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Electrohydrodynamic jet (e-jet) printing is a high-resolution printed
electronics technique that uses an electric field to generate droplets. It

has great application potential with the rapid development of flexible and
wearable electronics. Triboelectric nanogenerators (TENG), which can
convert mechanical motions into electricity, have found many high-voltage
applications with unique merits of portability, controllability, safety, and cost-
effectiveness. In this work, the application of a TENG is extended to printed
electronics by employing it to drive e-jet printing. A rotary freestanding TENG
is applied as the high-voltage power source for generating stable ink droplet
ejection. The TENG-driven droplet generation and ejection process and
printed features with varied operation parameters are investigated. Results
reveal that the jetting frequency could be controlled by the TENG'’s operation
frequency, and high-resolution printing with feature size smaller than nozzle
size is achieved using the setup. Notably, TENG as the power source for e-jet
printing supplies a limited amount of current, which leads to better safety for
both equipment and personnel compared to conventional high-voltage power
supplies. With the superiority of TENG in the sense of safety and cost, the
work presents a promising solution for the next-generation of high-resolution
printed electronics and broadens the scope of TENG application.

1. Introduction

development of flexible and wearable
electronics over the past decade. These
methods, when used to fabricate elec-
tronics devices by depositing functional
inks onto various substrates, are often
referred to as printed electronics.l*% Com-
pared to conventional fabrication methods
such as photolithography, printed elec-
tronics has attractive features including
simple fabrication process, applicability
on flexible substrates, compatibility with
large-area substrates, and low fabrication
cost. Among the various methods, inkjet
printing, aerosol jet printing,’# and elec-
trohydrodynamic jet (e-jet) printing,®1¥
which enable mask-free fabrication in an
additive rather than subtractive manner,
endow manufacturers with the additional
capability of directly patterning ink mate-
rials, and thus are more efficient in mate-
rial usage and device design. They have
been widely used for the fabrication of
thin-film transistors, radiofrequency iden-
tifications, displays, biomedical devices,
etc.'!) Specifically, inkjet printing deposits

ink droplets on demand by supplying pressure pulses in the

fluid-filled chamber and the pulses are triggered via thermal

Various printing methods, such as screen printingl!! and inkjet
printing,1>3! have attracted enormous interest during the rapid

vaporization, acoustic agitation, or piezoelectric actuation.!?
Aerosol jet printing uses ultrasonic atomization to generate ink
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droplets, which are transported by a carrier gas and collimated
by a sheath gas before being jetted toward the substrate.”] In
e-jet printing, an electric field is applied between the deposi-
tion nozzle and the substrate and induces mobile ions in the
ink to accumulate at the liquid surface. The liquid meniscus is
deformed into a conical shape, or the so-called Taylor cone,*?!
due to the Coulombic repulsion of ions, and a droplet is ejected
toward the substrate once the stress from the charge repulsion
at the cone apex exceeds the surface tension.l'l Therefore, e-jet
printing is capable of producing ink droplets much smaller
than the nozzle and has been regarded as a high-resolution
printing technique. A sub-micrometer resolution (up to
700 nm) has been demonstrated using e-jet printing, while the
resolution limits of inkjet printing and aerosol jet printing are
tens of micrometers.l’! It also avoids the inherent clogging issue
in inkjet printing and aerosol jet printing by achieving compa-
rable resolution with a much larger nozzle.'> E-jet printing
has great potential in high-resolution electronics printing and
has been successfully used to print various materials including
conductive inks,['>1® DNA,[”] quantum dots,'® and small
organic molecules.!') However, conventional high-voltage (HV)
power sources required for the process generally have high cost
and pose major threats to substrates, surrounding instruments
and operation personnel.

Meanwhile, triboelectric nanogenerator (TENG), which
can convert mechanical motions into electricity based on
the coupling effects of triboelectrification and electrostatic
induction, has experienced dramatic development since its
invention in 2012.29-2% [ts theoretical origin can be traced
back to Maxwell's equations, which gives TENG unique output
characteristics of high voltage and low current.l”’-?8] Therefore,
TENG may serve as a novel alternative of conventional HV
power sources with unprecedented portability and safety.?”]
The high voltage output (1-10 kV) of TENG, possibly driven
by biomechanical motions for emergent use or environmental
motions and small electric motors for longer use, eliminates
the requirement of sophisticated power converters and thus
reduces the system complexity and cost. Compared to com-
mercial direct current (DC) HV power supplies, the limited
current and charge transfer per cycle from TENG also makes
it better for the safety of personnel and instrument. The high
voltage automatically decreases as the limited charges are
transferred. Therefore, TENG has found many high-voltage—
driven applications, such as nanoelectrospray ionization for
mass spectrometry,?] microplasma,?"32 electron field emis-
sion,?3 air cleaning,** electrospinning,*” and electrostatic
actuation.’®l In the application for nanoelectrospray ioniza-
tion, TENG offered unprecedented control over ion genera-
tion owing to the limited charge transfer per operation cycle
and thus provided enhanced sensitivity at low sample con-
centrations.’ In the case of electron field emission, the ZnO
nanowires based emitting device survived the high voltage
of TENG but not the conventional power source.’3 As for
air cleaning, the filtering performance could be significantly
enhanced with the voltage output of TENG which was driven
by wasted mechanical energy, such as vibration or wind.*¥
Therefore, TENG-based high voltage power sources have great
application potential with the advantages of portability, con-
trollability, and safety.
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In this work, we managed to use TENG to drive the e-jet
printing process. A rotary freestanding TENG (RF-TENG)B738l
connected with a simple boost circuit’!l could supply an
open-circuit DC voltage above 1 kV, which was adequate to
induce continuous droplet formation and ejection from the
printing nozzle. The droplet jetting process was recorded
using a high-speed camera with a variable frame rate up to
37 350 fps, clearly showing the tunability of jetting frequency
via the control of TENG operation frequency. Effects of nozzle
moving speed and nozzle size on printed features at different
TENG rotation speeds were studied as well. The TENG-driven
e-jet printing setup was able to achieve feature sizes smaller
than the nozzle diameters, with a minimum feature size
of 135 pum using a nozzle diameter of 160 um in our experi-
ments without dedicated optimization of printing parameters.
This performance is comparable to that using a commercial
DC HV power source and the resolution is expected to be
further improved by reducing the nozzle size and optimizing
the nozzle-to-substrate distance. We also demonstrated its
use for printing graphics, conductive interconnects, and touch
sensors. The TENG was simply operated using a rotary motor
and the cost of the TENG device and boost circuit is less than
100 USD, while a commercial DC HV power source usually
costs more than 1000 USD. With the merits of controllability,
high resolution, low cost, and safety, we believe this TENG-
driven e-jet printing process can be an excellent alternative of
conventional DC HV-driven process.

2. Results and Discussion

A schematic representation of our proposed TENG-drive e-jet
printing process is illustrated in Figure la. A RF-TENG is
connected to the printing nozzle and the substrate through a
voltage boost circuit. The movement of the printing nozzle is
controlled via a robotic arm and ink inside the syringe is held
steady via pneumatic control. The RF-TENG consists of two
parts, one stator and one rotator, with the detailed structures
shown in Figure S1 in the Supporting Information. The stator
is made of an acrylic sheet as the substrate, an aluminum foil
layer as the electrodes, and a polytetrafluoroethylene (PTFE)
film as one triboelectric layer. In the aluminum foil layer, two
interdigitated radial arrays of electrodes, with each having 12
sectors connected at either the inner rim or the outer rim, are
evenly distributed on the acrylic substrate and serve as the two
electrodes of TENG. The rotator is made of an acrylic sheet with
12 evenly distributed nylon films hanging on it. The size of
the nylon films is rationally chosen so that their free parts can
cover about one electrode sector during rotation. The rotator
is connected to the shaft of a rotating motor (Oriental Motor,
BLFM230-A) through the center hole. The working mechanism
of RF-TENG is presented in Figure 1b. The triboelectrifica-
tion between the nylon film and the PTFE film induces posi-
tive charges on nylon and negative charges on PTFE. As the
nylon sweeps across the PTFE film with the rotator, electrons
will flow from one electrode to another due to electrostatic
induction. The interdigitated electrode design ensures that
continuous alternating current electricity can be generated as
the rotator moves. A boost circuit consisting of variable boost
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Figure 1. TENG-driven e-jet process. a) Schematic representation of the proposed process. b) Working mechanism of the sliding freestanding TENG.
c) Equivalent electrical circuit model of the boost circuit.
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units,B! with its equivalent electrical circuit model shown in

Figure 1c, is used to amplify the output voltage of the RF-TENG
to achieve a steady, easily obtainable ink jetting process. Each
boost unit consists of four capacitors of 4.7 nF and four high
voltage diodes as highlighted in Figure 1lc. Such a setup with
five boost units achieved an open-circuit DC voltage above 1 kV
as plotted in Figure S2 in the Supporting Information.

The nozzle-to-substrate distance is critical in the e-jet
printing process. As shown in Figure 2a with a nozzle size
of 340 pm, when the distance was too small (=0.5 mm), the
ink would deform and contact the substrate without droplet
formation; when the distance was too large (=2.5 mm), the
jetted droplets would breakup and thus a spray, rather than
a series of drops, would be collected on the substrate, which
is exactly the case for electrospraying.*¥) Only with a proper
distance (=1 mm), a stable stream of ink droplets could be
ejected onto the substrate to achieve desirable printing resolu-
tion. To further validate the e-jet process driven by TENG, its
droplet formation and ejection process was recorded using
a high-speed camera (nac Image Technology, MEMRECAM
HX-7), with one complete cycle shown as in Figure 2b,c for a
motor rotation speed of 600 and 1000 RPM, respectively. The
nozzle-to-substrate distance (=5 mm) was larger than that used
in normal printing so that the camera lens could find a good
focus position, and five boost units and a nozzle size of 600 pm
were used for the recording. During the e-jet process, the ink
meniscus at the nozzle tip expands from spherical to conical
shape and then contracts back to spherical shape periodically
due to the electric field. A complete cycle can be divided into
four phases, liquid accumulation, cone formation, droplet
ejection, and relaxation. During the liquid accumulation
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phase (Figure 2b,c-i), ink accumulates at the nozzle tip and the
meniscus is spherical with the surface tension as the domi-
nant stress. Subsequently (Figure 2b,c-ii-iv), charges in the ink
starts to accumulate at the meniscus surface under the electric
field and the resulted Maxwell stress from Coulombic repul-
sion transforms the meniscus into a conical shape. Once the
Maxwell stress exceeds the surface tension (Figure 2b,c-v—viii),
the radius of curvature at the cone apex reaches its minimum,
and some charged ink liquid at the apex is ejected from the
nozzle toward the collecting substrate and turns in to a droplet
during the fall, resulting in a decrease in cone volume and
charge amount. After the droplet ejection (Figure 2b,c-ix—x),
the surface tension becomes dominant again and the meniscus
retracts back to the spherical shape quickly, which is followed
by the next cycle. This matches well with the droplet genera-
tion and ejection process reported in previous literature where
a conventional DC HV is applied.l

To further study the effects of printing parameters on our
TENG-driven e-jet process, we printed line and dot features at
various nozzle moving speeds and nozzle sizes. For nozzle sizes
of 160 and 210 um, a nozzle-to-substrate distance of 0.75 mm
and three boost units were used; for 410 and 600 um, 1.5 mm
and four boost units were used. The feature images are pre-
sented in Figures S3 and S4 in the Supporting Information for
a motor rotation speed of 600 and 1000 RPM, respectively, and
the results are summarized in Figure 3. Several observations
can be made as follows. For one specific nozzle size, the width
of the printed line feature decreased with the nozzle moving
speed due to the reduced overlapping between successive
droplets, until discrete dot features were printed. At a nozzle
moving speed of 15 cm 57!, printed feature sizes smaller than the
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t=0.00 ms t=0.75 ms t=1.50 ms t=2.25 ms =3.00 ms

t=3.75 ms t=4.50 ms t=5.25 ms t=6.00 ms

t=0.00 ms t=1.08 ms t=1.63 ms

 t=2.15ms

t=2.70 ms t=3.25 ms t=3.78 ms t=4.33 ms t=4.88 ms

Figure 2. Photographs of the TENG-driven e-jet process. a) The significance of nozzle-to-substrate distance on achieving stable ink jetting. b,c) Droplet
formation and ejection process recorded by high-speed camera with a motor rotation speed of b) 600 and c) 1000 RPM.

nozzle sizes were achieved for all, which clearly demonstrates
the potential of high-resolution printing of our TENG-driven
e-jet setup. The plots in Figure 3 also show a monotonically
increasing correlation between the nozzle size and feature size
as expected, regardless of the feature being line or dot.

Figure 3a—c shows that the change in motor rotation speed
did not pose significant influence on the feature size in our
experiments. However, one thing worth noting is that with all
other parameters (ink, nozzle size, nozzle-to-substrate distance,
nozzle moving speed, etc.) kept the same, the increase in motor
rotation speed and thus TENG operation/voltage frequency
decreased the jetting period, or increased the jetting frequency,
which is supported by both the plot in Figure 3d and the images
in Figure 2b,c. In previous literature about pulsed e-jet printing,
such dependence of jetting frequency on the voltage frequency
is generally attributed to the time interval between two succes-
sive pulses since one voltage pulse only ejects one droplet.*0-42
Two critical differences, however, existed in our setup. First, the
TENG was operated in a continuous rotation mode and no time
interval existed between two voltage cycles. Second, the motor
rotation speed of 600 and 1000 RPM corresponds to a voltage
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frequency of 120 and 200 Hz, i.e., a voltage cycle of 8.3 and
5 ms, respectively (see Note S1 in the Supporting Information).
In such cases, for nozzle sizes of 160 and 210 um, more than
one droplet was jetted within one TENG operation or voltage
cycle. With a conventional power supply, a single voltage cycle
with longer duration in the HV region gives more time for
droplet ejection, and thus should have more droplets, which
is contradictory to our experimental results. This is because of
the unique characteristic of TENG, a power source with limited
charge transfer. The output voltage of TENG when connected to
a load is determined by the amount of charge transfer during
the operation cycle and can be expressed as

1
V=—%XQ+VOC(Z)

1)
where C, z, Q, and V¢ are the equivalent capacitance, displace-
ment, charge transfer, and open-circuit voltage, respectively.[*’]
Meanwhile, it is the charge accumulation at the meniscus,
rather the applied voltage, that directly triggers and is the root
cause of the droplet ejection.' Therefore, it makes more sense

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

900 - —=— 160 pm & 600 RPM
—e— 160 pm & 1000 RPM
o —=— 210 pm & 600 RPM
—e— 210 ym & 1000 RPM
=— 410 pm & 600 RPM
£ 700 ~ —&— 410 pm & 1000 RPM
=1 =600 pym & 600 RPM
o 600 —— 600 pm & 1000 RPM
N
@
o 500
=
S 400 4
[T
300 -
200 -
100 T T T T T T
0.0 25 5.0 75 10.0 125 15.0 175
Nozzle moving speed (cm/s)
(C) 500
—=— 600 RPM & 15 cm/s
—=— 1000 RPM & 15 cm/s
E 400
2
3
£
& 300+
=
S
©
(]
2 200
&
>
<
100
T T T T T
100 200 300 400 500 600

Nozzle size (um)

—_
O
N

Loy —=— 600 RPM & 5cm/s
—e— 1000 RPM & 5 cm/s
. 600
E
£ 500
b=
s
2 400 -
S
2 300+
(]
>
< 200+
100 -
100 200 300 400 500 600
Nozzle size (um)
(d) 10 [~=—600 RPM & 15 cmis
—e— 1000 RPM & 15 cm/s
w 84
E
T
©
@ 6-
o
[o)]
£
b=
L a4
5.1
100 200 300 400 500 600

Nozzle size (um)

Figure 3. Effects of nozzle moving speed and nozzle size on printed features. a) Printed feature size with respect to different nozzle moving speed,
nozzle size, and motor rotation speed. b) Printed line width at a constant nozzle moving speed of 5 cm s™" with various nozzle sizes and motor rotation
speeds. c) Printed dot diameter at a constant nozzle moving speed of 15 cm s with various nozzle sizes and motor rotation speeds. d) Droplet jetting

period with respect to different motor rotation speed.

to explain the results from the perspective of charge transfer.
The maximum charge transfer per TENG operation cycle is
independent of the operation frequency but the rate of charge
transfer depends on the frequency. With the boost circuit, non-
ideal capacitors and diodes would consume more charges when
the operation cycle is longer, resulting in less amount that can
be used for the jetting process. Consequently, the more rapidly
the TENG rotates, the more quickly the charges accumulate at
the liquid meniscus and thus the faster the droplets jet.

To better evaluate the performance of the TENG-driven
e-jet printing process, a comparison study with the DC-driven
process was conducted. With the same experimental setup,
a DC voltage of 2000 V and a nozzle-to-substrate distance of
1 mm were applied to achieve stable ink jetting, whose printing
results using different nozzles and moving speeds are pre-
sented in Figures S5 and S6 in the Supporting Information.
Based on the comparison of Figures S3, S4 and S5 in the Sup-
porting Information, the DC-driven jetting process produced all
line features even at the highest moving speed of our robotic
arm (15 cm s71), while the TENG-driven jetting process could
generate dot features at smaller moving speeds (10 cm s7}).
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This indicates that a DC power supply, compared to our TENG,
would give a much higher droplet jetting frequency. It could
also be expected that by increasing the operation frequency of
TENG, the printing results would become more similar with
the DC-driven results. The motor rotation speed, i.e., TENG
operation frequency, provides a facile method of controlling the
droplet jetting frequency and the printed feature pattern (line
or dot), especially in the case where nozzle moving speed is
limited. A more quantitative comparison of the printed feature
sizes (Figure 3a and Figure S6, Supporting Information)
showed that the printed resolution using TENG is comparable
with that using a DC power supply. Therefore, the TENG-driven
e-jet printing process offers a promising alternative to conven-
tional ones, not only with comparable resolution, but also with
additional merits including low cost, extra safety, better feature
controllability at low printing speeds, etc.

E-jet printing is commonly used for graphic arts,” so we
first tried our TENG-driven setup for graphic printing. A pair
of gears were printed as in Figure 4a. Printing of electrical com-
ponents was also realized using our setup. Figure 4b shows
two printed S-shaped conductive interconnects that could

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Demonstrations using the TENG-driven e-jet setup. a) Printed gear pattern. b) Printed electric interconnect. c) Printed sensor array for game

control.

deliver the electric power from a battery to a light-emitting
diode (LED) for lighting. In Figure 4c, we printed four con-
ductive arrow patterns on a note paper. By integration with a
MakeyMakey circuit, the patterns were successfully used as a
sensing array and functioned as a directional keypad for con-
trolling the gameplay of a virtual piano (Video S1, Supporting
Information).

3. Conclusion

In this work, we explored the application of TENG in the field
of printed electronics for the first time. A RF-TENG, together
with a simple voltage boost circuit, was demonstrated to drive
the e-jet printing process. The corresponding droplet forma-
tion and ejection process were examined using high-speed
photography, and effects of various printing parameters, such
as nozzle size and moving speed, nozzle-to-substrate dis-
tance, and motor rotation frequency, were studied. Results
suggested that a configuration of smaller nozzle size, large
nozzle moving speed, and optimal nozzle-to-substrate dis-
tance would yield smaller features. High-resolution printing
with feature size smaller than nozzle size was achieved using
our TENG-driven e-jet setup. Owing to the charge-dominating
output characteristic of TENG, the droplet jetting frequency
could be controlled by the TENG operation frequency. Sev-
eral demonstrations, such as the printing of graphic art and
the fabrication of conductive interconnects and touch sensors,
were conducted to validate the potential of practical application
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of the TENG-driven e-jet printing process. This works not only
expands the application field of TENG, but also provides an
alternative way of driving the high-resolution e-jet printing
with unprecedented merits of safety, cost-effectiveness, and
controllability.

4. Experimental Section

TENG Fabrication: The acrylic substrates (1/8 inch thick) of the stator
and rotator were prepared using laser cutting according to the design
in Figure S1 in the Supporting Information. Two aluminum films were
pasted onto the inner and outer sections of the stator to function as
the electrodes and then covered by a PTFE film (200 um thick) as one
triboelectric material. The prepared nylon films (50 pum thick) were
partially inserted into and fixed on the slits of the rotator. All nylon films
were bended in one direction so that they would not be twisted when
sweeping across the stator clockwise. The rotator was fixed on the shaft
of a rotating motor (Oriental Motor, BLFM230-A, 30 W and 0.6 kg)
for motion control and the distance between the rotator and stator
was adjusted so that the free part of a nylon film can cover about one
electrode sector during rotation. The open-circuit voltage of the TENG
was measured using a Keithley 6514 electrometer and a resistance-
based voltage divider.

E-Jet Printing: To perform the e-jet printing, the setup given in
Figure Ta was prepared. The positive output of the boost circuit was
attached to liquid dispensing nozzles (Brostown) having different
diameters. The neutral output of the boost circuit was attached to a
conductive silicon wafer (University Wafers 2270). The nozzle was
attached to a syringe barrel (Nordson EFD) and the pressure inside
the syringe barrel was controlled with a pneumatic dispenser (Nordson
EFD, Ultimus II1). A charge-coupled device (CCD) camera (Sentech STC,
MB33USB) was used to observe the nozzle tip and meniscus formation.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The printing head, which consists of the dispensing nozzle, syringe
barrel, and pneumatic dispenser, was placed on the end effector of a
customized 3D printer (Geeetech-Rostock 301) and its motion as well
as the moving speed was controlled by prepared g-codes. For a typical
e-jet printing job, first, the vacuum level inside the printing head was
adjusted so that a spherical meniscus could be observed at the nozzle
tip without ink dropping. Following that, the printing head was moved
to the home position at a distance of 150 mm from the substrate. In
this position, due to the high distance between the substrate and nozzle
tip, jetting would not start even if the TENG device was in operation.
Afterward, the TENG device was started and the printing head was
lowered to adjust the distance between the substrate and nozzle tip
(=0.5 =3 mm). Once the printing head moved to the suitable position
and jetting was observed through the CCD camera, the printing job was
immediately started using the previously prepared g-codes. Except the
Pac-Man patterns which used an aqueous carbon nanotube ink (Chasm
Advanced Materials, AC100), all other printing jobs were completed with
an Ag nanoparticles ink (Genes Ink, Smart Ink S-CS01130).

Gameplay Demonstration: For this demonstration, a commercial off-
the-shelf electronic board from MakeyMakey was used, which could
transform a variety of common objects into a user input device. It had
the functions of arrow keys and space button from the keyboard and
left click function from the mouse. In the experiment, the e-jet printed
four arrow patterns on a piece of note paper using an aqueous carbon
nanotube ink. These patterns were connected to the ports for arrow keys
on the MakeyMakey board and grounded the board with one hand of
the user using the white alligator clip, as shown in Figure 4c. As the
user touched the printed patterns using the other hand, corresponding
activation signals for the arrow keys were sent to the PC. As it can be
seen in Video S1 in the Supporting Information, the user was able to
play a virtual piano with the e-jet printed sensing array.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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