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Electrohydrodynamic direct-writing

YongAn Huang,” Ningbin Bu, Yongging Duan, Yangiao Pan, Huimin Liu,
Zhouping Yin* and Youlun Xiong

The electrohydrodynamic (EHD) direct-writing technique can be used to print solid/liquid straight/
serpentine nanofibers onto a large-area substrate, in a direct, continuous, and controllable manner. It is
a high-efficiency and cost-effective solution-processable technique to satisfy increasing demands of
large-area micro/nano-manufacturing. It is ground-breaking to direct-write sub-100 nm fibers on a
rigid/flexible substrate using organic materials. A comprehensive review is presented on the research
and developments related to the EHD direct-writing technique and print heads. Many developments
have been presented to improve the controllability of the electrospun fibers to form high-resolution
patterns and devices. EHD direct-writing is characterized by its non-contact, additive and reproducible
processing, high resolution, and compatibility with organic materials. It combines dip-pen, inkjet, and
electrospinning by providing the feasibility of controllable electrospinning for sub-100 nm
nanofabrication, and overcomes the drawbacks of conventional electron-beam lithography, which is

www.rsc.org/nanoscale

Introduction

Organic materials can offer a low-cost alternative for printed
and flexible electronics, such as flexible displays, electronic skin
and large-area sensors." Fabrication of these systems must
exploit the differences, such as process simplicity, cost-effec-
tiveness and environmental friendiness, and noncompatibility
with high temperature processes, compared with traditional
inorganic electronics, if they are to become commercially viable.
Expensive and complicated multistep lithography processes
may be avoided because they will damage organic materials and
flexible substrates. Inkjet printing is an attractive method for
producing electronic devices, on account of its minimal waste
generation and efficient handling of expensive materials. A
number of inkjet printers based on different actuation mecha-
nisms, like thermal, piezoelectric and aerosol, etc. are
commercialized and widely used in the electronic industry,
however, the droplet size is usually 1.89 times larger than the
nozzle diameter.” It leads to various intrinsic problems of nozzle
blockage by high viscosity solution, overheating of organic
materials and limited resolution in these existing printing
devices, therefore a new direct-writing process based on elec-
trohydrodynamics is the focal point of research.

The EHD direct-writing process pulls the fluids rather than
pushes them like conventional inkjet printing processes; thus it
offers a unique feature of generating a sub-100 nm jet or
droplet, even smaller than one thousandth of the nozzle
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relatively slow, complicated and expensive.

orifice.*»* EHD direct-writing is characterized by its high reso-
lution, non-contact, additive and reproducible processing,
and compatibility with high concentration organic/polymer
solutions, and capability of depositing fibers onto silicon or
polymer substrates directly.>® It is rooted in traditional elec-
trospinning, which, as an electrostatic fiber fabrication tech-
nique, has evinced increasing interest and attention, due to its
versatility for producing ultra-thin fibers of nearly one hundred
different materials, with diameters ranging from several
micrometers down to a few nanometers."*'* The traditional
electrospinning process is restricted to applications without
the requirement of orderly patterns, because the chaotic nature
of electrospinning seems incompatible with the patterned
devices. A great deal of effort has been made in direct-writing
isolated electrospun fibers, significantly expanding to the
fabrication of micro/nano-devices, including electronic
components and sacrificial or masking structures for nano-
fabrication purposes. For instance, positioned electrospun
fibers act as physical biomimetic structures within lab-on-a-
chip applications," conductive nanofibers in field-effect tran-
sistors," a nanowire electronic device,"*** a sacrificial layer for
nanochannel fabrication,"”* and micro/nanofiber-shaped
electronic devices."”*®* Recently, considerable improvements
have been made in the controllability on the positioning and
morphology of fibers, to generate more elaborate micro/nano-
structures.”?*® EHD direct-writing simplifies the technique
process, improves device performance, and reduces the fabri-
cation cost. We are expecting this review to pave the way for
fabrication of high performance organic electronics in a cost-
effective and ingenious nanomanufacturing.
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Development of electrospinning

A standard electrospinning system is simple in terms of appa-
ratus, while the physics of the process is extremely complex. A
hemispherical liquid drop at the tip of a capillary will be dis-
torted into a Taylor cone and form a liquid jet in the presence of
an external electric field** or centrifugal force,”** and the
electrified jet involves the rapid stretching and rapid solidifi-
cation. The jet extends initially in a straight line for a certain
distance, then suffers a catastrophic bending instability, fol-
lowed by a looping and spiraling path with increasing circum-
ference.”* The formation of nanofibers is determined by
operating parameters:"?****” (1) Material factors: molecular
weight,”® concentration,**® viscosity,* conductivity, permittivity
surface tension, and the substrate surface. (2) Process factors:
needle-to-collector distance,>*?® nozzle layout,* auxiliary elec-
trodes,* applied voltage,>**** flow rate, and velocity of
collector.***3? (3) Circumstance factors: humidity,*® temperature
air,* or viscosity of liquid.*

The evolution of electrospinning experiences approximately
four stages, as shown in Fig. 1: traditional electrospinning for
fabrication of nonwoven nanofibers, electrospinning with
assisted-electrode or dynamic collector for fiber assembly,*
near-field electrospinning (NFES) with the capability of posi-
tioning the electrospun nanofibers,® and mechano-electro-
spinning (MES) for positioning the electrospun nanofibers and
tuning the morphology of the nanofibers in one step.** Tradi-
tional electrospinning deposits fibers in a random nonwoven
mat, making it impossible to produce single-fiber devices.
Electrospinning with auxiliary electrodes*® or a dynamic
mechanical collector,**® however, just aligns fibers, unable to
control a single fiber. It is significant to manipulate a single
fiber to fabricate structures and devices on the micro/nano-

View Article Online

scale. The controllability gradually increases, which leads elec-
trospinning from disordered fiber-fabrication to high-control-
lable direct-writing technology.

It is ground-breaking to increase the controllability of a
single fibre by reducing needle-to-collector distance % from
more than 10 cm to less than 1 cm. It becomes possible to
control and manipulate a single electrospun fiber, including
position, shape and morphology of the single fiber. / plays a
critical role in determining the dynamic behavior of flying fibers
and the fiber morphology.?®** Here, we classify electrospinning
into far-field electrospinning (4 > Ageraight * Awhipping 1), medium-
field electrospinning (seraight < 7 < Aseraight + Awhipping 1) and
near-field electrospinning (% < Agraighe) (Fig. 2), and the differ-
ences are listed in Table 1. In far-field electrospinning, an
applied voltage of 10-50 kV is usually adopted between the
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Fig. 2 (a) Standard electrospinning (far-field electrospinning) to fabricate a
nonwoven mat. (b) Near-field electrospinning to direct-write fibers. (c) Medium-
field electrospinning to deposit wavy structures.

| Fiber Fabrication | | Fiber Assembly | | Fiber Direct-writing | ’

Digital Printing |

b

Development of Electrospinning

W b

Field-induced
Electrospinning

Traditional
Electrospinning

X %

Stable jet

First bending
" instability
Power supply
/ e 7

/ $ ~/- Collector

A e NG e
Second bending
instability

aluminum foil

Near-field
Electrospinning

S —%> o L

Mechano-
Electrospinning

®

» Nan&ibe ®
&»-‘-&_&_‘\ o

o ® 1+
Pi‘]lar 10um_

& =

—Probe Tip) High
High Voltage
Volisee ) Soluion
— Polymer
) Solution
1 ——Liquid Jet
h Liquid Jet
Vottctor
__L_ Collector __r Collector

Fig. 1 Development of electrospinning: from fiber fabrication to digital EHD direct-writing.
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Table 1  Electrospinning with different nozzle-to-collector distances

View Article Online

Distance

Features Applications

Far field electrospinning™® about =10 cm

Medium field electrospinning®® about 1-10 cm

4,8,16,32,41-43

Near field electrospinning’ about =1 cm

nozzle and the collector, however, NFES only needs 0.6-3 kV.
The morphologies of electrospun fibers range from fiber to
ribbon according to the degree of solidification, through
adjusting the needle-to-collector distance. It combines dip-pen,
inkjet, and electrospinning by providing feasibile controllable
electrospinning for sub-100 nm nanofabrication.

Rstraighe 1 the length of the stable segment of the electro-
spinning jet. It is difficult to determine precisely, since there are
so many influences, including the flow rate Q, the surface
charge o, the jet radius r, the dimensionless conductivity %, the
applied electric field E or applied voltage @, and the current /
passing through the jet, surface tension v, capillary radius «,
the electrical permittivity x, and so on. He et al. gave the critical

akQ® ( (mkpEN?? L\ .,
as hstraight = P22 (( 200Q —Tn 2)a

Higuera introduced three dimensionless numbers to study the
stable length in numerical work, which are the capillary

uQ kP>

— the electrical Bond number Bo = ——, and
Yo yo

length number

number Ca =

. . . . . ko .
a dimensionless time ratio Ti :’u—."* Riboux et al. show
K7y

experimentally that Ageaigne decreases with the capillary
number and a dimensionless time ratio, and increases with
the electrical Bond number. During direct-writing, the
applied voltage is usually and easily adopted to tune the
jetting behavior.*® Awnhipping 1 i the length of the first
instability, however there is not currently a specific
approach to determine it. Polymer melts can be electro-
statically drawn over relatively large distances while main-
taining a straight jet path.*®

Assembling of far-field electrospinning

Far-field electrospinning, namely conventional electrospinning,
is usually utilized to produce nanofiber. It cannot be considered
as an EHD direct-writing technique, since it is not capable of
positioning with the condition of a large nozzle-to-collector
distance. However, it may be desirable to deposit the nonwoven
film in a particular pattern, by dynamic mechanical collectors
and electrostatic auxiliary electrodes to assemble continuous
nanofibers.> Additionally, a nonwoven film is able to be
patterned by a photolithographic process,* microcontact

This journal is © The Royal Society of Chemistry 2013

e Chaotic fibers
o Buckling instability
e Solid fiber

e Nonwoven mat

¢ Tissue engineering

e Energy generation

e Biosensors

e Serpentine structures
e Fractal structures

e Stretchable electronics
e Straight line

e Lattices

e PZT energy harvest

e Small channel fabrication

e Low positionability

¢ Bending instability

e Solid fiber

e High positionability

e Low voltage

e Solid fiber or fluid ribbon

printing® and transfer printing.*® These lithography-assisted
methods may open a cost-effective and high-throughput
method for flexible/stretchable electronics fabrication.

(1) Aligned yarn collected by employing dynamic mechanical
collector. This idea has been manifested in various ways, ranging
from rotating wheels to rotating drums to produce parallel
fibers**” or cross fibers.*® Several researchers have shown that it
is possible to obtain aligned fibres by using a rotating
collector.*>*® A disc collector is adopted to collect the nanofiber
on the wheel's edge in a parallel manner.* Highly aligned fibres
can be fabricated by attaching a rotatable table on the edge of the
disc. However, it is unable to retain high fiber alignment at the
same rotating speed when the deposited fibres are thicker. There
are many other dynamic mechanical collectors, such as parallel
electrodes, rotating wire drum collectors, a drum collector with
wire wound on the surface and an array of counter-electrodes.*

(2) Orderly fibers assembled via tunable electrodes. Since the
electrostatic charges are distributed along the electrospinning
jet, an external electric field can be used to control the jet by
auxiliary electrodes with different shapes and positions. A ring
between the electrospinning tip and the grounded sample was
adopted as an auxiliary electrode to control the electrospinning
jet.”® It can suppress the chaotic whipping mode, thereby
focusing the characteristic spot size of the deposited fibers to a
smaller diameter.” Multi-electrodes can align the electrospun
fibers. Two steel blades along a straight line and with a specific
gap are used to create a fiber bundle made of highly aligned
nanofibers.> The electrodes can also be placed parallel with a
tunable gap from micrometers to several centimeters.*** The
parallel electrode collectors can be applied with different
polarities to force the charged nanofiber to jump back and forth
between electrodes, then ordered fibers can be obtained.>® The
two parallel electrodes may be replaced by two parallel-posi-
tioned permanent magnets.>®

(3) Patterned nonwoven mat assembled via assisted template. It
is possible to shape the electric field by the topology (geometric
area, shape and layout) of the collector, to control the deposition.
Li et al. demonstrated that the nanofibers can be aligned by
introducing a patterned insulating gap into the conductive
collector.”” The electrospun fibers can be assembled by the layout
of the collector, where the fiber density is higher in patterned
conductive collector, and lower in insulated regions.>*>°
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Whipping-based direct-writing by medium-
field electrospinning

Electrical bending instability was easily observed in electro-
spinning with relatively high concentration solutions and rela-
tively low voltages.®® The instability results from the
competition between axial compression and lateral bending in
proximity to a collector surface.®* Unfortunately, the jet will
often exhibit complex whipping dynamics, which are multi-level
bending instabilities, as shown in Fig. 3A. The jetting velocity,
fiber diameter and solution viscosity are the key factors in
determining the buckling frequency (Fig. 3B).** It becomes a
powerful tool to direct-write complex structures when the
instable jet can be oriented and positioned.

Medium-field electrospinning utilizes the first instable
segment to direct-write serpentine structures on a linear
moving collector, by reducing the nozzle-to-collector distance to
the range between the stable and the first instable segment.
Buckled fibers can be directed by a programmed machine to
write patterns.®® Small scale wave-shaped fibers or patterns are
able to be made very long and uniform. Hellmann utilized
medium-field electrospinning to direct-write a structure
comprised of wave-shaped fibers, and the wavelength is
controlled by the speed of the moving collector.®® Linear motion
at velocities similar to the jet in a single axis can be used to
produce certain periodic patterns based on the buckling or
swinging of the electrospinning jet.*” In addition to a planar
serpentine structure, it can fabricate a “3D spring” by directing
the electrospun jet onto a water surface.®

Han et al. studied various buckling instabilities of electro-
spinning jets, and showed that the buckling is able to produce
helical and hierarchical patterns of fibers.®*> Cui et al. developed
an electric field-assisted electrospinning method for controlled
deposition.** The bending instability was suppressed and a

(A)

End of straight segment

Onset of first bending
instability

Trajectory of an
Half angle of

envelope cone

Onset of third
bending instability

Axis of straight
egment extended

element ofthe path |
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helical structure of fibers with a lateral width of about 10 pm
was formed and aligned on a rotating substrate. The
morphology of helical fibers can be effectively adjusted by
varying the collecting velocity. Kessick reported microscale
helical coils produced by electrospinning a solution containing
two dissolved polymers.®® Small scale buckled patterns were
made very long and uniform, and the size and shape of the
buckled coils can be adjusted by changing the distance between
tip and collector.®® Representative buckling patterns collected at
different distances and voltages are listed in Fig. 4. These
uniform buckled patterns extend over millimeter distances.
Brown et al. adopted electrospinning to direct-write a wave-like
structure by using polymer melts instead of polymer solution.*®
Although the above work brings hope to fabricate novel struc-
tures, it is still a challenge to manipulate the unstable jet
precisely.

Controllable direct-writing by near-field
electrospinning

The positioning and manipulation of a single fiber remains one
of the most important challenges in electrospinning. The most
direct approach is to reduce the needle-to-collector distance #,
to prevent the jetting nanofiber from buckling as it hits the
collector.®” Thanks to the shorter distance, bending instability
and splitting of the charged jet are overcome. Then the fibers
can be aligned in regular patterns without auxiliary electrodes
when % < 3 cm approximately.®” It enlightens us in some way
that direct-writing can be realized by reducing 4. This capability
of direct-writing of a single fiber allows electrospinning to
replace photolithography techniques in several situations, such
as fabrication of nanowires and high-resolution masks.® It is
significant to direct-write micro/nano-structures onto a desig-
nated substrate that is incompatible with photolithography.

Fig. 3 (A) The prototypical instantaneous position of the path of an electrospinning jet that contained three successive electrical bending instabilities.®™ (B) Different
structures deposited on a substrate, resulting from the whipping behavior.6? (C) Three-dimensional buckled patterns formed after the impingement of a polystyrene jet

onto a water surface.®?
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200 Bm 200 Bm

Fig.4 Opticalimages of buckling patterns of polystyrene fibers: (a) steady straight, 4 cm, 2.1 m s71,2.3kV; (b) double meanders, 7 cm, 1.05m s, 2.5 kV; (c) sinusoidal

meanders, 5 cm, 1.1 m s~ ", 2.4 kV; (d) side kicks, 6 cm, 0.85 ms™', 2.4 kV; (e) “8" 2

Kameoka et al. presented a scanning tip electrospinning,

with a tip-to-collector distance of 0.5-1 cm, for controlled

deposition of oriented polymeric nanofibers, but with low
positionability.*® Sun et al. developed NFES by further short-
ening the tip-to-collector distance to a few sub-millimeters.® The
tip, such as a tungsten spinneret,® atomic force microscope tip
or similar probe,*® is dipped in a polymer solution to gather a
droplet as a source material. Fig. 5 illustrates the schematic
setup that merges several disparate concepts, including the tip-
to-collector distance 4 in the range of 500 um to 3 mm and the
liquid polymer solution supplied in a manner analogous to dip-
pen. NFES deposits solid nanofibers in a direct, continuous,
and controllable manner. Continuous orderly nanofibers can be
deposited until the solution is exhausted.** However, the
spinneret, a tungsten electrode with a tip diameter of 25 um,
can only contain a very small volume of solution, and the
solution very easily solidifies. The polymer solution on the
tungsten tip is consumed as the process proceeds, so it is only
able to create limited-area nanofiber patterns. In addition to the
solution, NFES is able to direct-write polymer melts.®® Gupta
et al. used a nozzle connected to a solution reservoir to address
the limited solution, and installed a needle-tip guiding-elec-
trode below the collector to improve the positionability.*
Although the positionability of electrospun fibers can be
improved by shortening the nozzle-to-collector distance, it is
still a challenge to direct-write very straight fibers by standard
NFES. For example, the nozzle-to-collector distance cannot be

—Probe Tip

High
Voltage
—Polymer
Solution
h ——Liquid Jet

Collector

L

cm, 0.9 m s, 2.2 kV; (f) coiling, 3 cm, 0.35 ms™', 2.2 kv.6

further reduced to avoid electric breakdown of the polymeric
substrate, or should be fixed to keep the solidification of jetted
fibers constant. In these cases, the positioning precision cannot
be improved by adjusting the distance. Reducing the residual
charges, adjusting the applied voltage and increasing the
substrate speed can be considered as candidate methods to
improve the fabrication accuracy.

(1) Reducing the residual charges. Applied voltage and accu-
mulation of electrospun fibers can generate residual charges on
the substrate, which is the primary cause of perturbation due to
repelling of the same charges. Zheng et al. weaken the impact of
residual charges through increasing collector speed, and the
strong drag force from the collector is helpful to obtain a
straight-line nanofiber.” Although the charges cannot be totally
eliminated as they are required to stretch the fibers, it is still
possible to reduce the overall instability of the jet by use of an
AC high-voltage power supply.”* Additionally, the collector is
negatively charged, probably to generate a greater attractive
force on the spinning jet.®* The applied voltage becomes one of
the dominant factors to adjust the residual charges. Bisht et al.
presented a low voltage NFES with 0.2 kV, almost an order of
magnitude lower than conventional NFES, to reduce bending
instabilities.”

(2) Adjusting the applied voltage. Reported work showed that
electrospinning below the critical voltage enables more precise
positioning.* Nanofibers are able to be positioned with a preci-
sion of 50 um, when using a needle tip of 100 pm inner diameter

(d)

»

Taylor cone
Polymer Jet
25pm

Fig. 5 Near-field electrospinning: (a) a schematic representation of NFES processing, (b) a solid tungsten spinneret of 25 um tip diameter, as illustrated, the applied
electrostatic voltage is reduced due to the short electrode-to-collector distance, (c) a droplet of 50 um in diameter is extracted from the polymer solution, (d) the Taylor

cone, and (e) a smaller Taylor cone and thinner nanofiber as the process proceeds.?
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Fig. 6 Correlation between nanofiber diameters and applied voltages.” (a)
Diameter measurements of nanofibers electrospun at different voltages, and (b) a
SEM image of a continuously electrospun nanofiber. The abrupt reduction of the
nanofiber width corresponds to a voltage reduction step from 300 to 200 V.

to generate fiber diameter 150 nm. A probe tip mechanically
draws a single fiber from the droplet onto the collector.>”* Bisht
et al. presented a low voltage NFES with 200 V to continuously

View Article Online

Review

direct-write polymeric nanofibers on two-dimensional and three
dimensional substrates.” The results showed that the low voltage
was able to reduce bending instabilities and increase control of
the resulting polymer jet.

(3) Adjusting the substrate speed. Meanwhile the jetting fibers
typically travel at velocities less than 0.5 m s~ in NFES,* far
smaller than 1-10 m s~ ' in traditional far-field electrospinning.
It becomes possible to draw the fibers by a high-speed motion
stage in addition to an electrical field. Huang and Bu presented a
mechano-electrospinning (MES) method by using a high-speed
motion stage to fabricate a straight fiber array with controlled
diameter and position.*** The velocity of MES is up to 500 mm
s~', much larger than 1 mm s~ ' used in NFES. This method
borrows ideas from the “Chinese kite” by involving the
mechanical drawing force in addition to the electric field force,
as shown in Fig. 7A. A high resolution pattern can be direct-
written with a lower voltage, and the morphology of the

(B) 400 : T T T T

100pm 100pm
— [aaeg

100pm 100pm
— —

g s00f .
B
£
A 200f
y=-0.33x+347.57
100 . N N N
0 100 200 300 400
Speed(mm/s)

Fig. 7 (A) A schematic diagram of mechanoelectrospinning;? (B) correlation between fiber diameter and the moving speed of the substrate, and the parallel
nanofiber arrays deposited in the conditions: voltage 1 kV, electrode-to-collector distance 5 mm, and flow rate 50 nl min~";% and (C) optical images of the morphology
of a bead-on-string microstructure at different velocities of the substrate in voltage (1.25 kV), electrode-to-collector distance (2 mm), flow rate (50 nl min~").36
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electrospun fiber can be continuously tuned by the nozzle-to-
collector distance and the motion stage (Fig. 7B). The movement
of substrate mainly reduces the accumulated charge to improve
the stability of electrospinning at low speed, and primarily draws
the fibers when the speed reaches the critical value of jetting.
MES is also able to fabricate bead-on-string microstructures in a
continuously tunable manner at low movement (~5mm s~ ') and
short nozzle-to-collector distance (~2 mm) (Fig. 7C).*®

The applied voltage and substrate movement also obviously
dominate the diameter of fibers, in addition to adjusting the
positionability of electrospun fibers. The electrical drawing
force, monotonously increasing with the applied voltage,
dominates the flow rate of the jetting, namely fibers with a
smaller diameter can be generated by using a lower applied
voltage, as shown in Fig. 6. It is easy to direct-write sub-100 nm
fibers on a substrate.>” Very low voltage operation at 200 V
allowed patterning of unprecedentedly thin nanofibers in the
range below 20 nm.” Other than the applied voltage, the
substrate movement can merely enhance the drawing force on
the jetting fiber, but without increasing the flow rate. The
mechanical drawing force results in a thinner fiber, and the
control law is shown in Fig. 7B, and the diameter of fibers is as
small as 200 nm.** Additionally, the jet diameter during elec-
trospinning is also dependent on surface tension v, flow rate Q,
dielectric constant ¢, and electric current [ in the jet. Fridrikh
presented a simple analytical model to calculate the diameter of

_Q? 2 1/3 Y
781_271:(2 Iny — 3)) ’

The nozzle-to-collector distance % is always determines the
possibility of positioning of electrospun fibers. Additionally, it
also affects the diameters and solidification degree of electrospun
fibers at the time of reaching the substrate, which gives a chance
to tune the morphologies of the electrospun fibers.*>**?¢ The
electrical drawing force goes up with increasing of the distance &,
and the incremental portion is resulted from the electric field
acting on the elongated solid part of the jetting fiber. The fiber
diameter monotonously decreases with the increasing of nozzle-
to-collector distance 4.* The diameter changes from ~74 nm to
~49 nm when the distance 4 increase from 0.5 mm to 1.5 mm.
The distance % is able to affect the solidification degree of the fiber
at the time of reaching the substrate. The fiber is solid at 5 mm
(3 wt% concentration), and liquid ribbons at 2 mm (even higher
4wt% concentration), and the width of the ribbons is much larger
than the diameter of the fibers.*” Analogously, it is also able to be
tuned by the substrate movement. The width of ribbons decreases
from ~14.2 um to ~4 pm when the speed of substrate increases
from 50 mm s~ ' to 400 mm s~ '. It can be concluded that one
process parameter affects various jetting behavior, and one
feature of fibers is determined by multiple process parameters.
One kind of structure can be direct-written by different combi-
nations of process parameters. Bu et al. adopted response surface
methodology to determine the optimal process parameters.”

The direct-writing of a single fiber has wide applications in
the fabrication of micro/nano-devices. A single fiber can be
adopted as a component of a device, or as sacrificial layer in
microfabrication.

electrospun fibers, namely R = (

This journal is © The Royal Society of Chemistry 2013
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(1) MES is utilized to realize controllable self-organization of
large-scale ordered microarrays with adjustable resolution.** The
focus lies in the capability of MES to controllably fabricate large-
scale fiber-segments with specific diameter, length and position,
in addition the two ends of segments are anchored. Uniform or
hierarchical microarrays with specific position, gap and droplet-
size can be generated in a continuously tunable manner, as
shown in Fig. 8a.” This method allows chemical reactions to be
carried out on ultra-small scales through direct-writing different
materials in each direction.

(2) MFES can direct-write nanofibers to serve as etch masks or
sacrificial layers, to replace lithographic resist patterns. Aligned
microtubes/microchannels can be fabricated by selectively
washing the electrospun fibers embedded in flexible polymer self-
standing films,*>'***7%7° as shown in Fig. 8b. Czaplewski et al
deposited isolated, oriented PMMA nanofibers as etch masks to
define nanoscale doubly clamped beam resonators with widths of
approximately 100 nm, which are typically achieved only using
expensive electron beam or deep UV lithography.****

(3) NFES is utilized to direct-write poly(vinylidene fluoride)
(PVDF) fibers with good piezoelectric properties by means of the
in situ electrical polarization and mechanical stretching
process.*>*>*> Then Chang et al. utilized the direct-written PVDF
nanofibers to fabricate nanogenerators.** The nanogenerators
showed repeatable and consistent electrical outputs with energy
conversion efficiency (Fig. 8c) an order of magnitude higher
than those made of PVDF thin films.

(4) NFES is capable of fabricating Organic Field Effect
Transistors (OFETs) by direct-writing poly(3-hexylthiophene)
(P3HT) nanofibers on a large-area device substrate.*** The
OFETs operate at voltages of less than 2 V (Fig. 8d), and the
average field-effect mobility and on/off ratio are ~2 cm®> V"' s~ *
and 10°, respectively.®* Min et al. further demonstrated large-
area electronic device applications of individually controlled
organic semiconducting nanowires using EHD direct-writing
technique, and achieved a very high maximum field-effect
mobility up to 9.7 cm* V' 571

Novel nozzles enriching EHD direct-writting

Nozzles play an important role in improving efficiency,>®*
tuning the process parameters (critical voltage, feed rate), and
controlling fiber morphology (coaxial fibers, core-shell fibers,
and diameter). More diverse control measures appear when the
EHD direct-writing combined with modified electrospinning
nozzles. Functional devices can be fabricated in one step by
direct-writing the composite structures generated by novel
nozzles. It reduces process steps, lowers the requirements of the
equipment, and increases the efficiency of nanomanufacturing.

According to various applications, several kinds of nozzles
have been developed, such as multi-nozzle, tip-in-nozzle,
coaxial nozzle, multi-hole nozzle, as discussed in Table 2. It can
be concluded that electrospinning nozzles play a critical role in
the fiber morphology, such as the diameter and cross-section.
The EHD direct-writing will become more powerful tool in
fabrication of micro/nano-devices when it equips various novel
nozzles.
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Fig.8 Several applications of positioned single-fibers: (a) relationship between number of breakpoints and the gap length, based on which a large scale droplet array
is generated through the direct-written lattice array.3? (b) The channel is fabricated by peeling the sacrificed fiber, and the channel width is almost equal to the
nanofiber diameter.® A relationship between channel width and applied voltage in NFES. (c) A scanning electron microscopy (SEM) image of a nanogenerator
comprised of a single PVDF nanofiber, two contact electrodes, and a plastic substrate. Output voltage and output current measured with respect to time under an
applied strain at 2 Hz.#* (d) The maximum on-current versus number of fibers bridging the source and drain electrodes. The insets are optical microscopy images of the

OFETs containing one fiber and six fibers, respectively.®

(1) Multi-nozzles can overcome the limitation of low
production speed and fabricate low cost electronic micro-
structures. A parallel multi-nozzle was used for simultaneous
printing of a functional material onto the substrate, where the
key challenge lies in optimizing the nozzle-to-nozzle distance to
improve the integrated level, but with low cross-talk between
electrically charged neighboring jets.*> To achieve jetting on
demand, an addressable multi-nozzle has been developed, and
the jetting is launched by controlling the flow rate, rather than
the onset voltage.” A revolver multi-nozzle, fixed on a rotation
mount, was integrated into a desktop electrohydrodynamic jet
printing system.®® It is different from the parallel/addressable
ones in that every nozzle was filled with a different material, and
only one nozzle works at a time.

Table 2 The nozzle structures and their applications

(2) A tip-in-nozzle is able to reduce the onset voltage and
flow rate by the retractable tip. This novel nozzle is adopted to
fabricate both dots and bead-on-string structures.*” It is
promising to utilize the tip-in-nozzle to improve the jet
stability and control the diameter of fibers, by reducing the
applied voltage.

(3) A co-axial nozzle can contain two different solutions for
coaxial electrospinning, where a core solution is pumped
through a needle, at the same time a sheath solution is pumped
through the space between the nozzle and needle, as shown in
Fig. 9a. Two dissimilar materials are delivered independently
through a co-axial capillary and drawn to generate nanofibers in
a core-sheath configuration. Co-axial electrospinning allows
the fabrication of complex fibers with hollow interiors,

Nozzles Structures

Applications

o Parallel nozzles®*

o Addressable nozzles>

® Revolver nozzles®®

o Non-conductive tip-in-nozzle®”
e Conductive tip-in-nozzle

Multi-nozzle

Tip-in-nozzle

Co-axial nozzle e Two coaxially arranged needles

e Three coaxially arranged needles

Multi-hole nozzle e Two parallel holes in the needle

e Multiple parallel holes in the needle

12014 | Nanoscale, 2013, 5, 12007-12017

e Print electrodes of solar cell with high manufacturing efficiency
e Print transistors with different materials in corresponding nozzles

e Reduce applied voltage

o Adjust the diameter of fiber

e Control the deposition frequency

e Co-axial fibers

e Core-shell fibers

e Nanowire-in-microtube structure

e Single Microchannel

e OLED

e Multi-channel fiber

e Bio-mimic materials and structures

This journal is © The Royal Society of Chemistry 2013
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Fig. 9 (a) A typical experimental setup for a structured Taylor cone, (b) struc-
tured Taylor cone, and (c) downstream detail of the two coaxial jets emitted from
the vertexes of the two menisci.?®

core-sheath complexes, and tubular compartments. The wall of
the co-axial nanofibers is able to be made of inorganic/polymer
composites or ceramics.?® Co-axial electrospinning was adopted
to fabricate light-emitting co-axial nanofibers in one step.®
Zhou et al. combined the coaxial electrospinning with NFES to
fabricate aligned and patterned core-shell structured fibers.*® It
provides a novel method to fabricate a large scale microchannel
array. Further, tri-axial electrospinning was shown to form a
variety of novel morphologies (double layered bubbles, porous
encapsulated threads).”* Chen et al. utilized a tri-axial electro-
spinning approach to fabricate core-shell ultrathin fibers with a
novel nanowire-in-microtube structure.® It shows potential for
a wide range of uses: micro/nano-encapsulation to protect an
unstable component under a highly reactive environment,
designing a high performance device, reinforcing mechanical
properties of a material.”® For example, when p and n semi-
conductor materials are fabricated into such a coaxial structure,
the contact area between p—n heterojunctions are maximized by
reducing fiber diameter, which can be used to improve solar cell
performance.

(4) The feature of multi-hole nozzle lies in several small needles
in one nozzle, which are not aligned co-axially. Zhao et al. adopted a
multifluidic compound-jet electrospinning method to generate 2-
channel and 3-channel tubes, based on which various multi-
channel tubes can be generated.” Artificial mimic multichannel
tubular structures can achieve several channels in one fiber on the
micro/nano-scale, and these channels do not interfere with each
other. Such a multichannel structure also offers a cooperative effect
of trapping more gaseous molecules inside the channels and
multiple reflections of incident light, which leads to an effective
enhancement of photocatalytic activity besides the contribution
from the increase of surface area.*®

Future of EHD direct-writting

EHD direct-writing has many advantages: noncontact
patterning with low imperfections, additive process for low-cost

and environmentally friendly fabrication, a low-temperature

This journal is © The Royal Society of Chemistry 2013
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process compatible with room temperature, digital process for
real-time adjustment and registration over large areas, and
patternability on non-planar surfaces. Additionally, EHD direct-
writing has several unique advantages over inkjet printing. (1) It
has excellent compatibility with high viscosity solutions, which
is helpful for fabricating high performance electrodes. (2) It is
capable of printing submicrometer structures with a large
inner-diameter nozzle. The resolution is about 2 orders higher
than inkjet printing, and the risk of nozzle jam is significantly
lowered. It lowers the difficulty in manufacturing narrow sized
nozzles to printing ultra-resolution structures. (3) It can direct-
write smooth, straight or serpentine structures, with signifi-
cance in fabrication of flexible/stretchable electronic devices. (4)
The printing efficiency is as high as ~1 m s™" (ref. 60), and the
cross-section shape is tunable, so it is promising to printing
electrodes of a solar cell with large aspect ratios and high
manufacturing efficiency.

With the involvement of a bigger scientific and engineering
community, EHD direct-writing will surely become a regenera-
tive nanomanufacturing technique for nanostructures and
devices, not just for nano-materials or fibers. Despite consid-
erable progress on the process modification and control, many
technical issues still need to be resolved before this vision
comes true. Future advances are likely to be driven by specific
applications.

(1) Robust methods need developing to produce extremely
small nanofibers in desired positions and orientation, as masks
or templates in nanomanufacturing. Currently, it is a challenge
to direct-write complex patterns. The path planning technology
should be studied to compensate the error resulting from
speed-dependent offset.

(2) It is significant to combine near-field electrospinning
with application-oriented nozzles to fabricate composite struc-
tures of functional devices in one step. It can reduce the process
steps and the requirements for equipment and the
environment.

(3) Melt electrospinning allows new approaches to various
applications, overcoming technical restrictions governed by
solvent accumulation and toxicity. The parameters that govern
melt electrospinning are very different from those of solution
electrospinning. Very little progress has been made in the past
20 years.

(4) Ambient parameters, such as the humidity and
temperature of the surroundings, play a significant role in
discharge, solidification, evaporation rate and viscosity of the
electrospun fibers, so a microenvironment should be inte-
grated to improve the repeatability. In addition, the electro-
spinning can be integrated with the Roll-to-Roll technique
when it enters industrial applications, without the use of any
vacuum apparatus.
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