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a  b  s  t  r  a  c  t

Fibers,  having  a large  aspect  ratio,  have  become  an essential  material  in  human  life since  the  dawn
of  civilization.  Lots  of  efforts  have  been  made  in controlling  the  fine  structure  and  architecture  of
fibers  for  diverse  applications.  However,  great  technological  challenges  remain  on  patterning  fibers  with
diameters  down  to tens  of nanometers  into  the  desired  structure  through  conventional  methods.  Electro-
hydrodynamic  direct-writing  (EHDDW)  technology  shows  great  potential  in  depositing  the  highly  aligned
micro/nanofibers  in  a noncontact,  direct,  and  controllable  manner  which  can  achieve  a real-time  adjust-
ment  and  individually  accurate  control  even  on flexible,  curved  substrates.  In  this  review,  beginning  with
a brief  introduction  to  the  history  of  EHDDW,  we  first discuss  its  basic  principle  and  typical  apparatus.  We
atterning
mart materials
lexible electronics
iomedicals

continue  with  a highlight  of  its rise  over  the  past  decades  as  a  powerful  technology  for  the  production  of
nanofibers  with  versatile  compositions  and  structures.  Afterward,  we  summarize  the applications  of  such
“controlled”  nanofibers,  including  their  uses  as  “smart”  wearables,  energy  harvesting/conversion/storage
components,  and  biomedical  scaffolds.  In the  end,  we  discuss  the  opportunities  and  the  development
directions  for  this  promising  area.
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 Z. Zhang, H. He, W.  Fu et al

ntroduction

Due to the rapid development of computer science and arti-
cial intelligence (AI) technology, additive manufacturing (AM)

s emerging as a revolutionary and commercial manufacturing
echnology in the past decade [1]. However, the resolution of
he conventional AM is restricted to about 50 �m,  which lim-
ts its further step toward high-precision application scenarios.
he material in fiber-shape has great potential in the process of
ulti-dimension structure because of its high length-diameter

atio. When the diameter decreases down to tens of nanome-
ers, intriguing new characteristics will emerge. The so-called
urface effects, size effects, and quantum effects, [2] make these
ltra-thin nanofibers attractive and functional for a wide range of
pplications, including tissue engineering, smart wearables, and
exible electronics [3]. Electrospinning is the most widely used
echnique to fabricate ultrathin fibers with various precursor mate-
ials, from biopolymers to ceramics [4]. However, the patterning
f nanofibers by the conventional electrospinning method is still
hallenging because of the bending instability caused by repul-
ive electrical force [5]. With the advancement of applications
nvolving nanofibers, further requirements include high alignment
egree, precise patterning, and multi-dimension ultrafine struc-
ures that are essential for advanced applications. To this end, great
fforts have been devoted to developing the electro-hydrodynamic
rinting (EHDP) technology, built upon the general electrospinning
etup.

EHDP integrated conventional electrospinning technique with
he layer-by-layer stacking principle of additive manufacturing
6] to be able to print two-dimensional (2D) micropatterns and
hree-dimensional (3D) microstructures. A typical EHDP system
ontains a three-axis (XYZ) precise motion system, a high-voltage
ystem, a pneumatic dispensing system, and a thermal control sys-
em (Fig. 1a). In the EHDP process, the ink is pumped out through
he spinneret to generate a spherical droplet that is deformed into
onical shape due to the competition between surface tension and
lectrical forces. With the increase of charges, a jet will emanate
rom the apex of the cone [7,8]. Subsequently, the jet will break up
nto fine droplets or remain intact to form fibers or threads after
olution evaporation and melt solidification on the collector [9].
HDP primarily includes three types (Table 1) of printing modes
8], namely EHD jet (E-jet) printing (dots formation, Fig. 1b), EHD
irect-writing (fiber formation, Fig. 1c, d), and electrospray [10]
particle formation, Fig. 1e). The three types of printing modes can
e achieved by setting up appropriate parameters, including ink
ux, offset height, employed voltage, etc.

EHD direct-writing (EHDDW) belongs to electric field-based
rinting, which can be dated back to the electrostatic siphon
ecorder in 1867 (Fig. 2). In the year of 1999, the first direct-write
dip-pen” nanolithography (DPN) [13] was developed to deposit
aterials of better than 30 nm line width, which is an advantage

n fiber deposition over conventional electrospinning. After that,
nkjet printing [24] achieved a large area and fast deposition with
iscrete droplets with micrometer-scale size in 2000, and further

mproved the production controllability.
At the end of the twentieth century, tremendous efforts start to

xplore the methods of fiber alignment, including using dynamic
ollectors [25], auxiliary parallel electrodes [20–21], and magne-
ized polymeric solution. However, there still exists the limitation
n directly, continuously and individually controlling isolated fibers
o fabricate high precise patterns and devices. The length of the
table and straight segment of the EHDDW at the initial part of

he jet ranges from 500 �m to 3 mm.  Therefore, a rather small
ozzle-to-collector distance is adopted to obtain high-resolution
icro/nanopatterns with directly writing and relatively low volt-

ge, which is the so-called Near-Field Electrospinning (NFES)
o Today 35 (2020) 100942

technique [16]. NFES was  reported to succeed in providing the fea-
sibility of controllable electrospinning to realize the direct-writing
of straight micro/nanofibers firstly in 2006 [16]. The temporal
research focus is largely on increasing the precision of NFES sys-
tems and patterning and exploring complex collector substrates
[17,22].

Electrohydrodynamic lithography (EHL) is a significant process
of EHDDW in 2010. It is a single-step and cost-effective approach for
directly patterning of conjugated polymers on solid substrates with
high fidelity. Some researchers prepared user-specific micropat-
terns with parallel lines as well as lattices with a line width of about
2 �m on a flexible substrate [26,27]. For the first time, Rickard
et al. fabricated well-defined patterning of conductive polymer
structures through combining EHL with tuning the dimensions of
architectures, which opened up many opportunities for applica-
tions in nano and bio-technology related fields and devices [28].

To overcome the electric breakdown in the NFES system, a
mechano-electrospinning (MES) [29] method was presented to
deposit fibers in 2012. The fiber diameters were tuned from 400
to 200 nm continuously in a linear relationship by stretching the
fibers though the mechanical drawing of a moving substrate while
the Taylor cone was kept stable by the lower voltage [19]. Subse-
quently, the bead-on-string structures were fabricated successfully
[30–32]. The investigation of the fabrication mechanism indicates
that the force balance between mechanical drawing force and the
capillary force leads to the switch of structures. Although MES  could
fabricate highly aligned nanofiber arrays and complex patterns, it
was restricted to the flat area. Additionally, the straight fiber-based
structures enable devices to be bendable but not stretchable.

Nonpannal direct-writing offers opportunities for manufactur-
ing multi-dimension curved devices (2014), even on highly curved
surfaces (the radius of curvature: ≈ 50–65 �m)  [33]. It’s fea-
sible to implement 3D movements of the nozzle to maintain
a uniform electric field via modifying the EHD printing system
[34]. Liu et al. digitally printed large-scale high-resolution pho-
toresist micro/nano-pattern on ultrathin/curved substrates based
on metal-network electrodes (MNEs) which are prefabricated via
programmable electrohydrodynamic (EHD) lithography [35]. The
wavy direct-writing (WDW)  method [20] in 2015 and helix-
electrohydrodynamic printing (HE-Printing) [36] in 2017 was
developed to directly write high-resolution continuously serpen-
tine patterns to meet the requirements for the manufacture of
stretchable micro/nanodevices.

The nozzle also plays a critical role in EHDDW through affecting
the efficiency, the process parameters, and the fiber morphology.
Researchers explored novel nozzles to improve the direct-writing
precision, reduce process steps, and increase the efficiency of
nanomanufacturing. Laminar sheath gas nozzles [37] were applied
to promote the position precision of the direct-written pattern.
To improve the printing efficiency and devices with different
materials, multi-nozzle printing including parallel nozzles [38],
addressable nozzles [39], and revolver nozzles were appeared.
Similarly, tip-in-nozzle (conductive or non-conductive), co-axial
nozzle, and multi-hole nozzle (always in parallel) printing have also
been viable with the vary of nanofiber morphology.

In the meanwhile, multiple voltages and various inks (inorganic
inks, organic inks, and composite inks) [36] were also explored to
improve printing resolution and efficiency in the EHDDW system.
Moreover, other endeavors were also taken to improve the prop-
erty of the EHDDW system. Suspension Near-Field Electrospinning
(SNFES) [22] technique, which implements an automated platform
to maneuver the pillar electrodes around the emitter to suspend

fibers in the free space between the electrode support structures,
was developed to surpass the restriction of the layer-height-limit in
2019. Recently, the uniform field electrospinning (UFES) [23] was
proposed as an easy-handling strategy by inserting the electrospin-
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Fig. 1. The apparatus and modes of EHD printing. (a) Schematic diagram of the EHD printing system. Reproduced with permission from [11]. Copyright 2013, Nature. The
three  types of EHD printing mode are (b) E-jet printing, (c, d) EHD direct-writing and (e) Electrospray. Reproduced with permission from [12]. Copyright 2018, Small.

Table 1
The difference of parameters in voltage, formation, and precision of EHDP

EHD printing mode Voltage Formation Precision

EHD jet printing DC-Voltage
DC-Pulsed Voltage
AC-Pulsed Voltage

Droplet
(smaller than nozzle)

Sub-micrometer
(100 �m-1 nm)

n
g

d
r
v
D
(
s
o
i

r
e
[
i
h
f
c
w
t

EHD  direct-printing 1-3 kV 

Electrospray 22-34 kV 

ing nozzle into the center of an aided metal plate to create complex
eometries.

Therefore, depending on the fabrication characteristics, the
evolvement history of EHDDW as shown in Fig. 2 can be classified
oughly into original electrospinning (nonwoven fabric), con-
entional direct writing (part-oriented fiber assembly, including
PN [14] and ink printing [18]), and custom-made direct-writing

high-precision micro/nanostructures, such as scanning tip electro-
pinning (STES) [37], NFES, and MES). Nowadays, EHDDW has been
ne of the most popular techniques applied to deposit nanofibers
n a large-scale, direct, continuous, and controllable manner.

The attractive capabilities of EHDDW, as well as the
elated research advances (materials[1,8,61], mechanical prop-
rties [3], structure design [6,15,35], producing parameters
12,13,16,39,44,49,58], and applications [41]), have been examined
n several reviews before 2014. This review provides a compre-
ensive overview of the EHDDW technology, including its history,
undamental, innovative modules, and novel applications, espe-
ially those developed in the recent five years. We  first start
ith the basic principle of EHDDW technology with emphasis on

he modus to achieve the direct writing of nanofibers. Then, we
Fiber Several micrometers to
tens of nanometers

Particulate material Nanoscale thickness

introduce the applied materials and related controlling factors.
Additional parts highlight the latest advances of EHDDW applica-
tions in fabricating smart materials, electronics, and biomedicals.
Last but not least, the review concludes with an overview of
key remaining challenges and a summary of opportunities where
advances in EHDDW will be critically important for continued
progress.

Electro-hydrodynamic direct-writing technology

An EHDDW system includes a voltage supply, an ink supply,
a spinning unit, a collector, and a 3D motion system (Fig. 3a, b).
Generally, a DC power supply is used to generate an electric field
between the collector and the spinning nozzle. The addition of an
electric field allows the spinning solution to overcome the surface
tension to form a Taylor cone, which in turn forms the nanofiber
structure. Different nozzle forms, collector shapes and materials

have a significant impact on the spinning process of EHDDW by
changing the strength and distribution of the electric field. There-
fore, the parameter adjustment of EHDDW is a systematic project.
3D motion system, consisting of a camera and a multi-directional
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Fig. 2. A brief chronology of the evolution of EHD direct writing.
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Fig. 3. (a) The experimental setup of the EHDDW method. Reproduced with permission from [46]. Copyright 2019, Journal of Materials. (b) The schematic diagram of a direct-
writing  process of the EHDDW system. The hs is the straight segment and hw is the first whipping segment. Reprinted with permission from [47]. Copyright 2013, Nanoscale.
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c)  Different modes of jetting, depending on the strength of the electric field and fl
ress.  (d) The EHD jetting modes with respect to electric potential. Reproduced wi
etting modes on dimensionless flow parameters. Reproduced with permission from

otion system, can achieve accurate deposition of the 2D or 3D
patial structure of the nanofiber through computer modeling.

atterning mechanism of EHDDW technology

In this part, we will focus on the mechanism of EHDDW, which is
ainly including the electrohydrodynamic process (jet formation

nd its motion behavior) and patterned deposition process. Specif-
cally, during the electro-hydrodynamic process, the ink in the ink
upply is first squeezed out of the nozzle dynamically by the pump.

ith the increase of the electric field, the mobile ions in the ink will
e accumulated to regions near the surface of the pendant menis-
us, leading to the formation of the conical shape known as Taylor
one [40]. Depending on the difference between the strength of
he electric field (E) and the flow rate (Q) (Fig. 3c), liquids can be
jected from a nozzle tip to form different modes of jetting. Initially,
he droplet will form “dripping” [41] mode with the help of gravity
t low E and Q (Fig. 3d). The “pulsating” jets mode with streams of
istinct droplets can be obtained either in conditions Q<Qm (mini-
um  flow rate in stable cone-jet mode) [42] or when E<Ec(critical

oltage properties of the ink and the applied back pressure) [43].
ubsequently, the “cone-jet” mode with a continuous stream of
iquid will generate when further increase the electric field. Both
ulsating jet and cone-jet are able to deposit individual jets, which

s crucial toward precise deposition. Further increase of E will lead
o the appearance of titled-jet and multiple-jets, which is detrimen-

al to the controlled deposition of the nanofiber. To better choose
he process conditions, the jetting maps (Fig. 3e) for different mix-
ures of solvents were constructed in terms of 6 dimensionless
umbers using the Buckingham � theorem. The ejected fluid jet
te. Reproduced with permission from [41]. Copyright 2007, Cambridge University
mission from [8]. Copyright 2018, Small. (e) Diagram showing the dependence of
. Copyright 2013, American Chemical Society.

will experience three distinctively different segments in sequence:
a rapid stretching and acceleration segment toward the collector,
then a slow, short, stable and straight segment near the nozzle,
and unstable chaotic whipping segment [44]. In a typical EHDDW
system (Fig. 3b), only the stable straight segment and the first whip-
ping segment will be considered to achieve the controlling over
the movement of the resulted nanofiber because of the relatively
slow acceleration [45]. Therefore, the nozzle-to-collector distance
is restricted within the nozzle to the first whipping segment (close
to 1 cm)  to guarantee the controllable positioning. Meanwhile,
reducing the applied voltage to a lower level (generally below 3 kV)
allows the solvent to have enough time to evaporate and results in
a decrease in diameter.

The patterned deposition process is determined by the coordi-
nation of the position of the substrate and the ejection of droplets.
However, it is quite complex to achieve high-resolution and con-
trollable deposition of inks, which are greatly affected by every
parament in the system (the main aspects including nozzle, pulse,
and the direction of the electric field).

Nozzle with smaller inner diameters will improve the precision
deposition because sharp nozzle will directly affect droplets size
and scaling laws that govern e-jet printing [49]. Sharp nozzle and
low E and H (H is the distance between the nozzle and substrate)
values should be utilized to reduce lateral deviations induced by the
narrow electric-field distributions [50]. Due to the simultaneous
influences of applied voltage on droplet size and jetting frequency,

pulses of high voltage can enable high-speed printing. Meanwhile,
due to the hydrodynamic phenomena inside the capillary, the jet-
ting cannot generate beyond a certain voltage frequency [51]. Thus,
it is significant to adjust the applied voltage to make a balance
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Table 2
Representative EHDDW technologies for patterning ultra-thin fibers

Phases Innovation Approaches Advances Limitations

Low precision
Auxiliary electrodes Rings [54]

Lens [55]
Two  parallel electrodes [56]

Decrease fiber buckling
Parallel and align fiber on the
air gap

Hardly achieve positioning

Dynamic collector Rotating cylinder [57]
Disc reel [58]
Electrode combined with
rotating drum collector [59]

Align individual polymer into
parallel arrays
Well-aligned nanofibers

Hard to fabricate 2D patterns
in a flat area

High  planar precision

Scanning tip electrospinning
[60]

Silicon tip to dip polymer
solution
Voltage was 4 − 6 kV
Oriented by optical chopper
motor

Uniform fiber deposition
(With nanofibers 100- 1800
nm)

Limited patterning area
Restricted controllability

Near-field electrospinning [16]
(NFES)

Tungsten tip to dip polymer
solution
Voltage was 600v
Tip-to-collector distance was
500�m
Movable x-y stage

Direct, continuous, and
controllable fiber deposition
(with nanofiber 50 − 200 nm)

Restricted-area deposition
Limited stretching and
thinning of fibers

Atomic force microscope
(AFM)-based voltage-assisted
electrospinning [61]

Voltage was 8V
spinning distance was 10�m

Assemble single nanofiber Fiber morphology affected by
electric field intensity

Modified direct-printing (like
MES, HE-printing,WDW)

Syringe needle [62]
Acupuncture needle tip [63]
Manage collector speed [64]
Novel nozzles

Deposit diverse orderly
patterns
Straight and
continuous/arc/parallel lines
and beads-on-string structures
on rigid or flexible substrates
Coiled nanofibers
Mass production

Hard to achieve controlled
continuous patterning on 3D
substrates

3D  direct writing
Low-voltage near-field Lower than 600 V

 polym
Continuously pattern Limited materials and
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electrospinning(LV NFES) [65] Super elastic
EHD  3D-printing [66] Steer one-dim

actively

etween high-speed printing and small droplets. The direct cur-
ent (DC) voltage in the printing system affects the jetting flowing
n one direction but results in varying the dynamics of printing
ue to the build-up of residual charges on the printed droplets
n insulating substrates. Besides, the polarity of the electric field
ay  deviate ejected droplets leading to shifts in the positions of

he droplets or satellite droplets. Considering the issues mentioned
bove, the cumulative buildup of charge on insulating substrates
hould be avoided because the electric field will be distorted, and
roplet trajectories are altered. Methods, such as the utilization
f conductive substrate/conductive support and external counteri-
ns, can dissipate or eliminate the charges [52]. With the polymer
olution consumed gradually [16], the continuous jet in a mov-
ble nozzle in the Z-axis stage is drawn at the required speed onto
he collector, while the moving stage in programmed x-y direction
nder computer control is able to fabricate multiple dimensional
orphological nanostructures with nanofibers [53].

epresentative modus of EHDDW

As aforementioned, the real sense of EHDDW technology is
ow to control the straight segment and first whipping segment
o write micro/nanopatterns precisely, directly, and continuously.
herefore, the appearance of NFES which only utilizes the straight
egment to control single fiber in a laboratory is the first modus
f EHDDW. During the evolution, a lot of innovations have been
evoted to overcoming multiple limitations. The related technolo-
ies are listed in Table 2.

NFES is the well-known example to realize EHDDW. In 2006,

un et al. attained NFES firstly by reducing the nozzle-to-collector
istance to 500 �m − 5 cm and applying the voltage bias ranging
00 − 3000 V to construct nanofibers with diameter of 50 − 500
m (Fig. 4a) [16]. NFES is mainly benefited from the smaller needle-
er nanofibers 3D substrates resolution
nal e-jet Improve the printing accuracy

by ten times
Precision decreased when
deposited on substrates

to-collector distance to significantly restrict the bending instability
and the 2D motion platform, which not only reduces spinning volt-
age but also achieves the aim of controllable precision deposition
of fibers [67]. According to the investigation in the laboratory, the
nozzle-to-collector distance in NFES always ranges 0.5 mm-3  mm
[68] (generally below 1 cm), while the self-expelling of electrically
charged nanofibers realizes the feasibility of locational control of
NFES. In addition, the flow rate of the liquid must be significantly
reduced to 0.01 − 1 mL/h to support a stable jet [69].

Despite the development of NFES, it is limited to depositing
fibers with predesigned trajectories to form 2D planar fiber struc-
tures [65]. To realize 3D microstructures, the nozzle of NFES can be
adjusted to move in Z-directions in a layer-by-layer style to over-
come the patterning perturbations and bending instabilities under
the high electric field strength. In the 3D near-field electrospinning
(3DNFES) system, the syringe moves in the Y-Z directions, and the
collector moves in the X-direction to form curved fibers when the
spinneret changes direction (Fig. 4b) [68]. 3DNFES can achieve rel-
atively large area, continuous and fast deposition of straight fibers
with a relatively low applied bias voltage in X, Y, Z directions under
the precondition of suitable viscoelastic properties of polymer ink
[65,70]. It has tremendous potential in the heterogeneous inte-
gration of micro/nanoscale materials to rigid/flexible substrates,
especially based on the printed organic nanowire. Overall, NFES
can achieve unprecedented controllability at resolutions, compared
to the contemporary tools, though it is restricted in the produc-
tion scale because of the relatively low flow rate, and the obtained
fiber diameter is much thicker with less stretching from straight
segment.

Different from NFES, Mechano-electrospinning (MES) [29]
(Fig. 4c) utilizes an electrical field force that serves to keep the

cone stable and mechanical drawing force to decrease diameter and
improve the deposition accuracy continuously at a relatively low
voltage. The nozzle-to-substrate distance of MES  is ranging from 2-
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Fig. 4. (a) The typical liquid jet of NFES. Reprinted with permission [47]. Copyright 2013, Nanoscale. (b) Schematic illustration of 3D near-field electrospinning (3DNFES)
apparatus created from integrating a 3D printer and NFES. Reproduced with permission from [68]. Copyright 2017, Advanced healthcare materials. (c) The liquid jet undergoes
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iameter and the moving speed of the substrate in MES: The solid line is the result o
eviation of measurement points (color figure available online). Reproduced with p

 mm.  Experimentations showed that the fibers, ranging from 200
o 400 nm,  will be finer and straighter at a higher drawing force
Fig. 4d). Furthermore, this method can fabricate fibrous nanoarrays
such as straight fiber array and bead-on-string microstructure)
29] continuously with a high local positioning accuracy over a large
rea on a flat substrate [38].

However, there is always a challenge to obtain a specific
erpentine/helical structure with the increasing requirement
f stretchable serpentine structure fabrication in many fields,
ncluding stretchable energy harvesters [72,73], electronics, and

icromechanics [74]. Although several attempts, like assistant
anners, and substitute manners [75], have been proposed in dif-

erent manners to fabricate serpentine micro/nanostructures. Some
ew uncontrollable problems are generated, and the challenge
till exists in manufacturing micro/nano serpentine structures
ith precise wavelength and amplitude. An innovative direct-
riting technique named Helix electrohydrodynamic printing

HE-printing) (Fig. 5a) was thus introduced by Duan et al. [21] They
tilized relatively large nozzle-to-collector distance varying from
0 to 50 mm and applied voltage from 1.5 to 3 kV to form nearly
ircular cross-sectional fiber by accumulating the evaporation and
olidification. In the system, certain available methods (such as an
lectrode ring around the jet or a sharp needle electrode under-
eath the plate electrode), that can effectively regulate electric field
istribution, are adopted to prevent the long and straight segment
rom being whipping. During the manufacturing process, a long and
oughly vertical segment and a helical “coil” are formed (Fig. 5b).

urthermore, the helical fiber can have versatile structures depend-
ng on the different collector speeds (Fig. 5c, d). The alternating
oops and meandering patterns can be written directly onto the
ollector by carefully adjusting the system parameters, including
h permission from [47]. Copyright 2013, Nanoscale. (d) Correlation between fiber
-squares fitting to evaluate the diameter trend. The error bar presents the standard
sion from [29]. Copyright 2012, Taylor & Francis.

applied voltage, nozzle-to-collector distance, and collector speed.
This method can realize individually controllable manufacturing of
stretchable helical/serpentine micro/nano fibers and has potential
in more complex structures like spring-on-spring architecture.

In the EHDDW system, nozzle plays a critical role in fiber
morphology. Novel-nozzle system, including parallel nozzles,
addressable nozzles [39] and revolver nozzles [81], can not only
improve the production efficiency, but it also can fabricate hetero-
geneous fibers applied in the micro/nano environment. The parallel
needle arrays can be made from different materials, such as stain-
less steel, glass [25] and silicon-based [76] nozzle arrays (Fig. 6a).
Han et al. observed the deposition characteristics of double-nozzle
and triple-nozzle jets (Fig. 6b) in NFES, from which was concluded
that deposition distance was  unaffected by the quantity of nozzles
[77]. Wang et al. presented dual-nozzle setup which was  rotated
along the center of the nozzles to fabricate aligned nanofibers in
EHDDW (Fig. 6d-f) [79]. Furthermore, a kind of multi-nozzle spin-
neret was  designed by using a printed circuit board (PCB) and
drilled holes in solder balls, in which the ball surface accumu-
lated enough electric charges helps to stabilize ejection of jets
(Fig. 6c) [78]. Yao et al. designed and fabricated micron aligned
Janus fibers comprising non-soluble polycaprolactone (PCL) and
soluble polyvinyl pyrrolidone (PVP) using two distinct nozzle sys-
tems (Fig. 6g), in which the acriflavine release from PCL fibers
spanned over a 4-day period, and release of rhodamine B from PVP
fibers was just over 6 hours [80]. The traditional co-axial nozzle sys-
tem comprises a core needle and another one or two nozzles, which

could fabricate nanofibers containing different materials. Liu et al.
utilized the coaxial electro-hydrodynamic process to construct a
triple-layered, drug-loaded vascular scaffold, of which the wavy
structure medial layer prepared with EHDDW can significantly



8 Z. Zhang, H. He, W.  Fu et al. / Nano Today 35 (2020) 100942

Fig. 5. (a) Schematic diagram of the HE-printing process, and (b) the left column represents the electrospun fiber flying in a helical manner and the right column shows the
coil  fibers deposited on collector and their cross-sections. (c, d) Highly aligned, large area serpentine micro/nanofibers. Reproduced with permission from [71]. Copyright
2017,  Nano Energy.

Fig. 6. The novel-nozzle system in EHDDW. (a) Silicon nozzle array. Reproduced with permission from [76]. Copyright 2013, international conference on micro electro
mechanical systems. (b) Triple-nozzle jets. Reproduced with permission from [77]. Copyright 2015, AIP Advances. (c) Multi-spinneret structures of 1.5 mm solder ball in
N chem
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FES.  Reproduced with permission from [78]. Copyright 2017, Micromachines. (d) S
nd  direct-written aligned nanofibers with different deposition distances. Reprodu
bers.  Reproduced with permission from [80]. Copyright 2019, Elsevier.

mprove the mechanical properties of the scaffold [82]. Overall, the
ovel nozzle can fabricate multiple functional composite structures
nd devices effectively, and it has great potential for industrializa-
ion.
aterials for EHDDW

The appropriate material for EHDDW has been demonstrated
ainly on organic polymers (solution or melt), small molecules,
atic diagram of dual-nozzle EHDDW system. (e-f) Ejecting behavior of charged jets
ith permission from [79]. Copyright 2017, AIP Advances. (g) Direct writing of Janus

and composite materials (Table 3). The prepared inks should have
a certain viscosity and fluidity. The organic polymer is the most
common material used in the EHDDW process, during which the
polymer must be dissolved entirely in the appropriate solvent or
melted without any degradation [83]. As an appropriate solution,
the molecular weight for the polymer should be high enough to

generate sufficient chain entanglement, and the polymer should
be dissolved by the solvent to evaporate and solidify appropriately
[84]. Beyond that, the solution concentration should be suitable. It
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Table  3
Polymers used in EHDDW

Polymers Application Property Method
(Voltage; Distance)

Poly(vinylpyrrolidone)(PVP) Insulator layer in multi-layer
electronics

Meet the insulation requirement in a fast, and
cost-effective method [88]

NFES
(1.8kV-2.3 kV;
0.25 mm)

Poly(3,4ethylenedioxythiophene)
(PEDOT):poly(styrenesulfonate)
(PSS)

Multi-layer Flexible microcircuit Conductivity improved about 3 times [46] NFES
(2.6kV-3.0 kV;
0.3mm-0.15 mm)

PCL  Tissue engineering Thinner fibers and pores on the surface [89] NFES (Printed on hydrogel)
(3.5 kV;10 mm)

Poly(lacticacid) (PLA) Scaffold Pattern resolution improved to 10 �m [90] EHD-fused deposition modeling(E-FDM)
Poly(vinylidene fluoride) (PVDF) Tissue engineering Sufficient transformation and magnitude [91] Melt electro writing (MEW)

(2.70 ± 0.08 kV;
4.0 ± 0.5 mm)

PP  3D scaffold Deposit fine (<5 �m) ordered structures [92] Electrohydrodynamic (EHD) print-patterning
Nylon-6:
polytetrafluoroethylene(PTFE)

Fiber-reinforced soft composites
(FrSCs)

Elastic modulus improved 40%-260% [93] NFES

Poly(methyl methacrylate) (PMMA) Micro/nano integration
manufacturing

Stability and deposition precision increased
[94]

Melt electrospinning
(10 kV-16 kV;6mm-10 mm)

DNA  Bacterial cell Line width of approximately 160 �m [95] Electrohydrodynamic direct-patterning
Chitosan Stem cells Mechanical properties improved 75% and cell

proliferation 25% greater [96]
Coaxial electrohydrodynamic direct-printing

Collagen Multi-layered scaffold Mechanical properties improved >3 times [97]Electrohydrodynamic jet bio-printing
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Gelatin  Drug-loaded vascular scaffold Me
[82

ill not obtain fiber structure when the concentration is too low,
hile high concentration will cause huge resistance to the jet for-
ation. Besides, the electrical conductivity of the polymer solution

hould be within a proper range due to the bending instability,
uring which some ionic compounds can be applied to improve
onductivity. In addition, it is advisable to make different polymer
hases mixture to improve the operability of the direct-writing
rocess. For example, although some conductive polymers (Such
s poly(3,4-ethylenedioxythiophene) and polyaniline) are difficult
o be dissolved into solutions due to the rigid backbones, they can
e direct-written in solution through mixing with soluble poly-
ers [85–87]. Regarding the prerequisite of the melt polymer, the

eys are certain glass transition temperature and thermal degrada-
ion temperature. Therefore, the thermoset polymers, proteins, and
hermally unstable polymers are not suitable for this situation. To
btain the polymer melt, a heating system is indispensable during
he EHDDW process. Due to the polymer melt has lower electrical
onductivity and higher viscosity, compared with the polymer solu-
ions, the diameter of the fibers is usually larger. Overall, the melt
s not always applied in EHDDW because of its demand for heat-
ng system and limitation of fibers diameter, though it is better in
recise deposition and safety [69].

Besides the organic materials mentioned above [98,99], the
etallic materials and ceramic materials have been a research

otspot recently owing to their potential applications in many
mportant areas such as electronics, photonics, mechanics [100],
issue engineering, and wearables.

The metal inks based on pure metal [2], metal alloy, and metal
xide (such as ZnO, SnO2 etc.) have been widely utilized to print
pecific functional micropatterns via EHDDW method (including
onductive, electrical, optical properties or chemical reactions,
tc.). Han et al. used a few low-melting metal alloys, includ-
ng Field’s metal (32.5% bismuth, 51% indium, 16.5% tin), Wood’s

etal (50% bismuth, 26.7% lead, 13.3% tin, and 10% cadmium), and
older (48% tin, 32% bismuth, 20% lead) to directly print 2D pat-
erned conductors with sub 50 �m resolution. It showed stable

lectrical response and self-healing capability (Fig. 7a-c) [101]. In
nother study, Several types of metal oxide (SnO2, In2O3, WO3 and
iO) nanofibers (length of a few micrometers) dissolved in alpha-

erpineol or ethyleneglycol (15 wt%) solvents were utilized as inks
(1.7kV – 2.5 kV; core/shore nozzle)
al properties improved significantly Coaxial electrospinning and NFES

to print highly integrated and multiplexed gas sensor using EHDDW
method [102]. Ruggieri et al. prepared parallel arrays of well aligned
nitrogen doped TiO2 nanofibers (3–4 mm long, 300–500 nm diam-
eter) by NFES technology annealed at 400 ◦C for NO2 sensing [103].
Similarly, Liang et al. fabricated all metal oxide thin-film elec-
tronics(TFTs) (Fig. 7d) based on semiconducting materials (In2O3,
In-Ga-ZnO(IGZO)), conductive metal oxide (Sn-doped In2O3 (ITO)),
as well as aluminum oxide (Al2O3) gate dielectric at temperature
of 350◦C by EHDDW, which exhibit excellent electron transport
characteristics (average electron mobilities of up to 117 cm2 V–1

s–1), negligible hysteresis, excellent uniformity, and stable opera-
tion at low-operating voltage [104]. Regarding molten metal, it has
extremely higher surface tension and viscosity than other organic
materials. Therefore, the required nozzle temperature is generally
high to obtain good ink flowability. Nevertheless, EHDDW is still
one of the most effective ways to obtain patterned metal nanowires.

Generally, ceramics are not considered to be directly spinnable
because they are difficult to form effective fluids [105]. By combin-
ing conventional sol − gel processing with EHDDW, the ceramic
nanofibers with either a solid, porous, or hollow structure can
be obtained (Fig. 7e, f). The typical process to fabricate ceramic
nanostructures can be classified into three steps: (i) Preparation for
inorganic sol or a solution containing a matrix polymer together
with an alkoxide/salt and polymer precursor; (ii) Fabrication of
the composite nanofiber consisting of the polymer matrix and salt
precursor at room temperature; (iii) Calcination or chemical con-
version of the precursor into the desired ceramic at an elevated
temperature, with concomitant removal of all organic components
from the precursor fibers. There are more than a hundred kinds
of ceramics, including CeO2, SnO2, SiO2, VN, BaTiO3, LiCoO2, Co-
doped-ZnO, Sb-doped-SnO2, and a blend of ZnO2 and SiO2, etc.,
have been constructed into fibrous nanomaterials [106].

Control of the EHDDW process

According to the study of the EHDDW system, the process

parameters play vital roles in the structures and properties of
nanofibers. The key to achieving writing is reducing the bending
instabilities and improving the controllability of the single fiber
[109]. Several factors affecting the direct-writing process can be
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Fig. 7. (a) Schematic of printed projected capacitive touch sensor array. (b) SEM image detailing the printed metallic filaments. Reproduced with permission from [101].
Copyright 2018, Advanced Materials Technologies. (c) Three different high-resolution AgNW patterns. Reproduced with permission from [107]. Copyright 2018, Repository.
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d)Direct electrohydrodynamic patterning of high-performance all metal oxide thi
mages  from a micro-CT scan of a lattice section (f) 3D reconstruction of the high-r
rom  [108]. Copyright 2020, repository.

lassified as writing parameters (such as the applied voltage, the
ollector movement, the spinning distance, flow rate, and needle
iameter), solution properties (including, solvent, viscosity, and
onductivity) and environmental parameters (e.g. relative humid-
ty and temperature).

Among them, the applied voltage, collector movement, and
ozzle-to-collector distance, are the most crucial parameters to
e considered to affect the diameters of nanofibers and modify
he fabrication accuracy. The relatively low voltage can modify the
eposition precision due to its reducing the bending instabilities
nd the residual charges on the substrate as well as increasing
he control of the resulting polymer jet. For example, Bisht et al.
resented a low voltage NFES with 200 V to continuously write
olymeric nanofibers on 2D and 3D substrates [65]. In addition, the
lectrical drawing force generated by applied voltage also domi-
ates the flow rate of the jetting, namely the thinner nanofiber can
e obtained at lower voltage considering the reduced deposition
istance in EHDDW system (Fig. 8a).

Due to the enhanced influence of the drawing force on the jetting
ber, the collector movement at relatively high speed also obvi-
usly affects the diameters of nanofibers. For example, the average
iameter of the resultant fiber significantly decreased from 21.8

 1.2 �m to 17.1 ± 1.1 �m when the collector speed increased
rom 50 mm/s  to 150 mm/s  (Fig. 8b) [80]. Regarding the distance
etween the needle tip and collector, the relatively greater nozzle-
o-collector distance helps to generate smaller fiber diameter and
ner fiber patterns (Fig. 8c). However, unstable jet will appear with

ncreasing working distance, which will lead to the mismatching of
he jet position [110].

For other controlling factors, the solution concentration will
nfluence the chain entanglement within the polymer, leading to
ifferent nanofiber morphology. The particles or polymer beads
ill generate at low concentration (e.g., 2-15 wt%  based on PLGA)

ue to inability of the weak interactions between the polymer
hains. The appropriate concentration of solution based on PLGA
or nanofibers generated by EHDDW should be 20-25 wt%, in which
he mean diameter of fiber increased from 1.78 ± 0.4 �m to 3.26 ±
 electronics. Reproduced with permission from [108]. Copyright 2019, ACS. (e) 3D
tion scan of the lattice of ceramic before calcination. Reproduced with permission

0.6 �m when the concentration improved from 20 wt% to 25 wt%
[111]. As for solution conductivity, the charge transfer from the
interior of the solution to its surface may  not happen when the con-
ductivity is too low. In one study, with the increase of conductivity
of solution from 1.53 to 10.5 mS/cm, the fiber diameter decreased
from 214 ± 19 nm to 159 ± 21 nm [112]. To reduce the effect of
conductivity on the spinning process, the addition of appropriate
salt could be a good method. Furthermore, the solvent should be
selected carefully. The preferred solvents should dissolve the poly-
mer  completely and have a moderate boiling point which is related
to the volatility of a solvent. The volatility or vapor pressure of the
solvent determines its evaporation rate and thus the solidification
rate of the jet. Regarding the solution feed rate, with decreasing
the feed speed, it can lead to a decline in the diameter of nanofibers
because it will result in lower electric current and a higher surface
charge density [113].

Except for the abovementioned factors, several auxiliary meth-
ods, such as auxiliary electrodes, auxiliary magnetic fields, novel
nozzles, etc., are the innovative controlling methods toward spe-
cific patterns and structures. For example, recently, Liashenko et al.
achieved ultrafast 3D printing at speed up to 0.5 m s−1 in-plane and
0.4 mm s−1 in the vertical direction with submicrometer features
through locating electrodes around the jet in EHDDW system. The
spinning speed was  about three to four orders of magnitude faster
than techniques providing equivalent feature sizes (Fig. 8c-f) [114].

Environmental conditions, such as temperature and relative
humidity, can also influence the fiber structure and morphology.
With temperature increases, the solvent evaporation rate increases
while the viscosity of the polymer solution decreases to generate
thinner nanofibers. It means that the change in temperature will
affect average diameter. The relative humidity is another factor to
affect electrical charge carried by jet. When the humidity increases,
the evaporation of the solvent becomes difficult, thereby reduc-

ing the degree of solidification of the fiber. Generally, RH makes
the nanofibers thicker or thinner and has a minor effect on the
fiber diameter [115]. Zheng et al. used the NFES method to prepare
completely uniform PVP fibers. They found that the beaded fibers
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Fig. 8. (a)The mean fiber diameter changed from 19.5 ± 0.8 �m to 26.4 ± 1.0 �m by applied voltage varying in the range of 1.5-3 kV. (b) Effects of collector movement on
fiber  diameter. (c)The resultant diameters are 19.2 ± 0.8 �m, 17.5 ± 0.5 �m and 15.1 ± 0.5 �m at the working distance of 2, 5 and 8 mm respectively. Reproduced with
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ermission from [80]. Copyright 2019, Journal of Drug Delivery Science and Techno
icrographs of a PEO-Ag cylindrical structure printed using an ink containing 5 wt% 

ommunications.

ixed with uniform fibers generated when the RH was under 40%
116].

Therefore, the parameter adjustment of EHDDW is a system
ngineering, and the adjustment method of various factors needs
o be comprehensively considered according to the application and
he pattern forms. Among them, the addition of auxiliary devices
an fundamentally change the distribution of the electric field,
hich is the main direction of innovation.

pplications

As the EHDDW technique exhibits great superiority in the
ontrollable deposition of a single fiber in precise, continu-
us, non-contact, high-efficient, and low-cost manner, extensive
xplorations have been devoted to making breakthroughs for
pplications in various fields, such as wearables, electronics,
iomedicals, etc.

mart materials

The so-called smart material is a kind of functional material,
howing the functions of stimuli-response, shape-memory, self-
leaning, self-healing, sensing, etc. [117] Directly written functional
nd smart material by EHDDW is particularly attractive for device
mplementation due to the relatively low assembling cost, easy
ntegration over flexible and large areas [118]. Furthermore, due
o the high printing accuracy, the prepared nano-scale materials
lso exhibit better performance compared with those prepared by
he traditional integration methods. Han et al. printed a flexible
nd stretchable metallic conductor with a sub 50 �m resolution
y EHDDW technology. The self-healing capability of the printed
onductor (Fig. 9a-d) was demonstrated by heating the broken con-
ection at a temperature of 75 ◦C for only two minutes with slight
ressure [101].
Piezoelectric materials are feasible to convert/supply energy
ecause of the ability to produce electric power and signals when
eformed by mechanical force. In 2010, one piezoelectric nano-
enerator directly written of poly(vinylidene fluoride) (PVDF)
d) A schematic of the auxiliary electrodes’ 3D direct-printing technology (e, f) SEM
 Ag nanoparticles. Reproduced with permission from [114]. Copyright 2020, Nature

nanofibers via NFES showed better performance in repeatable
properties and higher energy conversion efficiency than commer-
cial PVDF thin films [119]. Duan et al. manufactured a kind of
nonwrinkled, stretchable piezoelectric generator by directly writ-
ing PVDF fibers onto a pre-strained PDMS substrate through MES
[73]. It exhibits excellent piezoelectric performance, and the failure
strain is 110% higher than that of PDMS (Fig. 9e). This piezoelectric
generator may  have potential applications in human monitor-
ing and artificial skin by integrating into stretchable electronics.
Recently, for the first time, ultrathin ceramic piezoelectric films
that are capable of GHz level actuation were created with uniform,
continuous traces as narrow as 198 �m and as thin as 128 nm on
rigid and flexible substrates via NFES [120]. In another study, elec-
trochromic devices (ECDs) were fabricated by printing a silver grid
on indium tin oxide (ITO) film using an EHD method [121]. It was
demonstrated that the enhanced conductivity of the silver grid ITO
film under low-voltage (1.0 V) operation improved the color qual-
ity and response time (Fig. 9f, g), which proved the potential of
EHDDW in improving soft ECDs.

Piezoresistive sensors embrace a wide range of applica-
tions in soft materials such as smart textiles and artificial
skins for the deformation and pressure sensing [122]. Nothnagle
et al. fabricated pressure sensor arrays using Poly (3,4-ethylene
dioxythiophene):Polystyrene Sulfonate (PEDOT:PSS), a piezoresis-
tive sensing material, by pre-patterning gold or platinum metalized
interdigitated comb electrode arrays on a flexible polyimide sub-
strate via electro hydrodynamic printing [123]. It was  confirmed
that the piezoresistive pressure and strain sensors have sufficient
response to strain and linearity on flexible robotic skin due to con-
tinuity and good accuracy.

Another significant application in the integration of hetero-
geneous sensing materials like gas sensors [102] has also been
achieved (Fig. 9h, i). In recent times, Zeeshan Yousaf et al. pre-
pared an integrated micro temperature plus humidity sensor using

a composite of polyethylene oxide (PEO) and 2D molybdenum
disulfide (MoS2) flakes via EHD printing and electrospray depo-
sition [124]. The sensor achieved a highly sensitive (85 k�/%RH)
and almost linear response for a wide detection range (0–80% RH)
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Fig. 9. (a) Self-healing metallic conductor written by EHDDW that connected a battery to a LED. The conductor was  intentionally broken by overstretching. (b) Optical
photograph of a failure (broken connection) in the conductive path. (c) The circuit recovered from failure after self-healing procedure. (d) Optical image of the healed failure
with  the broken gap reconnected. Reproduced with permission from [101].Copyright 2018, Advanced Materials Technologies. Scale bar in (a) and (c): 5 mm.  (e) Piezoelectric
behavior of in-surface buckled fibers on PDMS substrate by EHDDW under constant periodic pressure while with different applied strains. Reproduced with permission from
[73]. Copyright 2014, Nanoscale. Images of reversible performance of flexible electrochromic devices by EHD printing from ITO 300 TCE under bent condition (e) bleached
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tate  (0 V) and (f) colored stage (1.0 V). Bending radius was 15 mm.  Reproduced wit
ensor  array fabricated by EHD printing of SnO2, WO3 and In2O3 nanofibers for low p
nO2, WO3 and In2O3. Reproduced with permission from [102]. Copyright 2017, Sen

f relative humidity. For the first time, Lim et al. prepared a novel
ano-architecture as gas sensor consisting of 1D metal oxide pat-
erns made of combination Polyvinylpyrrolidone (PVP) and metal
itrates with grid patterns of In2O3, Co3O4, and NiO nanofibers via
FES, which exhibits an unprecedentedly high gas response (resis-

ance ratio, ST = 239, T: trimethylamine) and selectivity (STSE
-1 >

, E: ethanol) to 5 ppm trimethylamine compared with thin-film
ounterparts (ST = 24, STSE

-1 ≈1) [125]. Wang et al. manufactured
icro-scale graphene/polyethylene oxide/sodium dodecyl sulfate

omposite films through EHDDW for the first time, in which the
omposite is firstly used in a resistance-based humidity sensor
126]. However, its resistance decreases rapidly as the humidity
ncreases from 63% RH to 100% RH (the response time is less than
.5 s) due to the porous structure and high specific surface area.

lexible electronics

Flexible electronics, including light-emitting devices, field-

ffect transistors and energy harvesting, conversion and storage
evices, can serve as ideal platforms for mobile applications
ecause of their unique properties, such as light weight, low cost,
igh flexibility, and great conformability [127]. A micro pattern
ission from [121]. Copyright 2017, Journal of Materials Chemistry C. (h) MEMS  gas
 consumption. The platform size is 3.5 mm x 3.5 mm.  (i) PCA results of EHD-printed
and Actuators B: Chemical.

is a key component of various flexible functional electronics.
Chen et al. fabricated organic micro patterns of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS)
mixed material with novel shapes(curve, self-similar, wave struc-
ture) using NFES method (Fig. 10a, b). Subsequently, they further
directly wrote a flexible multi-layer organic electronic microcir-
cuit pattern of PEDOT:PSS material through repeating positioning
through the X and Y axes during direct writing (Fig. 10c), in which
the conductivity can be improved effectively about two times
with the increase of pattern layers (Fig. 10d) [46]. It demonstrated
that the organic micropatterns have flexibility, and maintain
continuity of arc contours on the flexible substrate (Fig. 10e)
[128]. In another study, the microscale conductive silver features
in flexibly tunable resistance were fabricated based on in situ
reactive Ag-polyethylene oxide (PEO) inks by EHD printing. It
successfully achieved features with the smallest size of 27.6 ± 3.4
�m, exhibiting an electrical conductivity of 3.3 × 106 S/min, which
demonstrated the printing feasibility of microscale conductive

features on various flexible substrates [129].

Harvesting energy from tiny physical motion is increasingly
attractive leading to the broad research of energy generators
with high flexibility and biocompatibility. Piezoelectric fiber-based
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Fig. 10. (a) The snake-shaped microcircuit pattern. (d) The conductivity of the micro-pattern varies with the increase of the number of layers. (b) The partially magnified
snake-shaped microcircuit pattern. (c) Repeat positioning through the X and Y axes during direct writing of the multi-layer microcircuit patterns. Reproduced with permission
from  [46]. Copyright 2019, Journal of Materials Science: Materials in Electronics. (e) Fabricating organic micro patterns of the second-order self-similar structure curve on the
flexible insulating substrate. Reproduced with permission [128]. Copyright 2019, Micromachines. (f) Captured digital image of large-area transistor array including 100 EHD-
printed  P3HT OFETs. The inset image represents an optical microscope image of the P3HT line on Au S/D electrodes and channel. (g) Bending image of flexible EHD-printed P3HT
OFETs.  Reproduced with permission from [131]. Copyright 2014, ACS Applied Materials & Interfaces. (h) Wearable DSSCs affixed to human fingers. Reprinted with permission
from  [136]. Copyright 2015, Royal Society of Chemistry. (i) Structural diagram of three pieces of supercapacitor fabrics integrated into a wrist and (j) that powers an LED with
1.6  V turn-on voltage. Reproduced with permission from [135]. Copyright 2016, Royal Society of Chemistry. (k) Demonstration of the stretchable semi-embedded CuNWs
T olym
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CFs  in the light-emitting diode (LED) circuit. (l) Device photograph of the flexible p
ctive  layer. Reproduced with permission from [137]. Copyright 2017, ACS Applied 

eproduced with permission from [138]. Copyright 2019, Advanced Functional Mat

enerators are prepared by combining PVDF fibers and mono-
ayer/bilayer graphene via NFES. The generator exhibited high
exibility and transparency as well as a great performance with
n achievable output of voltage/current about 2 V/200 nA [130].
The field-effect transistors (FETs) allow precise electrical con-
rol of the charge density, which has great application potential
n flexible electronics. In one study, the organic field-effect tran-
er solar cells based on the stretchable CuNWs as electrode and PTB7-th:PC71BM as
ials and Interfaces. (m) A large-scale BTO film and a demonstration of its flexibility.
.

sistors (OFETs) were fabricated by NFES based on micropatterning
poly (3-hexylthiophene) lines without any other polymer binder.
The resolution of the printed line and the electrical performance of
OFETs were improved through treating a variety of self-assembled

monolayers and polymer silk ribbons onto the surface of the
substrates (Fig. 10f, g) [131]. Besides, this OFETs showed the com-
mercialization potential with fabricating a large-area transistor
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Fig. 11. (a) SEM image of sub-microscale fibrous networks. (b) The cells adhered and grew on sub-microscale fibrous networks, when cultured for 3 days. (c) Fluorescent
images of cell-fiber construct stained with phalloidin and DAPI, when cultured for 3 days. Reproduced with permission from [147]. Copyright 2020, Virtual and Physical
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water-stable sub-micro scale fibrous architectures [134]. The
rototyping. (d) Fabrication process for a highly roughened 3D PCL scaffold. (e) Op
caffold (down). (f) Optical micrographs of ARS-staining indicating mineralization fo
opyright 2011, American Chemical Society.

rray, including 100 OFETs, and low-operating-voltage. Further-
ore, Li et al. used EHD printing to get a ZnO-based thin-film

ransistor grounded on indium tin oxide (ITO) transparent con-
ucting electrodes (TCEs) with well-defined patterns (line width
anging from 230 to 30 �m),  which has an improvement in its
lectrical conductivity [132].

A flexible supercapacitor can function as an energy-storage
evice, which is potential power source for wearable electron-

cs [133]. Shen et al. prepared flexible micro-supercapacitors by
irectly writing of polypyrrole (PPy) nanofibers on a patterned
etal electrode via NFES method. The printed prototype shows a

igh capacitance of 0.48 m F cm−2, and it is highly flexible with
xcellent electrochemical performance and cycling stability [134].
uang et al. obtained a high-performance wearable supercapacitor

abric (Fig. 10i, j) based on flexible metallic fabric (Ni–cotton) with
ebs of multi-walled carbon nanotubes (MWCNTs) by direct elec-

rospinning [135]. The as-prepared fabric devices showed ultrahigh
tability with bending radius of 2 mm,  which indicated the remark-
ble potential applications in wearable electronics for the desired
orms.

The electrospun fiber template method gained considerable
opularity because it is easy to carry out and exhibits good dimen-
ion control in flexible and stretchable micro-systems. Zhou et al.
anufactured a highly flexible dye-sensitized solar cell composed

f TiO2 nanotube arrays (TNARs) and a transparent Pt network
lectrode via templating process [136]. The Pt networks in TNAR
ased DSSCs exhibit remarkable mechanical flexibility of > 90%
hotoelectric-conversion efficiency (PCE) after 200 bending cycles,
hich would be widely used in other wearable, lightweight elec-

ronic devices (Fig. 10h). Yang et al. fabricated a large-scale
tretchable semi-embedded CuNWs transparent conductive film
TCFs) by electrolessly depositing Cu on the electrospun poly

4-vinylpyridine) (P4VP) polymer template. It showed low sheet
esistance (15.6 � sq-1 at ∼82% transmittance), as well as out-
tanding stretchability and mechanical stability (Fig. 10k, l) [137].
icrographs of the fabricated scaffold (80 × 80 × 2 mm3) (up) and side view of the
RP-PCL and EHD-PCL scaffold after 7 days. Reproduced with permission from [146].

The stretchable semi-embedded CuNWs TCFs maintained effective
after stretching with 25% strain and yielded a power conver-
sion efficiency of 4.6% with 0.1 cm2 effective area, showing great
potential for wearable electronic devices. Furthermore, Yan et al.
fabricated ultra-flexible crystalline BaTiO3 nanofiber (NF) films via
a sol–gel electrospinning method. Polymer NF templates were used
to grow perovskite BaTiO3 crystals (Fig. 10m)  [138]. The ceramic
films have a polymer-like softness of 50 mN,  a large Young’s mod-
ulus of 61 MPa, an elastic strain of 0.9%, and a low density of 28
mg cm−3, demonstrating superior softness without fracture after
deformation.

Biomedicals

The EHDDW for biomedical uses, such as tissue
repair/regeneration and implant coatings research to combat acute
and chronic diseases has aroused increasing interest recently. Kong
et al. fabricated 3D fiber-reinforced gelatin methacrylate (GelMA)
hydrogel by combining poly (�-caprolactone)-poly (ethylene gly-
col) micro fibrous scaffold obtained by NFES with GelMA hydrogel
to mimic  native cornea for the regeneration of corneal stroma. The
influences of differentiation of limbal stromal stem cells (LSSCs)
in vitro and in vivo tissue regeneration were studied, which demon-
strated that fiber hydrogel and serum-free media synergize for
the maintenance of keratocyte phenotype and the regeneration of
damaged corneal stroma [139]. Zhang et al. fabricated sub-micron
scale biopolymeric patterns with an average fiber size of 193 ± 51
nm to mimic  the tiny architectures of native extracellular matrix
(ECM) using solution-based EHD printing strategy. It is applicable
to biocompatible polycaprolactone (PCL) for the fabrication of
resultant fibers exhibited unique enhanced cellular performance
in adhesion, spreading and orientation compared with fibers
made by conventional melt-based EHD printing. Furthermore, it



. / Nan

c
c

a
d
r
t
c
p
F
T
T
o
t
c
a
t
m
s
p
m
l
e
t
(
u
a
T
t
i
[

c
e
u
a
t
s
[
i
fi
c
a
w
u
c
t
f
p
o
e
m
4
[

C

p
d
t
i
n
v
r

Z. Zhang, H. He, W.  Fu et al

ould be further functionalized by the incorporation of bioactive
omponents for enhanced tissue regeneration.

Along with the importance of highly effective medical ther-
py for the patients, EHDDW shows great potential to integrate
ifferent functional materials to fabricate specific medical mate-
ials. Several drugs are difficult to act on the specific part of
he body since its poor solubility and bio-applicability. A novel
halcone (KAZ3) with anticancer properties was loaded into meso-
orous (SBA-15 and MCM-41) and non-porous (fumed silica,
S) materials via EHD printing and solvent impregnation [140].
he drug dissolution was improved significantly up to 30-fold.
he programmed and on-demand approaches were involved to
ffer a precise control over the release time and the quan-
ity of drug. In another case, a flexible multi-drug membrane
onsisting of cellulose acetate-ibuprofen (CA-IBU) and cellulose
cetate-paracetamol (CA-Para) with an intermediate polycaprolac-
one (PCL) folding component was fabricated via 3D EHD-printing

ethod. The membrane showed good biocompatibility and exten-
ive application prospects in drug combination therapy and
ersonalized medicine [141]. Wang et al. used EHD printing
ethod to fabricate highly aligned dual-core matrices of graphene-

oaded polycaprolactone(PCL)/polyethylene oxide(PEO) materials,
xhibiting good biocompatibility and improving PC12 cell migra-
ion [142]. Wang et al. fabricated bifunctional micropatterned poly
D,L-lactic acid)/poly (�-caprolactone) (PDLLA/PCL) membranes
niformly incorporated with Cu2S nanoflowers for skin tumor ther-
py and wound healing via patterning co-electrospinning method.
he innovative design resulted in high mortality (>90%) of skin
umor cells and effectively inhibited tumor growth in mice, show-
ng great promise for tumor-induced wound healing applications
143].

With the increasing demand for both strength and bio-
ompatibility for an ideal scaffold in tissue engineering, the
ndothelialization of the vascular scaffold has also become a pop-
lar research topic and a cutting-edge study. Gao et al. designed

 novel multi-scale scaffold of PCL materials with fiber diame-
ers from 3 �m to 600 �m via EHD printing method. The PCL
caffolds with excellent biocompatibility was proved (Fig. 11a-c)
144]. Furthermore, the 3D cell culture was obtained by combin-
ng the scaffolds with hydrogel. They found that the patterned
bers enhanced the strength of the scaffolds, and induced the
ell migration, which has great potential for tissue engineering. In
nother study, a double-layer tissue engineering vascular scaffold
ith a biomimetic structure was fabricated via EHDDW by man-
ally crimping the films with aligned fibers. The paralleled fibers
an guide human umbilical vein endothelial cells growth for more
han 81% [145]. Furthermore, a 3D biomedical scaffolds (Fig. 11d-
) designed as porous structures for bone tissue engineering was
repared through modified EHDDW technique using poly(ethylene
xide) materials. The biological properties of the scaffold were
nhanced 20 times over the cell viability and 6 times over the
ineralization. The water-absorption ability was  also increased by

00% compared with the scaffold made by rapid-prototype method
146].

onclusion and outlook

In the past decade, EHDDW has become one of the most
romising technology in nanofiber control and the related direct
evice molding. It has a significant advantage over conven-
ional electrospinning in continuously controlling the morphology,

nter- and intra-porosities, dimension, and direction of the
anofiber deposition. Besides, it has wider compatibility with
iscous inks to realize high-resolution patterns and high-aspect-
atio 3D micro/nanostructures. Furthermore, its characteristics of
o Today 35 (2020) 100942 15

non-contact, additive, and reproducible processing lead to high-
efficiency and cost-effective solution-processable superiority. This
review summarized the latest advances in the methods, materi-
als, and recent investigations of crucial applications of EHDDW
technology. The recent remarkable progress of certain applications
in wearables, electronics and biomedical products, etc. has been
achieved.

Despite the remarkable progress of EHDDW technology in
manipulating single fiber has been achieved in the laboratory
recently, scale-up fabrication and commercialization still face a
number of major challenges that need to be addressed. For exam-
ple, end effects from neighboring nozzle, disturbance due to surface
irregularity of the substrate, and non-conductive material will
affect the direct-writing process. In addition, toward the 3D nan-
odevices preparation, it’s still not easy to control the fabrication
quality in nano-scale precision. This is also related to the fine struc-
ture of the substrate and the adjustment of the electric field. The
development direction should be deep into the design and control
at nanoscale level.

In the future, great efforts should be devoted on systemically
understanding the electric field controlling mechanism, online
rheological behavior, and physical property controlling theory,
for offering deep insights into the stability, accuracy and one-
step fabrication during preparation process. Simultaneously, the
integration of experimental and computational works, such as
theoretical simulation and path planning technology, is needed
to validate and establish the systematical extent of electric filed
involved in an EHDDW process. Furthermore, more attention
should be paid to the explorations for novel nozzles and their appli-
cations, as the form of the nozzle will affect the morphology of
fiber and the accuracy of device. To achieve precise and high-speed
printing, some methods including multiple nozzles or integration of
the EHDDW apparatus may  have great potential. Besides, with the
increasing demand for multiple application areas, the integration
of multifunctional systems to promote the process compatibility
with other conventional micro-/nano-fabrication techniques are
still noteworthy. The printed electronics remain the most obvious
areas of application, like thin-film transistors, in which the func-
tional inks with sufficient conductivity, such as carbon nanotubes,
graphene, particle-free silver, and liquid metals, are promising.
Biotechnology is another promising area, in which high-resolution
3D direct-printing individual cells and components of an extracel-
lular matrix may  have broaden prospect. It is believed that through
the unremitting efforts of scientists, EHDDW technology will have
broad application prospects in nano-based additive manufacturing.
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