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Wearable electronic devices are evolving from current rigid configurations to flexible and ultimately
stretchable structures. These emerging systems require soft circuits for connecting the various working
units of the overall system. This paper presents fabrication of soft circuits by electrohydrodynamic (EHD)
inkjet-printing technique. Multi-nozzle EHD printing head is employed for rapid fabrication of electric
circuits on a wide set of materials, including glass substrate (rigid), flexible polyethylene terephthalate
(PET) films, and stretchable thermoplastic polyurethane (TPU) films. To avoid the effects of substrate
materials on the jettability, the proposed multi-nozzle head is equipped with integrated individual
counter electrodes (electrodes are placed above the printing substrate). High-resolution circuits (50 + 5
pm) with high electrical conductivity (0.6 Q O") on soft substrate materials validate our well-controlled
multi-nozzle EHD printing approach. The produced circuits showed excellent flexibility (bending radius
=~ 5 mm radius), high stretchability (strain =~ 100%), and long-term mechanical stability (500 cycles at
30% strain). The concept is further demonstrated with a soft strain sensor based on a multi-nozzle EHD-

printed circuit, employed for monitoring the human motion (finger bending), indicating the potential
applications of these circuits in soft wearable electronic devices.

Inkjet printing, as an additive manufacturing technology,
empowers fast prototyping of complex components for numerus
applications, including electronics [1, 2]. It offers several unique
advantages for the fabrication of electronics as compared to con-
ventional electronic fabrication techniques that employ several
expensive and time-consuming steps such as lithographic pat-
terning, chemical or physical vapor deposition of functional
materials, and dry/wet etching to realize the device structures
[1, 3]. Over the years, many inkjet printers established with
diverse actuation mechanisms such as piezoelectric, thermal,
and aerosol are extensively employed in the electronics manu-
facturing. To retain high production output in these devices,
printing heads usually composing of hundreds or even thou-

sands of discrete nozzles are engaged [4-7].

©The Author(s) 2021

The aforesaid printers are commercialized, yet, because of
several inherent challenges of low resolution, head blockage,
and overheating of functional inks, a novel inkjet-printing tech-
nique established on EHD atomization is an important research
subject for numerous researchers in academia and industry
[8-10]. Many investigators validated the viability of EHD inkjet-
printing approach in realizing electronic devices by fabricat-
ing high-resolution metallic electrodes [11, 12], high-aspect-
ratio (thickness to linewidth) structures [13, 14], self-powered
stretchable sensors [15], stretchable photo-sensors [16], organic
electronic memory devices [17], electrodes for solar cells [18],
pads for LED display [19], and the source drain gate electrodes
for thin-film transistors [20-23], having key features consider-
ably smaller as compared to the printing nozzle [24, 25]. Despite
all the advantages offered and initial success of EHD printing

in fine patterning, its low throughput is an important limitation
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that has hindered its conceivable extensive applications in elec-
tronics manufacturing [26-28]. To overcome this deficiency
and achieve a high throughput processing, multi-nozzle EHD
printing approach has been primarily studied by few researchers
[29-36]. However, these investigations are mainly concentrated
on creating a stable jet and minimizing the deposition inaccu-
racy of the emitted jets/droplets. Also, the studied systems had
multi-nozzle printing heads with discrete counter/ground elec-
trodes, where the substrate during printing is placed in-between
the terminals of the electric field. As a result, the jettability of
the process is affected by the properties (dielectric constant) of
the substrate material in addition to other printing parameters
(applied voltage, ink flowrate, and distance between the print-
ing nozzle and ground electrode). Furthermore, these investiga-
tions are limited to printing circuits on single substrate mate-
rial, mostly rigid glass and, therefore, cannot be directly used
to fabricate circuits on multiple substrates (without modifying
the experimental parameters). The abovementioned limitations
call for a reproducible multi-nozzle EHD printing approach that
can rapidly produce high-resolution circuits on diverse substrate
materials with consistent performance.

To make the EHD inkjet-printing technology commercially
competitive for the additive manufacturing industry, we pre-
sent an EHD inkjet-printing approach that employs a printing
head comprising of five nozzles with integrated counter elec-
trodes to simultaneously print on a variety of substrate materi-
als without modifying the experimental parameters. To avoid
the effects of substrate materials on the printing, the proposed
multi-nozzle head is equipped with integrated individual coun-
ter electrodes, i.e., ring-shaped ground electrodes are engaged
above the printing substrate. This multi-nozzle printing head
consists of four main parts, i.e., poly(methyl methacrylate)
(PMMA) holder, copper electrodes, glass nozzles, and copper
ring extractors (ground electrodes), all of these integrated into
a single structure. The concept is validated with a number of
prototype circuits made of highly conductive silver inks on vari-
ety of substrate materials including rigid glass substrate, flexible
PET film, and stretchable TPU foil. The printed circuits were
further utilized in a soft strain sensor to demonstrate their prac-
tical potential in devices. The facile fabrication of these circuits
shows that our multi-nozzle EHD inkjet-printing process is an
effective approach to rapidly fabricate soft electronic structures
and devices with high consistency.

Working principle of EHD printing

EHD printing utilizes electric fields, rather than thermal or
acoustic energy for the ink deposition. Figure 1a illustrates

single-nozzle EHD inkjet-printing process, where a conducting

©The Author(s) 2021

ink in a needle/nozzle is electrified by means of high electric
potential. A droplet stays spherical (Fig. Sla, Supporting Infor-
mation), as the surface tension tends to minimize the interfa-
cial energy. To reform this droplet from sphere to a cone, high
electric potential (few kV) is needed. By applying the required
potential, the exterior of the ink meniscus as shown in Fig. S1b
(Supporting Information) is mainly subjected to surface tension,
hydrostatic force, and electrostatic forces. If the ink is assumed
to be a perfect conductor, the electric field will act only normal
to the surface of the ink, without having a tangential component,
making the ink neutral, and as a result, the free charges will be
confined in a very thin layer. However, in reality, the ink is not
a pure conductor; therefore, the resultant electric polarization
stress on the liquid surface has both the normal and tangential
components. The normal electric stress disrupts the jet while
the tangential electric stress moves the ink from the meniscus
sides to the apex. When the tangential component is stronger
than normal, a stable cone (typically known as Tyler cone) is
formed, whose apex ejects a very small jet comparing to the size
of the nozzle. This jet is then deposited onto a moving substrate

to pattern a specified design [37, 38].

Structure of the printing head

In typical multi-nozzle EHD inkjet-printing process, the apex
of the Tylor cone becomes marginally oft-center particularly
at the end nozzles, as a result of the interaction between the
positively charged adjacent jets, making them outward tilted
[30, 32]. Two factors significantly affect this interaction between
the adjacent nozzles. One of them is the space among the neigh-
boring nozzles of the print head; generally, the interaction is
inversely proportional to the spacing [39]. The other major
factor is the composition (materials properties) of the printing
nozzles. In-general, the usage of metallic needles/nozzles inten-
sifies the interaction, comparing to the nozzles prepared with
dielectric materials [31]. Therefore, we fabricated our proposed
printing head (as schematically illustrated in Fig. 1b) with die-
lectric materials (glass nozzles and PMMA plastic holder), and
designed it in such a way that each printing nozzle is isolated
from the others to completely eliminate the interaction between
the adjacent jets. Besides no interaction, the other key feature of
our proposed head is the integrated electrodes. In most of the
previously reported multi-nozzle EHD printing heads, discrete
counter/ground electrodes have been used where the substrate
is in-between the terminals of the electric field. As a result, the
jetting parameters are also influenced by the material properties
of the used substrate. In contrast, our printing head has the inte-
grated ring-shaped counter/ground electrodes above the sub-
strate, eliminating the disturbances in the electric field caused by
the dielectric constant of the substrates and, hence, their effects
on the jetting parameters. Therefore, in our approach, the jetting
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Figure 1: (a) Schematic illustration of the EHD inkjet-printing process. (b) Schematic illustrations of the proposed multi-nozzle EHD inkjet-printing
head. (c) Schematic illustrations of the nozzles holder along with the cross-sectional view (right). (d) photographs of the multi-nozzle printing head,

assembly (left) without (center), and with (right) integrated ground rings.

parameters require the optimization only once for every new
printing ink. The schematic and photograph our printing head
are displayed in Fig. 1c and d, respectively. Also the detailed
drawings of the individual parts of the head are presented in
Figs. S3-S7 (Supporting Information).

Printed results

First, experiments were executed with only one nozzle to opti-
mize the nozzle size for the printings. Various nozzles sizes with
diameter of 10 pm, 15 pm, 20 pm, 25 pm, and 30 um were,
respectively, tried for blockage through printing the conductive

© The Author(s) 2021

inks for a while. It was witnessed that the nozzles other than
30 pm were got clogged after printing for some time. Accord-
ingly, the 30 um nozzle size was chosen for printing the circuits.
Next, experiments were performed to optimize the parameters
for making a stable Tylor cone jet. It was observed that for sil-
ver nanoparticle ink, the minimum values of ink flow rate and
applied voltage for stable cone-jet formation were found to be
20 pl/h and 3.5 kV, respectively. Applying these parameters,
printing was performed by keeping the substrate speed at 20
mm/s. Figure 2a displays the scanning electron microscope
(SEM) images of continuous silver nanoparticle-based circuits
printed on the glass substrate via all five nozzles. As, the glass
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Figure 2: Morphological characterization of the porotype silver nanoparticles-based circuits on glass substrates. (a) SEM images of the circuits,
simultaneously printed by our technique. (b) SEM images of the circuit at different resolutions. The lowermost inset displays the silver nanoparticles-
based cluster. (c) AFM images of a typical printed circuit. The cross-section image (right) displays its thickness.

substrate is hydrophilic in nature; therefore, the printed ink was
spread out, making the size of the tracks wider than that of the
jets. The minimum track width achieved is around 50 pum. This
printing resolution can be further improved by making the glass
substrate hydrophobic; however, in the present work, we did
not treat the substrate for the printing resolution enhancement.
Figure 2b displays the SEM micrographs of a usual printed track
at different magnifications. These images confirm that the nano-
particles are interlocked forming a three-dimensional cluster,
which positively influence the conductivity of the printed cir-
cuits. Moreover, Fig. S2 (Supporting Information) presents the
X-ray diffraction (XRD) pattern of a characteristic silver nano-
particle-based circuit fabricated by our approach. The diffraction
peaks correspond to the respective (111), (200), (220), and (311)
planes, which confirms that the printed circuit is made of silver
nanoparticles only. The atomic force microscope (AFM) image
shown in Fig. 2¢ confirms that the height of a typical printed
silver nanoparticle-based circuits is around 2 pm. After sinter-
ing at 250 °C for 30 min, the resistance of the printed circuits
on glass substrate was measured to be 0.4 Q 0! using standard
4-point method. Due to its high curing temperature, electrically
functional silver nanoparticle-based circuits cannot be realized
on the PET and TPU substrate.

©The Author(s) 2021

Organo-metallic inks have got special attention in printed
electronics for their true-solution existence, where the metal-
lic salts are completely dissolved in the solvents. This charac-
teristic is especially desired for the EHD printing approach,
as this can efficiently decrease the residue and blockage con-
cerns rising from nanoparticles in the typical colloidal inks.
Furthermore, a lower temperature for thermal decomposition
is needed for these compounds, as an alternative to higher
temperature required for curing of nanoparticles-based inks.
These desirable attributions brand the organo-metallic inks
reasonably attractive for EHD inkjet printing. Accordingly,
optimizing the experimental parameters, printing of silver
organo-metallic ink was performed on flexible PET films
and stretchable TPU foils at an applied voltage of 3.9 kV and
ink flow rate of 20 ul/h. Figure 3 displays the morphological
characterization of the porotype organo-metallic silver cir-
cuit on PET substrate. Figure 3a presents the optical micro-
graphs of the five silver tracks simultaneously printed on
PET substrate. The minimum line width of around 100 pm is
achieved, which is larger than that of the silver nanoparticles-
based ink. This is due to the fact that organo-metallic ink
spread out more as compared to silver nanoparticle-based
ink. The SEM images as presented in Fig. 3b display the
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Figure3: Morphological characterization of the porotype organo-metallic silver circuits on flexible PET substrate. (a) Optical microscope images of
the circuits, simultaneously printed by our approach. (b) SEM images of the circuit at different resolutions. The bottom insets show densely packed
crystallites. (c) AFM images of the printed line. The cross-section image (right) displays the thickness of the printed circuits.

microstructure of the printed tracks at various magnifica-
tions. These images reveal that the structure of the line is
composed of densely packed crystallites. Minor porosity as
can be noticed, arose because of the vaporous byproducts
in the ink disintegration during the heat sintering. As these
fumes exit the structure, silver metal film having a reason-
able conductivity is produced. Yet, the porosity unavoidably
decreases the electrical conductivity. The AFM image shown
in Fig. 3¢ confirms that the thickness of these printed circuits
is around 1.8 um, which are slightly thinner than those of sil-
ver nanoparticles-based circuits. After sintering at 100 °C for
30 min, the resistance of printed circuits were then recorded
using standard 4-point method. The resistances of both the
silver inks on different substrates are summarized in Table 1.

Mechanical stability of the printed circuits

Mechanical robustness against bending and stretching are impor-
tant requirements for applications in soft electronics [40, 41].
Therefore, besides electrical performance measurements, flexibil-
ity and stretchability tests were performed on the printed circuits
of organo-silver ink on PET film and TPU substrate, respectively.
Figure 4a and b provides the flexibility test results of the samples
(30 mm length and 1 mm line width) on PET film, under repeated
compressive and tensile bendings. Figure 4a displays the change in
resistance with the number of repetitive compressive bendings to
aradii of 20 mm, 15 mm, 10 mm, and 5 mm. The outcomes show
that for 20 mm and 15 mm bending radii, marginal resistance
variation (0.7 Q O0") rises for 1000 bendings. However, for a 5 mm
bending radius, the resistance variation is significant, yet, inside
300% of its initial value (0.6 to 1.8 Q O071). Also, for tensile stress,
resistance variations against the repetitive bendings are presented
in Fig. 4b, indicating that for 1000 bending cycles to 20 mm, 15

TABLE1: Resistance (in QO") of
silver inks on different substrates.

Ink/substrate Glass (rigid) Photo paper (ref) PET (flexible) TPU (stretchable)
Silver nanoparticles ink 0.4 N/A N/A N/A
Silver organo-metallic ink 0.5 0.8 0.6 0.7

© The Author(s) 2021
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Figure 4: Mechanical flexibility of the printed circuits. (a) Resistance
changes as function of repetitive bendings under compressive loading
to radii of 20 mm, 15 mm, 10 mm, and 5 mm. (b) Resistance changes as
function of repetitive bendings under tensile stress to radii of 20 mm, 15
mm, 10 mm, and 5 mm.

mm, 10 mm, and 5 mm radii, the resistances changed from 0.6
t0 0.9 Q O, from 0.61 to 1.45 Q O, from 0.62 t0 235 Q O,
and from 0.58 to 2.9 Q O, respectively. These relatively greater
resistances’ rises apparently happen due to the thin-film cracking
under tensile stress, revealing that these thin-metal films are extra
susceptible to failure beneath tensile stress than compressive stress.
However, additional experiments are needed to examine the failure
phenomenon of these printed metal films applying different bend-
ing forces and their influences on the ultimate performance of the
resulting soft wearable devices.

The metallic conductors are brittle which means their maxi-
mum tolerance to strain is extremely low [42-44]. To address
this issue and enhance the stretchability of our printed silver
circuits, we implement the substrate prestrain strategy in our
experiments. Prestraining the elastomeric substrate before print-

ing is one of the promising approach utilized earlier to enhance

©The Author(s) 2021
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Figure 5: Mechanical stretchability of the printed circuits on TPU
substrates. (a) Resistance variation with strain for different prestrains. (b)
Strain behavior for 500 cycles for a multi-nozzle EHD-printed circuit on
100% prestrained substrate.

the stretchability of inkjet-printed traces [45-47]. Inspired from
the idea, we incorporate this in our approach by using a rigid
glass as a support to lock/keep the TPU film stretched while
printing. The stretchability of the printed silver samples (30 mm
length and 1 mm line width) was examined in order to assess
the effectiveness of the substrate prestraining strategy. The sam-
ples were printed on TPU substrate with different intensities of
prestrain (0%; 25%; 50%; 75%, 100%). After thermal sintering,
the samples are stretched by elongating them up to 100% of its
initial length under uniaxial force, and the resistance values are
plotted in Fig. 5a. It is evident that the silver line printed on
unstretched substrate withstands only = 4% strain. Nevertheless,
if printed on a prestrained film, the samples are prominently
more stretchable. Larger prestrain exhibits lower increase in
resistance upon elongation, and vice versa. For instance, 25%
prestrain sample shows a resistance increase of 10-folds at 12%
strain, while the 50% prestrain sample reaches 10-folds increase
in resistance at 30% strain. Similarly, the 100% prestrain sample
displays the best stretchability by reaching the 10-folds increase
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at 47% strain. These increases in the resistances with stretch-
ing are apparently originate due to the cracks in the silver film
caused by the plastic deformation. It is notable to mention
that the conductivity of the films fully recovers after the stress
release, and thus, these printed patches can be readily employed
as strain sensors. For sensing applications, larger prestrain sam-
ples are beneficial for recording large-scale physical activities of
the human limbs (e.g., bending, torsion, and stretching), as they
are more stretchable and, thus, offer a wider sensing range. On
the other hand, lower prestrain patches are better for monitor-
ing the small-scale delicate movements (e.g., pulse, swallowing,
heartbeat, and facial expressions), as these are highly sensitive
to the external mechanical stimuli.

Also, to examine the strength against cyclic stretching and
releasing, the resistance of a 100% prestrained TPU sample
was measured by stretching it up to 30% of its initial length
under uniaxial force. As plotted in Fig. 5b, the baseline resist-
ance amplified almost linearly up to 3.75-folds after 500 cycles.
Furthermore, the resistance change ratio within each cycle
remained nearly constant, from originally 4.2 times to 3.5 times
after 500 cycles. The sample stayed functional after 500 cycles,
which demonstrates its good mechanical and electrical endur-
ance. According to these outcomes, the stretchability of these
circuits is superior to that of the other inkjet-printed circuits
[47-49], and is sufficient for most targeted applications, such
as in wearable devices [1] and electronic skins [50, 51], where

systems are not needed to be exceedingly stretchable.

Wearable soft strain sensor based on printed circuits

Soft resistive strain sensors are receiving enormous atten-

tion because of their simple architecture and high sensitivity

[2, 52]. These sensors are particularly advantageous in real-
time monitoring of health, electronic skin, measuring human
daily physical, and behaviors [53, 54]. Like other soft wear-
able devices, high-quality resistive strain sensors need to have
the capability of conformal integration with any arbitrary and
moving soft clothing or skins to precisely sense the external
mechanical stimulations for health monitoring and disease
diagnosis [55]. Furthermore, these sensors must also have
the high stretchability in order to monitor large-scale human
physical activities such as stretching and bending movements
of the human joints [56]. A resistive strain sensor was fabri-
cated using a multi-nozzle EHD-printed silver nanoparticle-
based strain gage (40-mm line length, 2-mm line spacing,
1 mm line width). The strain gage was printed on the pre-
strained (50%) TPU film and was deployed on the human
finger after thermal sintering, as shown in Fig. 6a. Resist-
ance values were continuously recorded while the sensor was
actively being elongated by the joints as the finger was bent,
as displayed in Fig. 6b. The softness and the deformability
of the TPU film enable the printed patch to conform readily
to the finger’s non-planer contours. The relative resistance
variation was plotted as the finger was repetitively bent and
straightened, as shown in Fig. 6¢. A distinctive relative resist-
ance variation was observed in every cycle, sensing the finger-
bending movement. Figure 6¢ displays resistance variation for
few bending cycles only; however, similar trend was observed
for large number of cycles. This is due to the fact that the sen-
sor patch does not experience excessively high strains during
the finger bending, making the device suitable to be used for
long-term monitoring of the finger-bending movement. This

simple example of sensing the finger bending by multi-nozzle

20 4
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d |
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Time (sec)

Figure 6: Soft strain sensor applied to monitor the finger movement. (a) Image of the strain sensor patch attached to a finger, showing it in unstretched
form. (b) Image of the bent finger, showing the strain sensor in stretched form. (c) Relative resistance variation recorded with the movement of finger

being repeatedly bent and straightened.

©The Author(s) 2021

www.mrs.org/jmr

September 2021

Issue 18

Volume 36

Journal of Materials Research

3574



N

7 m

Journal of
MATERIALS RESEARCH

EHD-printed patch proposes its enormous capability for sens-

ing various other kinds of human movements.

In summary, we demonstrated a rapid EHD inkjet-printing
approach that employs a printing head composing of five noz-
zles with integrated counter electrodes to simultaneously print
on variety of substrate materials, including those of flexible and
stretchable substrates. The simultaneous printing of high-resolu-
tion (50 + 5 um) circuits with high electrical conductivity (0.6 Q
O!) on soft substrates confirms the successful implementation
of our approach for rapid fabrication. The fabricated circuits
exhibited high flexibility (bending radius = 5 mm radius) and
stretchability (strain = 100%), and long-term performance sta-
bility (500 cycles under 50% strain). Finally, a soft strain sensor
was constructed with the printed circuits, which demonstrated
excellent performance compared with the existing devices. It is
believed that similar printed circuits, manufactured by our addi-
tive and rapid EHD inkjet-printing approach, will enable many
commercial soft wearable electronic applications in the future.

Materials

Commercial silver inks, colloidal ink containing silver nanopar-
ticles (npk-020, NPK CO., Ltd), and silver particle-free solution
(TEC-1J-020, InkTec Elec.) were used for printing. The proper-
ties of inks are summarized in Table 2. Glass substrates (500-
um thickness were used as a rigid substrate material. Flexible
PET films (130-pm thickness) used in this study were purchased
from Mitsubishi Paper Mills. Commercial TPU foils (Platilon®
U073, Covestro) with thickness of 100-um were used as stretch-
able substrate material.

Printing head fabrication

The proposed printing head is composed of four parts, i.e.,
PMMA holder, glass capillaries, and two copper electrodes
(positive/ground). First, the PMMA holder was home made
by means of the standard micro-milling process. The detailed
drawings of the individual parts of the holder are presented
in Figs. $3-S7 (Supporting Information). Next, micro-nozzles

(inner diameter ~ 30 pm; outer diameter =~ 50 um) were made by

pulling glass capillaries (outer diameter = 1.5 mm,; inner diam-
eter = 0.75 mm; Sutter Instrument) by means of a micropipette
puller (P-97, Sutter Instrument). The capillary side of the nozzles
was then fixed in the designed channels of the plastic holder
using epoxy glue. Then, individual copper wires (outer diam-
eter =~ 500 um) were implanted from the top side of the holder
to be utilized as electrodes. Lastly, individual counter electrode
(copper rings) is attached to complete the integration of the
printing head. The distance between the printing nozzle and
its integrated ground ring can be adjusted using the designed

screw threads.

Experimental set-up

Figure S8 (Supporting Information) presents the schematic dia-
gram of the home-made EHD inkjet-printing system. Multi-
nozzle print head was positioned above XYZ stage, and for con-
stant power and individual voltage control, it was then linked to
a voltage distributor (HM10-5, Hanmac) using individual cop-
per electrodes. The voltage distributer was further connected to
a high voltage power supply (10/40A, Trek). For supplying ink to
the printing head, the inlet channel of each nozzles was linked to
a multi-channel pump (IP-RS232, Ismatec) using Teflon tubes.
The jetting behavior of the printing head was observed using
a high speed camera (x3, 11X, 5000fps, Motion Pro). Multi-
channel pump, high speed camera, power supply, and moveable
stage (for substrate motion), all were connected using a single
modular device (PXI-1042Q, National Instruments), run via a

home-built software program created by using LabVIEW.

Surface characterizations

The structure of the printed circuits was examined by SEM
(JSM-7600F, Jeol), AFM (AFM-100, EM4SYS), and optical
microscope (BX 41, Olympus). The electrical conductivities of
the printed circuits were recorded by using four-probe tech-
nique. During the measurement, four electrodes were positioned
at the corners of the sample (square area), and the resistance was
logged by using a sourcemeter (2450, Keithley). The XRD pat-
terns of silver nanoparticle ink samples were characterized on
an X-ray diffractometer (D/MAX 2200 PC, Rigaku).

TABLE2: Functional inks and their

roperties Curing-condi-

prop . Viscosity ~ Surface ten- Material tions (temp/
Inks (mPas) sion (MN/m) Particle size (nm)  weight (%) time)

Silver nanoparticle ink 39 5 50 40 250 °C/30 min

Silver organo-metallic ink 15 32 N/A 20 100 °C/30 min

©The Author(s) 2021
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