel with arrows indicating flow direction of 
water and rotation direction of outer wall and cylindrical annulus geometry used to approximate fiber bundle in channel for hydrodynamic calculations. 
d) Measurements of the helix angle α plotted against calculated values for the shear stress ratio /1

1
r R rz R

τ τθ . Error bars correspond to the standard 
deviation of 5 measurements. The inset shows a schematic of the angle β and the variation of α with respect to β.
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individual fibers (Qw > 1 mL min−1), (iii) loose bundle formation 
for low rpm values. Figure SI22 in the Supporting Information 
depicts these operational limits graphically.

The control over hydrodynamic forces allows for the forma-
tion of bundles with defined geometries. In the following, we 
introduce material applications based on extending the bundle 
geometry and features.

Up to 7 fibers can be twisted into a single bundle with the 
capillary combinations employed here. To this end, a desired 
number of extrusion capillaries (50 µm nozzle diameter) are 
positioned within the outer tube (0.8 mm inner diameter, see 
the Supporting Information for details of assembly). Figure 3a 
illustrates the nozzle configuration and twisting process of 
bundles made with 3, 4, 5, and 7 fibers (Video S4, Supporting 
Information).

The nozzle positioning controls the bundle organiza-
tion. With 3 and 4 nozzles, extrusion takes place at the same 
radial position. As a result, the fibers twist uniformly around 
each other. However, for 5 and 7 nozzles the fibers are twisted 
around one central fiber as illustrated in Figure 3a.

Continuous collection of bundles is realized by submerging 
the outlet of the microfluidic device into a rotating water filled 
container (Figure 3b). Solid fiber bundles can be obtained after 
polymerization by UV-light of bijels with acrylic monomers 
as the oil phase (e.g., butanedioldiacrylate). Scanning electron 
microscopy shows the bundle geometry and the asymmetric 
internal fiber structure (Figure 3c).

Feeding the extrusion nozzles with separate liquid casting 
mixtures enables the formation of composite bijel fiber bun-
dles. We demonstrate this by introducing two fluorescent dyes 
(Nile Red and Coumarin 6) into different bijel casting mixtures. 

The polymerized bundles made of fiber strands containing dif-
ferent dyes are visualized with a confocal laser scanning micro-
scope operated in dual channel mode (channel 1: 500–550 nm, 
channel 2: >630 nm). Figure 4a shows confocal laser scanning 
micrographs of various composite bijel fiber bundles. As noted 
earlier, bundles formed with 2, 3, and 4 extrusion nozzles 
contain exclusively twisted fibers. In contrast, with 5 extru-
sion nozzles the central fiber remains untwisted. This unique 
architecture enables the formation of high-tensile strength 
bijel fiber bundles by selective polymerization as shown in the 
following.

Selective polymerization is carried out while twisting 4 fibers 
made of diethylphthalate around a central fiber containing 
monomer and photoinitiator (ethylene glycol dimethacrylate 
and 2-hydroxy-2-methylpropiophenone). UV-light irradiation 
polymerizes only the central fiber, while the 4 twisted fibers 
remain liquid (Figure 4b). Unlike unpolymerized bundles, the 
polymer/liquid fiber composite can be picked up with twee-
zers without breaking. We mount this composite in a tensile 
tester and record the stress vs. strain curve. The original stress-
strain curves are non-linear due to straightening of the curved 
bundle during the experiment. However, after straightening, 
the bundles elongate linearly. The linear parts of 3 averaged and 
rescaled stress-extension measurements are shown in Figure 4c 
(see the Supporting Information for details). An average tensile 
strength of 20 ± 3.1 MPa is found, which is roughly 4000 times 
higher than that of the liquid bijel fibers.[28] The average elastic 
modulus amounts to 1.1 ± 0.4 GPa, reflecting the stiff nature 
of the highly cross-linked poly(ethylene glycol dimethacrylate).

While the unpolymerized liquid twisted fibers remain 
fragile, the polymerized central fiber acts as a backbone for 

Figure 3.  Fabrication of bundles with variable numbers of fibers. a) Left: Schematics showing radial positions for different numbers of extrusion noz-
zles. Middle: Corresponding micrographs of bundles with 3, 4, 5, and 7 fibers at 3000 rpm and 0.8 mL min−1 water flow rate (scale bar: 0.5 mm). Right: 
3D schematics of cross-sectional and side views of fiber bundles with 3, 4, 5, and 7 fibers. b) Photograph of a bundle exiting the microfluidic device 
into a rotating water filled vial (scale bar: 1 cm). c) Scanning electron microscopy, i): Side views of bundles with 2, 3, and 4 fibers (scale bar: 0.1 mm). 
ii): Cross sectional view of a bundle (scale bar: 0.05 mm).
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the unpolymerized twisted fibers. Our tensile strength meas-
urement captures only the mechanical strength of the central 
fiber since the contribution of the twisted fibers to the tensile 
strength is negligible. Measuring the stress-extension of a 
single polymerized fiber shows the same magnitude of ten-
sile strength as the composite bundle (13 ± 3 MPa, Figure 4c). 
The slightly lower tensile strength of the individual fiber 
is related to differences in the initial ternary mixture used 
for fiber extrusion, resulting in a lower connectivity of the 
polymerized domains within the internal structure of the 
fiber.

During mechanically demanding applications of the com-
posite bijel fiber bundle, the polymerized central fiber will 
uptake the main load, with minimal mechanical stress and 
deformation of the 4 twisted liquid bijel fibers. This configu-
ration is advantageous, because it allows to exploit the liquid 
like properties of the unpolymerized bijel fibers with poten-
tials in fluid transport and biphasic catalysis, while simultane-
ously providing the high mechanical strengths of a polymeric 
material.

Our experimental work includes the mechanical tests for 
a bundle with one centered polymerized fiber and 4 twisted 
fibers at a fixed helix angle α of 42°. Since the central fiber 
provides the main mechanical support, changing α or the 
number of unpolymerized fibers does not significantly affect 
the tensile strength. The diameter of the central polymerized 
fiber will change the absolute force needed for breaking, but 
not the cross-sectional area normalized tensile strength. The 
main control parameter to change the tensile strength is the 
composition of the ternary mixture used to generate the central 

polymerized fiber. The ternary composition affects the intercon-
nectivity of the polymerized domains within the central fiber 
as shown in our previous study.[18] However, more experimental 
research is needed to understand the mechanical properties of 
the composite bundles in dependence of the ternary mixture 
composition.

4. Conclusion

In conclusion, we have introduced microfluidic in-situ twisting 
to generate bijel fiber bundles. We demonstrate the control of 
geometrical features of the bundles based on balancing hydro-
dynamic stresses in rotational and translational directions. The 
microfluidic twisting method can produce bundles with pitch 
lengths from 500 to 2400 µm and helix angles from 10° to 36°. 
Microscopic bundles at a rate of 5.6 cm3 h−1 can be produced 
with our device, but higher rates are possible when increasing 
feed pressure and rotational speed. Our method is suitable for 
soft fibers with elastic moduli below 1 MPa and yield strengths 
ranging from hundreds of Pa to MPa. Microfluidic twisting is 
applicable to fibers made of bijels, reconfigurable printed liq-
uids,[29] hydrogels,[30] capillary suspensions,[31] high-internal 
phase emulsions or colloidal gels.[32] Selective polymerization 
allows for the formation of high-tensile strength composite 
bundles. In future work, microfluidic twisting can be used to 
combine fibers with different mechanical properties, chemical 
compositions and building blocks to generate multi-functional 
composite bundles with enhanced mechanical, transport, and 
catalytic properties.

Figure 4.  Composite bundles and tensile strength measurement: a) Fluorescence confocal laser scanning micrographs of bundles made of 2, 3, 4 and 
5 fibers with fibers colored in magenta dyed with Nile red, and fibers in green dyed with Coumarin 6 (scale bars: 0.1 mm). b) Schematics of selective 
polymerization of the central fiber in a bundle with 5 fibers. c) Tensile strength measurement of a bundle with 1 central polymerized fiber and 4 unpo-
lymerized twisted fibers (top) and individual polymerized fiber (bottom).

Adv. Funct. Mater. 2020, 2003555
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