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Electrocoiling-guided printing of multiscale architectures at
single-wavelength resolution

An electrically assisted coiling jet-based technique is introduced
to print nanofibers with programmable patterns. Using this
approach, we can swiftly switch filament patterns, enhancing
the pattern resolution down to the micrometer range.
Centimeter-sized architectures constructed from the
programmable fiber can be completed in a few minutes.
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The rope coiling observed in liquid ink with high viscosity has been exploited in additive printing to fabri-
cate architectures with periodically curled structures and tune their mechanical properties. However, the
control over the coiling path relying on mechanical motion restricts the spatiotemporal resolution. We de-
velop an electrically assisted high-resolution technique to manipulate coiling paths of viscous ink and
structures of the deposited filament. By spatially programming the voltage applied onto the viscous ink, we
show that the switching between different filament structures can be accomplished at single wavelength
resolution, facilitating the rapid and accurate construction of sophisticated patterns. Furthermore, transla-
tional guiding of the electrocoiling enables rapid printing of filaments with complex structures at a line
speed of 102 mm s L. With a simplified trajectory of the printing head, large-area and multiscale patterns
can be printed at an unprecedented speed; for instance, centimeter-sized architectures constructed from
nanofibers with micron-sized curled structures can be completed in a few minutes. By enabling the print-
ing of complex fiber networks with tunable shape and density, our work provides a route towards custom-
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Introduction

In Nature, many objects have developed multiscale structures
that give rise to materials properties adapted to the natural
environment." ™ For example, numerous vascular plants con-
tain curled components that enhance their stretchability, effi-
ciency in transporting water and nutrients, and seed
dispersal;s‘8 these include lotus roots, tendrils of bitter
melon, and leaves of passion fruits and banana.” In micro-
organisms such as bacteria, flagella also possess helical
parts that facilitate their locomotion.® Inspired by these nat-
ural objects, artificial fabrics, actuators and sensors have
adopted curled and porous components to give them unique
properties.”®'%* Large networks assembled from curled fil-
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design of fiber architectures with unique features such as spatially varying mechanical properties.

aments exhibit properties such as negative Poisson ratios,**
tunable elasticity and ultra-stretchability,>® which are differ-
ent from networks with straight filaments.”*° These attri-
butes of networks composed of curled filaments are useful
for applications such as strain sensors, filtration membranes
and tissue scaffolds.>***3!

When a large network with curly components is needed,
direct extrusion-based printing that allows programmable
printing paths is preferred as a fabrication approach.**7*
However, the printing efficiency is reduced with increasing
length of the printing paths, which in turn increases with
curliness of the networks. To remove the need to match the
printing path to the desired network, independent trigger and
control of the ink jet to coil have been introduced. Like an
elastic rope, a slender viscous jet can bend and rotate steadily,
when it falls on a solid substrate.** *® When combined with a
linearly-translating substrate, the coiling jet has been
exploited to print curled filaments as templates into patterns,
including meanders, alternating loops and translated
coils.>*>**™*¢ By simplifying the printing paths from curled
lines to straight lines, the total length of the moving path is
reduced, speeding up the fabrication process. Moreover, the
printing speed and accuracy are no longer hampered by
acceleration-and-deceleration of the nozzle when making
turns. The consequent enhancement in the printing efficiency
is particularly significant for networks that consist of fila-
ments with a high degree of curliness.
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Although the rope coiling effect has shown its potential in
printing large-scale curled patterns, its wider use is restricted
by the challenge to fabricate these patterns with high-
resolution in a programmable and controlled manner. In or-
der to control the filament patterns, current approaches still
exploit the mechanical movements of the printing platform,
for example changing the nozzle-to-substrate distance or the
velocity of the moving substrate.*>***”>° These mechanical
movements with vibrations and residual motions lead to
undesired patterns, especially when the changes in the print-
ing paths are fast and frequent, deteriorating the integrity
and functionality of the resultant networks. Moreover, these
defects are pronounced for high-resolution fabrication at
scales below the micron range. Thus, new methods to im-
prove the precision and quality are still in great demand.

Electro-coiling, by which liquid coiling is assisted by elec-
trically charging the liquid jet, has been recently introduced
and studied.>*” In this paper, we further develop the electro-
coiling method for scalable generation of complex patterns
and structures at single-wavelength-resolution. The key idea
is to precisely program the coiling by electric pulses at 10
kHz resolution, resulting in instant and seamless switching
of curled patterns. We elucidate the effect of the applied volt-
age on the jet morphology and resultant networks. The
gained understanding allows the programmable printing of
sophisticated micropatterns from tunable curled nanofibers.
As demonstrated in this work, electro-coiling-based printing
creates new opportunities to custom-design fiber patterns
with multiple structures and tunable diameters. This ap-
proach can be extended to print multi-phase fibers, which ex-
hibit great potential to achieve delivery of active ingredients
from the patterns.

Experimental section

The printing system consists of an ink delivery system, a high
electric field generator and a programmable 3-axis XYZ trans-
lation stage (Wisequick, China). The precursor ink stored in
syringes is delivered using a syringe pump (Cetoni, Germany)
at a constant flow rate to an extruding nozzle via a segment
of micro-tubing (Scientific Commodities Inc. USA). The ink is
charged when passing through the nozzle with a high-voltage
power amplifier (Trek, USA) coupled with a signal generator
(RIGOL Technologies Inc. USA). Below the metallic nozzle, a
piece of indium tin oxide (ITO)-coated glass is used as the
ground electrode and the substrate to collect the printed fila-
ments. The substrate is placed on a programmable 3-axis
XYZ translation stage for constraining its movement to de-
sired trajectories. The fastest translation speed we used for
the linear translation stage is 200 mm s '. In our experi-
ments, we also use a rotation stage (magnetic stirrer, IKA,
USA) to control the movement of the substrate. The typical
moving speed for the rotation stage is in the range of 314-
628 mm s " at about 1 cm away from the center of rotation.
To print the micro-sized filament with a single phase, we
use 17-19 wt% polycaprolactone (PCL) (CapaTM 6500,
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Persorp)-in-chloroform solutions as ink precursors. The noz-
zle size employed is 500 um and the nozzle-to-substrate dis-
tance is 4 mm. To fabricate the nano-sized filament with a
single phase, 10-16 wt% PCL-in-chloroform solution is dis-
pensed from a 30 pm nozzle at a distance of 2 mm from the
substrate. The 30 pm nozzle is fabricated from a tapered
glass capillary (World Precision Instruments, Inc.) with an
inserted metallic wire. To print the core-shell filament, we
use 21 wt% PCL-in-chloroform solution as the shell ink and
50 wt% polyethylene glycol (PEG) (Mn = 200, Shanghai Alad-
din Bio-Chem Technology, China) containing 1 mg ml™* Rho-
damine 6G (Shanghai Aladdin Bio-Chem Technology, China)
as the core ink.

To analyse the release rate of the encapsulated ingredients
(Rhodamine 6G), we use a microplate reader (SpectraMax
id3, Molecular devices, USA) to read the intensity of the fluo-
rescence signal in the solution. The sample is prepared as a
fiber network of a size of 4 cm x 4 em with a thread count of
20 threads per centimetre (TPC), which is constructed with
the core-shell filament. During the testing, the sample is sep-
arated and transferred to a release medium (3 ml pure water)
in a controlled time interval.

To demonstrate the printing of a customized structure of
the fiber network, we first map the desired structure into a
grayscale picture. For instance, we use white (grayscale = 255)
to represent translated coiling filaments that have a length
ratio of 6, dark gray (grayscale = 26) to represent meandering
filaments that have a length ratio of 1.5, and black (grayscale
= 0) to represent straight filaments that have a length ratio of
1. Then, we use a MATLAB code to read the grayscale value
in each pixel along the printing trajectory. After acquiring an
array of grayscale values, we map it into the electric signal
according to the calibrated relationship between the fiber
patterns and the applied voltage. The transferred electric sig-
nal is then read into a LabVIEW programme, exported
through a digital to analog converter and amplified using a
high-voltage power amplifier. In this manner, the customized
structure can be converted into a grayscale map, which can
be subsequently printed.

Results and discussion

Using the electro-coiling method, electrical charging can trig-
ger and manipulate the coiling of viscous jets, as shown in
Fig. 1. Without an applied voltage, the viscous ink forms a
millimeter-sized meniscus at the nozzle and then flows to-
wards the substrate to form a liquid filament connecting the
meniscus and the nozzle, as shown in Fig. 1a. If the substrate
is translated, the jet is dragged to form a straight filament or
bead-on-a-string pattern on the substrate, depending on the
translation velocity V;, as shown in Fig. 1b.

When the applied voltage is increased to 2.3 kv, the liquid
surface is deformed by a sufficiently large electric stress,
resulting in a cone-shaped meniscus. The semi-vertical angle
of the liquid cone increases from 15° to 25° with increasing
voltage from 2.3 kV to 3.0 kv, as shown in Fig. 1a. In the
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Fig. 1 Electrical coiling of a viscous jet. (a) A viscous liquid jet falls onto a static substrate with an applied voltage of 0 kV, 2.3 kV, 2.6 kV, 2.8 kV &
3.0 kV, respectively; a is the semi-vertical cone angle. (b) A viscous liquid jet falls onto a translated platform with a translation velocity V. The lig-
uid jets show various patterns, including beads-on-a-string, straight lines, meanders, alternating loops and translated coils.

electro-coiling regime, the diameter of the liquid jet can de-
crease ten-fold in comparison with that of the uncharged jet.
Due to mass conservation, the velocity of the liquid
approaching the substrate must increase significantly from
about 1 mm s™* without charging to around 500 mm s™ at
an applied voltage of 3 kV. When the liquid jet hits the sub-
strate at such a high velocity, a compressive stress which oc-
curs due to the obstruction of the static substrate forces the
liquid jet to coil.***"** As the applied voltage is further in-
creased, the jet diameter decreases while the coiling fre-
quency increases.

When a coiling jet is dispensed onto a linearly translated
substrate, the rotating jet draws periodic filament patterns,
as shown in Fig. 1b. Since the coiling frequency and velocity
can be tuned by changing the applied voltage, the pattern of
the filaments can be varied between straight lines, meander-
ing curves, alternating loops and translated coils conve-
niently. Upon further increase in the applied voltage, the
translated filament will lose its periodicity and become cha-
otic due to the instability caused by the repulsion between ex-
cessive electric charges on the filament surface, as shown in
Fig. S1.t°* The formation of filaments with chaotic patterns
is beyond our discussion here.

In addition to the filament patterns, the diameter of the
curled filament can be easily tuned by varying the applied
voltage. It decreases from around one hundred micrometers
to tens of micrometers when the applied voltage increases
from 2.1 kV to 3.0 kV. By adjusting the concentration of the
polymer in liquid inks as well as the nozzle diameter, the size
of the polymer fiber can be further reduced to the nanometer
scale in the same range of applied voltage, as shown in the
scanning electron microscopy (SEM) images in Fig. 1b and
Fig. S2a.f This printing approach is also general and can be
applied to not only PCL but also other materials such as
poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA),
as shown in Fig. 2.

This journal is © The Royal Society of Chemistry 2019

To characterize the patterns of the curled filament, we de-
fine the length ratio, 4, which is the ratio between the arc
length of the filament, S, and the wavelength of the pattern
laid on the substrate, L, as shown in Fig. 3a. This length ra-
tio, /, is approximately equal to the velocity ratio between the
coiling jet V. and the platform V;,, if V. > Vp.45 Since V. and
V, are independent (Fig. 3b), and V, can be effectively tuned
by changing the applied voltage (Fig. 3c), the agreement be-
tween the measured A and predicted value by V./V,, shows
that we can tune / by adjusting the applied voltage (Fig. 3d).
In agreement with previous studies,*” patterns of straight
lines, meanders, alternating loops and translated coils nearly
correspond to A =1,1 <1 < 1.8, 1.7 < 4 < 3 and 2.3 < J, re-
spectively (Fig. 3e). Thus, both the 1 and filament shapes can
be controlled by varying the applied voltage U and the veloc-
ity of the platform V,,.

The fast and seamless switching among the different pat-
terns is key to diversifying the structure of the printed fila-
ments and thus the mechanical properties of the constructed
fiber network. Tuning either V. or V;, can result in pattern
switching. To compare the effectiveness of the two ap-
proaches, we measure the transitional length of the filament

a Poly(lactic acid) (PLA)
500_|.|m 500_um SMm
b Poly(lactic-co-glycolic acid) (PLGA) Q/»
100_um 100_pm 100_pr_n

Fig. 2 Optical microscopy image of filaments of (a) poly(lactic acid)
(PLA) and (b) poly(lactic-co-glycolic acid) (PLGA).
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Fig. 3 (a) Optical microscopy image of a printed filament. The length ratio 1 is defined as the ratio of arclength S to wavelength L. (b) V. as a

function of the velocity of the platform V,,. The fitted dashed line with a slope of —0.06 indicates that V. is independent of V.. (c) Jet velocity as a
function of the applied electric stress. V, = 100 mm s, (d) 4 as a function of voltage for several V,, values. Each color corresponds to a different V,
value. Red: V,, = 50 mm s%; black: V, = 100 mm s*; blue: V,, = 150 mm s™*. Dots are measured /, while the dashed lines are the predicted length
ratios based on the calibrated V. from (c). (e) A state diagram of the filament patterns as a function of the length ratio and applied electric stress.
Each color corresponds to a different filament pattern. Red: translated coils; green: alternating loops; blue: meanders; grey: straight lines. Each
symbol corresponds to a different dielectric constant and flow rate. Square: dielectric constant, ¢ = 4.8 and flow rate, Q = 1 ml h™%; diamond: ¢ =
48andQ =05mlh? circle:e=6.9and Q =1 mlh™%; triangle: e =9.1and Q=1 mlh ™%,

between the patterns before and after complete switching.
For the approach of tuning V,, we fix U = 2.8 kV, and curled
filaments with 1 = 3 and 4 = 1.5 occur at V;, = 100 mm s and
200 mm s ', respectively. It takes about a filament length of
30 mm to complete the transition, for the substrate with a
uniform acceleration of around 500 mm s Instead of
changing V., as we vary U from 2.8 kV to 2.3 kV at V,, = 100
mm s, the change in patterns is completed within one cycle
of coiling, which has a period of around 7 ms, with a corre-
sponding filament length of 0.7 mm. Experimentally, the
transitional filament length and transition time observed can

a
W“NVWWAANVVvaM

b o

C

be as low as 20 um and of 0 (10™* s), respectively (Fig. S2bt).
Based on our results, sequential changes in the filament pat-
terns through varying the applied voltage and thus the
coiling frequency can be achieved almost seamlessly, as
shown in Fig. 3a-c and S2b.f Therefore, tuning the applied
voltage is significantly more effective than tuning the velocity
of the substrate.

The fast switching between patterns is important for en-
suring the accuracy of the printed patterns, especially when
frequent switching is needed. To illustrate this, we print a fi-
ber with alternating segments of translated coiling filaments
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Fig. 4 The switching of the filament patterns. By changing the applied voltage, filament patterns can be switched from (a) meanders to
alternating loops, (b) alternating loops to translated coils and (c) meanders to translated coils. Segmented filament printed by (d) tuning the
velocity of the platform V,, and (e) changing the applied voltage U. Scale bars are 500 um.
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Fig. 5 Fiber networks are printed by depositing fibers line-by-line. (a) Control of the coverage through varying the gap distance between two
neighbouring print paths (grey dashed lines) when depositing the straight filament (black lines) or through varying the length ratio of the deposited
curled filament (red line). (b) Printing time as a function of the target coverage through depositing the straight filament (black dots) and curled
filament (red dots), respectively. V, = 50 mm s (c) Coverage as a function of the length ratio 1 of the constituent filaments. All the filaments have
similar diameter, which is around 100 um. Coverage of the ink (d) and structure of the fiber network (e) changes with the applied voltage U. The
fiber networks constructed from curled filaments show periodic repeating units of pores that are marked in green. The constituent filaments are

marked in red. Scale bars are 500 pm.

(4 = 3) and meandering filaments (/1 = 1.5) by setting V}, = 100
mm s ' and V,, = 200 mm s, respectively. Each segment has
a length of 8 mm, sequentially. When V|, alternates every
8 mm, the resultant filaments change between translated
coiling with 42 = 12 and 1 = 6, without achieving the meander-
ing shape (Fig. 4d). The significant mismatch between the
designed and printed patterns is caused by the difference in
the observed and the target platform velocities, as shown in
Fig. S3.7 In comparison, by applying a square wave of voltage
from 2.8 kV to 2.3 kV, the pattern of the resultant filament
rapidly switches from translated coiling (1 = 3) to meandering
(4 = 2), as shown in Fig. 4e. Therefore, fast switching by vary-
ing the applied voltage enhances the accuracy of printing
with multiple segments of fiber patterns.

In conventional printing, straight fibers are often woven to
form a network. The surface coverage, which is defined as the
fraction of covered substrate area after depositing ink mate-
rials, is associated with the performance of the architected ma-
terial, such as permeability. It is essential to evaluate the print-
ing speed when a higher coverage is required. To evaluate the
printing speed enhanced by directly extruding the coiling fila-
ment, we print networks with coverage values between 20%
and 60% by depositing straight and curled filaments, respec-
tively, and then measure the time spent in fabricating a fiber
network with a size of 40 mm by 40 mm. Conventionally,
using the straight fiber as the constituent filament, the cover-
age is normally controlled by designing a suitable gap distance

This journal is © The Royal Society of Chemistry 2019

between two neighbouring print paths. By contrast, with direct
deposition of the curled filament, the coverage can be varied
by tuning 4 of the coiling filament, as shown in Fig. 5a. While
both approaches achieve similar coverage, our experimental re-
sults (Fig. 5b) clearly demonstrate that directly using the
curled filament as the constituent filament can save time due
to the simplification of the print path. As the filament diame-
ters are kept constant, desired coverage can be achieved by
controlling 4 of the curled filament, since the coverage in-
creases linearly with 1 due to mass conservation (Fig. 5c¢). To
spatially vary the local coverage of the ink in different parts of
architected materials, 4 has to change quickly and precisely. As
frequent change in the flow rate of the ink is not applicable,
the electro-coiling method offers an approach to vary the cov-
erage through tuning the applied voltage. In the case of apply-
ing a constant flow rate, although the fiber width decreases
with increasing applied voltage, the measured coverage im-
proves due to the rapid increase in fiber length, as shown in
Fig. 5d.

Directly depositing the curled filament enhances the print-
ing speed not only in the case of achieving high coverage but
also in the printing of periodic porous structures. Without
frequently accelerating and decelerating to adjust the curled
print path, porous structures can be printed by directly de-
positing the curled filament line by line. The structures of
the fiber network can be varied by changing the applied volt-
age, as shown in Fig. 5e.

Lab Chip, 2019, 19, 1953-1960 | 1957
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Enabled by the fast switching of the filament patterns
through changing the applied voltage, a well-defined fiber
network with spatially heterogeneous structures is achieved.
Complex microstructures can be woven by combining seg-
ments of filaments with controllable patterns or by splicing
various fiber meshes together, as shown in Fig. 6a and b. Fur-
thermore, sophisticated fiber structures with single-
wavelength resolution can be conveniently printed using dif-
ferent fiber patterns by applying a translated electric signal
to charge the ink, as shown in Fig. 6c. The change in the fi-
ber pattern is achieved merely by adjusting applied voltages,
using a single nozzle without changing the ink formulation
or flow rate under constant translation velocity. As such, the
structure of the printed fiber network follows the spatial dis-
tribution of the electric voltages accurately.

To print a customized structure of the fiber network, we
can first map the structure into the spatial distribution of the
electric signal according to the calibrated relationship be-
tween the fiber patterns and applied voltage. Then, based on
the moving route of the platform, the electric signal in the
time domain can be translated to different filament patterns.
Hence, using this electro-coiling printing approach, the net-
work structures can be programmed via the profile of the ap-
plied voltage, similar to that in a regular printer.

View Article Online
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Besides a single-phase fiber pattern, the method can be
extended to print multi-phase fibers through modification of
the nozzle. For instance, using a coaxial needle, we can en-
capsulate aqueous droplets inside a shell material for encap-
sulation of aqueous active ingredients. To demonstrate this,
we encapsulate a model fluorescent active ingredient, Rhoda-
mine 6G, within our patterned fibers, whose morphology can
be manipulated by tuning the flow rates of the fluorescent in-
ner phase. At high flow rates, core-shell fibers with a contin-
uous thread of the inner phase are fabricated, as shown in
Fig. 7a, while fibers with droplets of the inner phase are
formed at low flow rates, as shown in Fig. 7b.

The release process of the dye is shown in Fig. 7c. The rel-
ative fluorescence intensity is measured every 1 minute, right
after separating and transferring our core-shell fiber from
one tube with 3 ml water into another.

Conclusions

The ability to design and rapidly fabricate materials with
complex and accurate patterns is crucial for diversifying the
function of the created architectures. In this work, we dem-
onstrate an electrically assisted technique for fabricating
complicated microstructures at single-wavelength resolution
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Fig. 6 The structures of the fiber network are designed by programming voltages along the printing paths. (a) Square waves are applied to vary
the filament patterns between alternating loops and translated coils. (b) Slices of four different structures are printed by a stair-up wave (3 stairs).
(c) Pictures of a tree are printed by applying the corresponding transformed electric signal to outline the objects by different filament patterns.

Black scale bars are 500 pm. White scale bars are 20 mm.
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Fig. 7 Release of an aqueous dye from core-shell fibers printed using our technique. Inside the core-shell fiber, the core liquid phase of a
polyethylene glycol (PEG) solution contains a fluorescent dye. (a) Fluorescence microscopy images of the compound jet formed at a core phase
flow rate of 400 pul h™* and the corresponding release profile of the dye; (b) fluorescence microscopy images of a core-shell fiber with the dye
solution encapsulated in the form of droplets at a core phase flow rate of 100 ul h™ and the corresponding release profile of the dye. White scale
bars are 500 um, and black scale bars are 100 um. (c) Photograph of a 4 cm x 4 cm fiber network consisting of core-shell fibers with dye solution
encapsulated and the corresponding release profile. To test the release of the dye, the fiber network is transferred to a new tube with 3 ml water

every 1 minute.

from a coiling inkjet. Different filament structures, including
straight lines, meanders, alternating loops and translated
coils, can be controllably fabricated by manipulating the ap-
plied voltage onto the inkjet. Using the electro-coiling
method, the switching in filament patterns is significantly ac-
celerated. The transitional length of the filament can be re-
duced to micrometers. The fast and seamless switching be-
tween different curled nanofibers using one nozzle enables
rapid and accurate construction of sophisticated fiber net-
works. Furthermore, our techniques can be conveniently
adopted for printing single-phase and multiple-phase compli-
ant fiber patterns, which are promising for encapsulating
and releasing active ingredients. Hence, our work provides a
route towards custom-design of fiber architectures with spa-
tially addressable mechanical properties.
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