Additive Manufacturing 39 (2021) 101644

Contents lists available at ScienceDirect = 1=
Additive

MANUFACTURING

Additive Manufacturing

ELSEVIER

journal homepage: www.elsevier.com/locate/addma
Research Paper ' :.)
Electrostatically-assisted direct ink writing for additive manufacturing

J. Plog, Y. Jiang, Y. Pan , A.L. Yarin

Department of Mechanical and Industrial Engineering, University of Illinois at Chicago, 842 W. Taylor St., Chicago, IL 60607-7022, USA

ABSTRACT

Nozzle-based three-dimensional (3D) printing (additive manufacturing) technologies, which build a model by depositing and stacking materials layer-by-layer, are
limited by long layer-build time resulting in low throughput. While nozzle-based printing is already arguably versatile, such sub-categories as Direct-Ink-Writing
(DIW) find difficulty when printing material on rough surfaces. Recently electrohydrodynamic (EHD) elements added new features in droplet positioning but
also revealed limitations in the achievable build height due to the need for a grounded substrate or embedded electrode. Here, we introduce an additional electrode
added to the printhead generating an electric field (E.F.) between the above-mentioned electrode and printing nozzle. The resulting Coulomb force pulls the extruded
ink in the direction of printing allowing faster translational speed, thinner trace widths, and improved deposition on rough surfaces without a decrease throughout
the build height. We also developed the electrohydrodynamic theory of the proposed DIW processes. After completing DIW experiments on a translating belt with a
stationary nozzle, an electric field oriented in the direction of printing was retrofitted to a DIW-based 3D printer. The integration of the electrode to the printhead
allowed successful prints at the machine’s maximum speed of 500 mm/s for a documented situation in which DIW previously failed in existing literature. Similarly,
successful prints were achieved on rough surfaces where the printing was impossible without the applied E.F. Along with new design opportunities, these results
unlock speed restriction within nozzle-based printing while significantly expanding versatility and substrate choices. Compared to the state-of-the-art DIW processes,
our electrostatically-assisted direct ink writing technology shows orders of magnitude faster direct writing speed (> 500 mm/s) and capability of printing on super-

rough surfaces which were impossible before.

1. Introduction

Dispensing liquid jets are used in a vast range of industrial applica-
tions, including additive manufacturing (AM), surface coating and
dispensing cooling [1]. Many of these applications are linked by the
common underlying physical phenomena. Within the broad scope of
AM, many manufacturing advantages have been demonstrated,
including freedom of structural design, reduced concept-to-completion
time, and minimized waste [2-4]. Specifically, nozzle-based contin-
uous filament extrusion AM technologies possess the ability to print a
wide range of materials including but not limited to metals, synthetic
and natural polymers, ceramics and bio-gels [5-8], and in many cases
more effectively than dripping-based approach [9].

One such nozzle-based AM technology is Direct Ink Writing (DIW)
which is also synonymous with Robocasting (robotic material extru-
sion). DIW is described by Chrisey and Piqué [10] as “any technique or
process capable of depositing, dispensing or processing different types of
materials over various surfaces following a preset pattern or layout™.
While the concept of extruding functional fluids through a nozzle to
digitally defined locations is decades-old, new applications in printed
electronics continue to widen DIW as an emerging field. Jiang et al [11]
summarized the recent advances by stating that DIW provides a “bright
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opportunity for electronic systems” due to functional materials. There is
at best a quasi-understanding of the complex jetting and impact dy-
namics involved, which becomes increasingly salient as jetting tech-
nologies proliferate into an evolving and demanding industry [1,12-14].

Modern application and forthcoming ideas impose extreme demands
on DIW systems requiring ever increasing speed and wider substrate
choices, while maintaining precision and reliable functioning. One
problem with DIW is that an increased relative velocity between nozzle
and substrate causes more manufacturing defects [14], such as bulging,
discontinued lines, liquid puddles, liquid splashing and coffee-ring ef-
fects [15-24], therefore limiting the printing speed. Besides, the printing
resolution is limited by the inner diameter (I.D.) of the dispensing needle
in the DIW system. To achieve a good printing accuracy, the dispensing
needle is usually located close to the substrate at a distance which is
called standoff distance (S.D.). In reality, the S.D. is proportional to the
printing orifice diameter and is typically set between 50% and 100% the
needles’ .D. With DIW needles’ often being on the order of 50-100 um,
attempting to maintain a microscale standoff distance proves problem-
atic and has previously limited prints to very smooth substrates and low
speeds (0.1-100 mm/s) [25].

In the current booming AM market, speed is valued on a similar
magnitude as resolution and cost. As novel ideas [e.g., application of
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electric fields (E.F.) to enhance printing] arise, the underlying physics is
often re-examined, seeking gains in either speed or resolution and the
reduction of cost, albeit rarely all three. Liashenko et al. [26] showed
that ink could be pulled and deflected from a nozzle by applying several
E.F.s. The first E.F., applied between needle and substrate, facilitates
DIW with electrohydrodynamic (EHD) jetting. EHD electrostatically
pulls the ink from the needle to substrate as the liquid meniscus shapes
into a modified Taylor cone with a jet issued from its tip [27-29].
Numerous studies have shown EHD jetting capable of printing
sub-micrometer features from nanometer-sized jets with minimal risk of
clogging [30]. Further facilitating this process with two additional
electrodes placed between the needle and substrate, Liashenko et al.
[26] were able to electrostatically deflect a jet to create sub-micrometer
features with translating print speeds up to 500 mm/s, albeit only for
traces less than 2 mm in length. It should be emphasized that because the
EHD process depends on the distance between the charged nozzle and
the grounded electrode beneath the substrate, the effects of the E.F.
would diminish as build height increases. Accordingly, this approach is
not well-suited for multi-layer deposition for productions of 3D models.
Another attempt to increase the speed of EHD line-printing stems from
the addition of different polymers to affect jet behavior. Phung et al.
[31] demonstrated promising results with adding polymer to ink to in-
crease the printing speed in a specific case from 10 to 50 mm/s for
continuous line-printing. However, the addition of polymers to inks is
rarely preferred when not absolutely necessary.

The present work aims to address the above challenges in printing
speed, resolution, material choices, and limited layer numbers. We
propose to modify the conventional DIW process with a strategically
applied electric field set to pull the ink jet footprint on the moving
substrate in the direction opposite to that of relative substrate motion.
We also develop the theory of the conventional DIW process and its
modification with the electric field. In this work, the governing electrode
is mounted on the printhead, and as a result, the effects of the E.F. do not
diminish as the build height increases. The experimental setup is dis-
cussed in Section 2. The experiments performed to study the practical
application of an E.F. to the jetting characteristics of DIW are presented
and discussed in Section 3. The theory is developed and compared with
the experimental data in Section 4. Conclusions are drawn in Section 5.

2. Experimental setup

To study the effects of the E.F. on the perpendicular dispensing of a
circular jet onto a horizontally translating substrate, the setup sketched
in Fig. 1 was designed and built. The defining characteristic of this setup
is the ability to translate the substrate beneath the nozzle and the gov-
erning electrode. This model setup mimics one of the degrees of freedom
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found in dispensing robots and ink-jet systems. This layout is used to
facilitate video recording of the writing process. A high-voltage power
supply provides a ground to the printing needle while it positively
charges the governing electrode placed behind the needle relative to the
direction of the substrate motion. This governing electrode would al-
ways pull the ink in the direction opposite to that of the substrate mo-
tion. To generate a driving pressure, a commercial pressure controller
(Nordson Ultimus I) supplemented with 27, 30, 32 and 34-gauge
stainless steel printing needles is used in this setup. This system
allowed for a well-defined pressure pulse (1-80 psi) to be applied to the
ink within the needle for a specific time. The governing electrode was
produced from a 0.5 mm copper wire bent into a position not to extend
below the printing needle edge.

To explore the effect of the ink viscosity in the DIW process, a water
jet is compared to a more viscous jet comprised of a solution of 60 wt%
of sugar in water. A commercial DIW ink (Spot-E) was purchased from
Spot-A materials to explore the effect of the E.F. Voltages applied to the
governing electrode were in the 2-4 kV range with the E.F. strength
being limited to ~ 3 kV/mm by the dielectric breakdown of air. After
initial experiments, the setup depicted in Fig. 1 was retrofitted to a DIW
(Direct-Ink-Writing) automated dispensing system, as shown in Fig. 2.

One 0.5 mm copper electrode was attached to a custom dielectric
printhead placing the printer’s needle inline with the electric field. To

Fig. 2. Photo of retrofitted DIW (Direct-Ink-Writing) automated dispensing
system setup utilizing perpendicular dispensing of a circular jet onto a trans-
lating substrate enhancing deposition by means of the applied E.F.

Pressure
generator

Selectable substrate pulled taut

Fig. 1. Schematic of the experimental setup utilizing the perpendicular dispensing of a circular jet onto a translating substrate A voltage applied to the governing
electrode is used to facilitating smooth and speedy ink deposition by means of the E.F.
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demonstrate the feasibility of this approach for ultra-fast line printing, a
simple pattern with 10 cm in length was printed with 5 replicates in
random order both with and without the applied E.F. at the line speed in
the 50-500 mm/s range. The continuous filament extrusion and depo-
sition was captured using a high-speed CCD camera (Phantom V210)
using back-light shadowgraphy. All experiments were performed under
ambient conditions.

3. Experimental results and discussion
3.1. Perpendicular dispensing of jet without electric field

With all variables held constant except the belt velocity, Fig. 3 shows
the dispensing of water at an estimated velocity of 1030 mm/s with belt
speeds of 20 mm/s (Fig. 3a) and 100 mm/s (Fig. 3b). While a slight
decrease in the advancement of lamella (the jet footprint) against the
substrate motion is noticed at the increased belt speed, the low viscosity
of water (0.97 cP at 21.1 °C) allows a relatively easy spreading and
wettability-driven advancement of the three-phase contact line against
the direction of the belt motion.

In DIW, the ink viscosity is often several orders of magnitude higher
than that of water. Accordingly, a model fluid, a solution of 60 wt% of
sugar in water was prepared (the viscosity of 7.81 cP at 21.1 °C). With
an increase in viscosity, there is no longer lamellae advancement against
the direction of the belt motion even at the lowest belt speed. Fig. 4
shows the steady-state locations of the three-phase contact line at two
different belt speeds: 20 mm/s in Fig. 4a and 40 mm/s in Fig. 4b. Fig. 4c
shows the transient state, with the jet being stretched by the belt trav-
elling at 60 mm/s until the trace line breaks up resulting in discrete
droplets.

3.2. Jet with electric field applied

To investigate the influence of the E.F. on the jet, a fixed belt ve-
locity, standoff distance, and pressure were used in the following ex-
periments. Without the electric field, the belt wetting by the impacting
jet is mainly affected by the belt speed and the flow rate in the jet (cf.
Section 3.2). The jet impacts onto the belt and forms a liquid path, which
also might break up into individual drops under the action of surface
tension. The applied E.F. affects the jet behavior, as well as the wetting
of the surface. The jet and advancing triple line are pulled toward the
governing high-voltage electrode, thus, facilitating lamella motion
against the direction of the belt motion. For a high electric field strength,
the viscous solution readily spreads over the belt against the direction of
its motion reducing and/or completely eliminating the offset between
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the triple line and the jet axis (cf. Fig. 4). This diminishes dramatically
the propensity to formation of discrete droplets. The electrically-
facilitated holding of the triple line near the jet axis allows higher belt
speeds at steady-state operation, i.e., allows an increase in the printing
velocity compared to the comparable control case without E.F. Fig. 5
shows the E.F.-facilitated pulling of the lamella (jet footprint) triple line
against the direction of the belt motion by electrowetting. Such a new
steady-state location of the triple line slightly before the jet axis rather
than behind it significantly stabilizes the direct writing process of the
60 wt% sugar solution in water extruded through a 30-gauge blunt
needle. Both Fig. 5a and b depict steady-state configurations, with the
only difference being the applied E.F. with a strength of 2.5 kV/mm to
the governing electrode in Fig. 5b. It is clear that in the reverse motion of
a dispensing robot the E.F. pulls the jet and lamella triple line in the
printing direction eliminating the drag-off distance, which is seen in
Fig. 5a and eliminated in Fig. 5b.

To further explore the effect of the E.F. on DIW, a commercial ink
Spot-E purchased from Spot-A materials was loaded into the barrel sy-
ringe and extruded through a 34-gauge needle at 30 psi. A relatively
smooth Mylar (polyethylene terephthalate) ribbon with a surface
roughness estimated as R, < 10 um was loaded into the belt drive, as in
Figs. 3-5. Fig. 6a shows an intact Spot-E trace line being printed at
40 mm/s with no electric field applied, albeit the drag-off distance is
large. The application of the E.F. (2.5 kV/mm) in Fig. 6b reveals a
similar trend to that observed with the 60 wt% sugar/water solution, i.
e., reduction of the drag-off distance accompanied by a smooth steady-
state print. Doubling the belt speed to 80 mm/s, Fig. 6¢ reveals a
problematic printing state where the trace line fails to stay intact, and
discrete puddles are left on the surface of the Mylar ribbon. Fig. 6d
confirms that the intact-line printing at this speed is achievable with the
addition of the E.F. of 2.5 kV/mm.

With print improvement achieved and recorded at S.D. less than or
equal to the diameter of the printing nozzle (cf. Figs. 5 and 6), the effect
of the E.F. on DIW at elevated S.D. was explored. Fig. 7a—d shows a series
of snapshots taken at different S.D. of 80, 240, 380 and 600 pm,
respectively. The results show that a strategically applied E.F. would
allow a DIW machine printing at the surface to lift its needle and clear an
obstacle without disturbing an intact-line printing. This demonstration
of reduction of DIW sensitivity to S.D. is an associated benefit of
electrowetting.

While the width of the trace line from a DIW machine is most often
on the same order of magnitude as the I.D. of the printing needle, the
ability to raise the needle if an E.F. is applied, allows DIW printers to
reduce their trace width compared to a trace line printed at the same
flowrate and no E.F. applied.

(b) V

100 mm/s

—_—
0.31 mm
—_—

Fig. 3. Water dispensing at ~ 1030 mm/s onto Mylar belt (polyethylene terephthalate at 0.019 mm in thickness), which is partially wettable by water, with the

contact angle of ~ 35-40°. Belt speed equals: (a) 20 mm/s (b) 100 mm/s.
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Fig. 4. Solution of 60 wt% of sugar in water issued at ~ 380 mm/s: all figures depict a steady or cyclical steady state. (a) 20 mm/s belt speed. (b) 40 mm/s belt
speed. (c) 60 mm/s belt speed; cyclical steady state resulting in discrete droplet formation on the belt. Blue arrows show the displacement of the triple line from the
jet axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Images of 60 wt% sugar solution in water issued from the nozzle at ~ 380 mm/s at a 20 mm/s belt speed. (a) no E.F. — 0 kV/mm (b) E.F. of 2.5 kV/mm.

(a)
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(d)

Fig. 6. Spot-E printed at ~ 2 mm/s from the nozzle onto Mylar belt at two different belt speeds without and with the E.F. of 2.5 kV/mm applied to the governing
electrode (not seen shown in the snapshots). (a) 40 mm/s belt speed, 0 kV/mm. (b) 40 mm/s belt speed, 2.5 kV/mm. (c) 80 mm/s belt speed, 0 kV/mm. (d) 80 mm/s

belt speed, 2.5 kV/mm.

Fig. 8a and b highlight the change in the trace line thicknesses
resulting from a change in the S.D., while Fig. 8b and ¢ show the effect of
an increased flow rate as the driving pressure was increased from 30 to
60 psi at the same S.D.

In DIW prints, the standoff distance between the needle and substrate
are held to a high tolerance to avoid printing defects and failures.
Typically, in DIW, the S.D. throughout the print varies by less than 10%

of the original S.D. set at the beginning of printing. In contrast, the
present research explored extreme cases. By deflecting the Mylar ribbon
on the belt-drive apparatus, an abnormally large S.D. deviation was
administered during the print. Fig. 9a—c show three sequential snapshots
corresponding respectively to before, at and after the obstacle. It is seen
that even with a relatively large variation in S.D. (which corresponds to
the case of rough surfaces), a continuous and uniform trace was
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(a) 220 pm (b) 220um  (c) 220pum  (d) 220 pm
40&/5 7 7 | 7

Fig. 7. Spot-E extruded at ~ 2 mm/s from 34-gauge needle at 30 psi with a 40 mm/s belt speed and 2.5 kV/mm applied voltage at the governing electrode (not seen
in the snapshots). Only the stand-off distance (S.D.) is changed. (a) S.D. ~ 80 um. (b) S.D. ~ 240 um. (c¢) S.D. ~ 380 um. (d) S.D. ~ 600 pm.

(a) 220pum  (b) 220pm  (c)
40_mg/s : .

Fig. 8. Spot-E extruded from 34-gauge needle with a 40 mm/s belt speed and 2.5 kV/mm applied voltage at the governing electrode (not seen in the snapshots). (a)
S.D. ~ 80 um, 30 psi, jet velocity ~ 2 mm/s. (b) S.D. ~ 600 pm, 30 psi, jet velocity ~ 2 mm/s. (c) S.D. ~ 600 um, 60 psi, jet velocity ~ 4 mm/s.

(a) I 220um  (b) I 220 um  (c) I 220 pm

Fig. 9. Spot-E extruded at ~ 2 mm/s from 34-gauge needle with the 80 mm/s belt speed, 30 psi and 2.5 kV/mm applied voltage at the governing electrode (not seen
in the snapshots). (a) Before, (b) at, (c) after the obstacle.

deposited on the translating belt in all the three cases. turned off at t = 0s. Fig. 10b shows the development of the drag-off

The following Fig. 10 shows the transient effects accompanying distance already at t ~ 0.25s. Then, at t = 0.5 s, the triple line of the
turning off the E.F. in the case of Spot-E ink DIW on the Mylar belt. lamellar footprint of the jet already swept by the moving belt quite
Fig. 10a shows the initial time moment when the electric potential was significantly, reaching a final steady-state position at t ~ 1 s.
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l t~1s

Fig. 10. Spot-E extruded at ~ 2 mm/s onto Mylar belt moving at 20 mm/s from 34-gauge needle, 30 psi. (a) t =~ 0 s (the moment when the E.F. of 2.5 kV/mm was

turned off) f. (b) t~0.25s (c) t~0.5s(d) t~1s.

Several woven substrates comprised of both polymer and natural
fibers were also tested, to evaluate the benefits of the applied E.F. for
printing on varied super-rough surfaces which are traditionally impos-
sible to print ink on using DIW technologies. The surface roughness for
the three belts of these types was relatively high. For the polyester (PTA)
ribbon, the surface roughness R, was ~ 200 um. At 97 x magnification,
Fig. 11a shows the individual fibers bundled and woven creating a much
rougher PTA surface than the Mylar belt seen in Figs. 3-10. Fig. 11b
captures a failed print as the ink breaks up into unconnected droplets
due to the insufficient wetting on this super-rough substrate. By
applying 2.5 kV/mm to the governing electrode, Fig. 11c shows a
continuous trace being printed on PTA with an almost zero drag-off
distance.

The woven cotton belt is further tested as a substrate. It has an even
higher surface roughness with R, ~ 360 um, which is almost impossible
to print inks on using the conventional DIW technologies reported in
literature. Fig. 12a was taken at 32x magnification, which reveals the
overall view of the cotton belt surface patterned by the bundles woven
together, while Fig. 12b at 97x magnification demonstrates the indi-
vidual fibers, which comprise the larger bundles. It should be empha-
sized that the individual fibers in the woven cotton belt are not
necessarily neatly organized within the larger bundles and often leave
the confinement of the bundle sometimes reaching several orders of
magnitude higher above the printing surface than the average roughness

235 pm

extends. These elevated strands can easily be seen in Fig. 12c¢ and
d where the two snapshots, respectively, show a failed printing state
without E.F. and a successful intact printing trace with an E.F. strength
of 2.5 kV/mm applied.

Another super-rough material was tested as substrate in our study. It
was made from bundled jute fibers woven into a ribbon 12.7 mm wide
and 2.21 mm thick. The surface roughness based on the bundle diameter
was estimated at 1.1 mm and can be observed at 32x and 97 x magni-
fications in Fig. 13a and b, respectively. The woven jute also revealed
many individual fibers which are not contained within the bundles,
similarly to those observed in Fig. 12b, further decreasing the uniformity
of the belt surface used for ink deposition. Once again, a positive effect
of the applied electric field on a continuous printed trace line was
observed. Fig. 13c shows a failed print without E.F. applied, and Fig. 13d
shows a continuous trace successfully printed by our electrostatically-
assisted DIW on this roughest substrate, with 2.5 kV/mm E.F. applied
to the governing electrode.

3.3. Morphology of printed trace line improved by electric field
In the model experimental setup, the E.F. — affected jetting was easily
captured via CCD camera due to a stationary nozzle. Upon transitioning

to a moving DIW dispensing robot, such a visualization of the extruding
ink became too difficult as the nozzle mechanically shifted according to

235 um

Fig. 11. Spot-E extruded at ~ 15 mm/s onto polyester (PTA) belt (0.35 mm thickness) from 32-gauge needle, at the 20 mm/s belt speed, 45 psi. (a) View of bundled
fibers at 97 x magnification. (b) Failed printing state without E.F. applied. (c) 2.5 kV/mm voltage applied to the governing electrode (out of view in panels b and c).
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Fig. 12. Spot-E extruded at ~ 29 mm/s onto woven cotton belt (0.85 mm thickness) from 30-gauge needle, at the 20 mm/s belt speed, 41 psi. (a)-(b) View of
bundled fibers at 32x and 97x magnification, respectively. (c) Failed printing state without E.F. (d) Intact printing line at 2.5 kV/mm voltage applied to the

governing electrode which is not in the camera view.

Fig. 13. Spot-E extruded at ~ 37 mm/s onto woven jute belt (2.21 mm thickness) from 27-gauge needle, at the 20 mm/s belt speed, 30 psi. (a) View of bundled
fibers at 32x magnification. (b) View of bundled fibers at 97 x magnification. (c) Failed printing state without E.F. applied. (d) Successful intact trace resulting from

2.5 kV/mm applied to the governing electrode which is not in the camera view.

the printing program. While the pixelated data of the advancing lamella
was not recorded during prints conducted with the DIW robot, an
achievable increased printing speed and versatility facilitated by the
electrically-modified needle can clearly be observed in the printed traces
after completion. Fig. 14 shows four of the ten results of Spot-E printed
at different translating velocities as 10 cm trace lines onto a glass sheet
1 mm in thickness. For the ten printing cases, the printing speed was
increased in 50 mm/s increments in the 50-500 mm/s range. Fig. 14
compares, as an example, four of the ten printing speeds sub-divided
into those printed without E.F. (panels denoted by the lower-case let-
ters) and with the applied E.F. (panels denoted with the upper-case
letters). For example, the trace in Fig. 14a is printed at 50 mm/s with

no E.F., while the one shown in Fig. 14A is printed at 50 mm/s with
2.5 kV/mm E.F. applied to the governing electrode. The printing speed
in Fig. 14 is in the 50-500 mm/s range and increase in 150 mm/s in-
crements from panel (a) to panel (b) and so on until the maximum ve-
locity (500 mm/s) of the DIW robot is reached. When analyzing the
different trace morphologies in the lower-case letter panels in Fig. 14
without E.F. applied, one can see that only the first printing speed
(50 mmy/s) resulted in a continuous trace line. It should be emphasized
that of the total of ten velocities, the first two (50 and 100 mm/s)
resulted in continuous trace lines. Of the two continuous trace lines
printed in the absence of the E.F. only Fig. 14a (for the lowest printing
speed) reveals a relatively uniform trace width. Even an increase in the
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Fig. 14. Spot-E extruded at ~ 10 mm/s onto glass substrate (1 mm thickness) from 32-gauge needle at 30 psi. Printed on the DIW machine. (a) 50 mm/s, 0 kV/mm.
(A) 50 mm/s, 2.5 kV/mm. (b) 200 mm/s, 0 kV/mm. (B) 200 mm/s, 2.5 kV/mm. (¢) 350 mm/s, 0 kV/mm. (C) 350 mm/s, 2.5 kV/mm. (d) 500 mm/s, 0 kV/mm. (D)

500 mm/s, 2.5 kKV/mm.

printing speed up to 100 mm/s revealed significant undulations
(bulging). Bulging of this magnitude can also be considered a defect in
DIW. These types of defects continued to escalate at higher printing
speeds resulting in eight discontinuous prints at every printing speed
higher than 100 mm/s, with several being shown in Fig. 14. It should be
emphasized that while 50 mm/s is considered adequate for DIW print-
ing, the appropriate speed is judged based on the corresponding reso-
lution and cost. The upper-case letter panels in Fig. 14 reveal that the
2.5kV/mm voltage applied to the governing electrode facilitates
printing intact trace lines up to the machine’s maximum-capability
speed of 500 mm/s. Of the ten distinct printing speeds tested, in 90%
of the cases with applied E.F. intact 10 cm-long printed traces were
obtained. An anomaly can be seen in Fig. 15a were even with the E.F.
applied, a small portion of the trace was discontinuous. This is likely due
to an uncontrollable nuisance variable unable to be factored out with
blocking between print speeds and randomization of runs, e.g., har-
monic vibrations or instabilities.

As previously mentioned, even though the electric potential applied
to the governing electrode revealed a significant increase in the printing
speeds of trace lines, the results were not always perfect. Fig. 15a high-
lights a random break in the trace line printed at 200 mm/s with the
applied E.F., albeit the majority of the printed traces at these speeds were
continuous. In the aforementioned experiments, the E.F. pulls the triple
line of the jetted ink’s footprint in the direction of printing with an
electric field strength of ~ 2.5 kV/mm. However, increasing the E.F.
strength close to or above the dielectric breakdown of air (i.e., 3 kV/mm)
resulted in the completely discontinuous patterns shown in Fig. 15b
printed at 3 kV/mm. This phenomenon is likely caused by the
electrically-driven instability of the trace, which becomes dominant in
comparison to the previously discussed electrowetting pulling of the
triple line.

Below the 3 kV/mm threshold, an additional experiment was per-
formed using the DIW robot and printing onto woven cotton substrate
previously tested in the model belt drive setup of Fig. 2. The results in
Fig. 16 show the top views of Spot-E traces extruded through a 30-gauge

(a)

1 mm

needle at 41 psi with a translating print velocity of 40 mm/s along the x-
axis with the other two print axes fixed. Fig. 16a shows the discontinuous
trace line printed without E.F., whereas Fig. 16b shows the continuous
line printed with the E.F. of 2.5 kV/mm applied to the governing elec-
trode. Fig. 16¢ shows the continuous trace which could be printed at a
doubled print velocity (80 mm/s) with the E.F. of 2.5 kV/mm applied. It
is seen that doubling the print velocity did not disrupt the trace line but
rather diminished its width to one half of that seen in Fig. 16b.

4. Theory of DIW without and with the electric field and
comparison with the experimental data

4.1. Jet configuration without electric field applied

Here we aim at the theoretical description of the jet configuration in
the DIW process and its modification by the electric forces. For a steady-
state jet, the governing equations read [32]

afv:

i =0 (@9
d P =0 (2)
d_g( T+Q) =

@-FTXQ:O 3)

d¢

Eq. (1) is the continuity equation which expresses the mass balance,
with f being the cross-sectional area of the jet, V. being the velocity
magnitude (the velocity projection to the jet axis with the local unit
vector t; cf. Fig. 17), and & being the arc length. Eq. (2) is the force
balance (the momentum balance equation in the inertialess approxi-
mation valid for slowly moving viscous jets of interest here), with P
being the magnitude of the local longitudinal force in the jet cross-
section, and Q being the local shearing force in the jet cross-section.
Eq. (3) is the moment-of-momentum equation, with M being the local
moment of stresses acting in the jet cross-section. In Egs. (1)-(3) and

(b)
-

D

o
4.

b

1 mm
N T

Fig. 15. Spot-E extruded onto glass substrate (1 mm thickness) from 32-gauge needle at ~ 10 mm/s with 2.5 kV/mm applied to the governing electrode, 30 psi. (a)
Short break in the trace line printed at 200 mm/s. (b) Electrically-driven instability of printed traces at elevated E.F. strength of 3.0 kV/mm.
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Fig. 16. Spot-E extruded at ~ 29 mm/s from 30-gauge needle onto woven cotton (0.85 mm thickness) adhered with double-sided tape to a glass substrate (1 mm
thickness). (a) 0 kV/mm, 40 mm/s, discontinuous trace ~ 3.5 mm wide. (b) 2.5 kV/mm, 40 mm/s, continuous trace ~ 2 mm wide. (¢) 2.5 kV/mm, 80 mm/s,

continuous trace ~ 1 mm wide.

0 { x
Fig. 17. Sketch of the jet axis shown in red, with the coordinate axes and unit
vectors used. The belt here moves vertically at x = #. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

hereinafter the boldfaced characters denote vectors.

In the present case the jet axis is a plane curve. Accordingly, Q has
the only non-zero component in the direction of the unit normal vector
to the jet axis n, i.e. Q = nQy, and M has the only non-zero component in
the direction of the unit binormal vector to the jet axis b, i.e. M = bMy;
cf. Fig. 17. Then, Eq. (3) takes the following form

a,
Té +0,=0 @)

where according to [32]

dkV; 3, dV,
de 2" de

M, = 3u1( (5)

with p being the liquid viscosity, I being the moment of inertia of the jet
cross-section, and k being the curvature of the jet axis.
Using Egs. (4) and (5), one finds the shearing force as

d dkV, 3 dV,
Q":‘3"d_¢['( dE _5kd§>] ©

Note also that jet cross-section in bending stays practically circular
[32] and thus,

=" @

where a is the local cross-sectional radius.

It should be emphasized that in Egs. (2) and (3) we disregard the
gravity force assuming its effect to be negligibly small for DIW jets. Also,
here the unmodified DIW process is considered first, i.e., the effect of the
electric forces will be included separately.

Using the Frenet-Serret formulae, transform Eq. (2) to the following
form

dpP dQ,

rd—6+Pkn+n dé

—kQ,t=0 (3

In the projection of Eq. (8) to the tangent, the term —kQ,t can be
neglected compared to tdP/dé. Then, the tangential projection of Eq. (8)
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reads
dapr
—=0 9
& (C)]

According to Yarin [32], the longitudinal force is given by

dv,
P=3 10
uf dE (10)
Integration Egs. (1) and (2), one finds
dv,
=q, 3 '_F 11

Vi =gq, Mdf an

where the constants of integration q and F have the meaning of the given
volumetric flow rate in the jet q, and the still unknown pulling force
imposed on the jet by the belt F.

Excluding f from Eq. (11), one obtains the differential equation for V,
3udv, F

[Ar 2

Integrating the later and using the boundary condition on the nozzle
exit

=0, V,=Vq 13
where Vy is the jet velocity at the nozzle exit, which is known, one

obtains the velocity distribution along the jet

F
V. = Vyexp 3/7]5

The velocity of the jet on the belt at & = L (where L is the total jet
length from the nozzle to the belt) V,; is also known, albeit L is still
unknown. Accordingly, Eq. (14) yields the following relation of the
unknown force F to the unknown length L

(14

3/4q Vr]
F=—In{— 1
L n(vm> (15)
The normal projection of Eq. (8) reads
dg,
Pk = 1
+d§ 0 (16)

Substituting the expression for the shearing force (6) and using Eqs.
(10) and (11) for the longitudinal force, transform Eq. (16) to the
following form

d dkV,
Fk—3u—s; |1
g { ( dg
Denote by 0 the angle between the jet axis and the axis Ox directed from

d&
the nozzle normally to the belt. Then, the curvature of the jet axis can be
expressed as

7§de,>} =0 7)

2" dE

_do

k= e (18)
and Eq. (17) takes the following form
do & d (do 340 dv,
Fo —3u—lI1l=(=v.)-2= = 1
v (2) 2z -0 a9

The solution of this fourth-order differential equation for 6 is sub-
jected to the following for boundary conditions

E=0, =0 (20)
d d (dO 3dO dV, -~
¢=0 zf{’[z:(z:”)*imf]}*(’ @D
Vs
£=L 0=3 22)
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do

d—g—wo

The condition (20) implies that the jet is coaxial to the nozzle when it
leaves it; the condition (21) means that the shearing force Q, = 0 at the
nozzle exit; the conditions (22) and (23) correspond to the jet roll-over
the moving belt.

Even though the relation of F to L is known from Eq. (15), it should be
emphasized that the problem formed by the fourth order differential
equation (19) with the four boundary conditions (20)-(23) still contains
one unknown — the total jet length L. Accordingly, an additional integral
condition is required, namely,

E=1L, 23)

/= /0 " coslB(e)]dE (24)

where 7 is the given distance from the nozzle to the belt along the x-axis,
i.e., the standoff distance.

After finding 6 = 6(£), the shape of the jet H = H(x) is found using the
following geometric relations
(25)

14
H(E) = / sin[6(&))de

x= /05 cos[O(&)]dE (26)

Eq. (19) with the boundary conditions (20) and (21) admits the
following integration

d d (do 3d0O dv, _
ool () 2 ]} -0 7
Additionally, the second Eq. (7) and the first Eq. (11) yield
2
_r 1
I"4n V2 (28)

Then, using Egs. (14) and (28), transform Eq. (27) to the following
dimensionless form

——¢/L @_aniﬂd_ﬁ -~
()

where £ is rendered dimensionless by #, and - in transition — V; and F
were rendered dimensionless by Vo and uq/¢, respectively.
Eq. (29) involves three dimensionless groups

anTIG @ d
L 4 d¢

(29)

Vrl

Vo'

)
ayg = —

f?

<

_ L
= L= Z (30)
of which the first two are given, whereas the third one is found as dis-
cussed above.
The boundary conditions (20)-(23) take the following dimensionless
form

£=0, 0=0 G
£=0, d% [Vﬂ‘f/L <j2§f - ]“2? leﬂ =0 32)
(=1, 0-7 (33)
=1 gﬁm 34

Note that one of the two conditions (31) and (32) is already redun-
dant, because of Eq. (29).
In addition, the condition (24) takes the form
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- /0 " coslB(e)]de 35)

Egs. (25) and (26) do not change their form when x, H and & are
rendered dimensionless by 7.

Consider the realistic case of V;; >> 1. It is easy to see that one ex-
pects to find a solution, in which

&0
ae

InV,; d*0

2L d&

InV, do

2L dé

(36)

These inequalities will be assumed to hold now, and proven a
posteriori.
Implying the inequalities (36), the problem (29), (31)-(34) is recast

as

f?f +x77 T =0 37

E=0, 0:%:0 (38)

=L 0-% e 39)
In Eq. (37) the following notation is used

"= -;—% 1“{7 (40)

Note once again, that one of the two conditions (38) is redundant,
because of Eq. (37).

In the case of V,; >> 1 formation of the boundary layer near ¢ = L is
expected. In this boundary layer Eq. (37) takes the form

07 f0r0§§<§0a

H(¢) = 24 ok _ 3 _ 3 _
:fwﬂ(ﬁ—gvﬂlnvfl) [(L-¢) -(L-&) ] sra<e<

a0

ed—g;JrKe:o (41)

where

e:;<<1 (42)

7l

As usual in the matched asymptotic expansions of the boundary layer
theory [33,34], the inner stretched coordinate is introduces as

_L-=¢

X= ST (43)
Then, Eq. (41) takes the following asymptotic form
40
e + k|0 =0 (44
Its solution reads
3 3
0=Ce™4e¥ (c2 cos %yX +C; sin %p{) (45)

where C;-Cj are the constants of integration and y = [«|'/>.

The inner solution (45) is supposed to be matched with the outer

11
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solution outside the boundary layer (still to be found) as X—co. That
means that Cy = C3 = 0. On the other hand, the first boundary condition
(39) yields C; = n/2, and thus, in the boundary layer 6 = (z/2)exp( —
rX), i.e.,

N\ 1/3
.z 4 InV, _
“’zeXp{(ag L ) (L‘f)}

It is easy to see that for e<<1, the second boundary condition (39)

holds, because d9/d¢ ~ £ '/3—o0. Moreover, for e<<1, d20/de* ~ e 2/3,
d349/d§3 ~ &, which proves the inequalities (36).
Outside the boundary layer, Eq. (37) becomes

(46)

3
0
L+K9:0

7 47

Its solution is given by Eq. (45) with & instead of X. To satisfy the
outer boundary conditions (38) and achieve matching with the inner

solution (46) as é—L, all the constants of integration should be zero, and
thus, the outer solution becomes

6=0 (48)

In the boundary layer when & is very close to L, the inner solution
0 = (n/2)exp(—yX) can be approximated by its truncated expansion in
the Taylor series, 8 ~ (7/2)(1 — yX), which, together with the outer
solution (48), allows one to evaluate the integrals in Eqs. (35), (25) and
(26), to find

4 @ 1 1 v
_ -\ (a

L~1+ S

< 4 )(4 InV; Vrl)

and the jet axis H = H(x) in the parametric form (with & being the

49

(50)

parameter) as

& for 0<E<E,

x(§) = i N\, 2 2 _
§0+g<%Vﬂ 1I1Vn> (Lf—%—l‘f()"‘%)v Jor & <éE<L
(51)

Note that in Egs. (50) and (51) the outer boundary of the boundary
layer is taken at &, = L —O(e'/?), in particular, at

1/3
f=1_" gz 1\
T 4\4V Vv,

Eq. (52) also yields the lateral coordinate at which the deflected jet
meets the moving belt
— (1 —7%/24)
H(L) =
[(4/a) Va0 V]

Fig. 18a illustrates the predicted jet configuration near the deflecting
belt in the boundary layer, i.e., the one given by Eq. (46). The

(52)

(53)
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corresponding jet configuration given by Egs. (50)-(52) in this case is
shown in Fig. 18b.

4.2. Jet configuration affected by the applied electric field

Consider the effect of the electric forces on jet configuration. Let the
jet has a net charge eq per unit length when it is issued from the nozzle.
Material elements in the jet are stretched and the length of a unit

1+ (dH/dx)* = 1/cos 6 because dH/dx
= tan 6 and in the present case cos § > 0 because — z/2 <60 < z/2.
Accordingly, the charge conservation in a material jet element means
that the current charge per unit length is e = eg/1 = e cos 6.

Assume that in the space surrounding the jet an electric field is
imposed by an electrode system. In particular, consider the electric field
strength E parallel to the belt and directed opposite to the direction of
the belt motion, i.e., E = —Ej, where E is the magnitude and j is the unit
vector of the H-axis, i.e. of the direction of the belt motion. According to
Fig. 17,j =ncos 6 + 7 sin 6§, and thus, the electric force acting on a unit
element of the jet F,; = eE is given by the following expression

element becomes equal to 1 =

F. = —eoEcosf(n cos 0+ T sin 6) (54)

Accounting for this force in the governing equations, yields the
following system of equations generalizing Eqs. (1)-(3) for the case
where the electric force is present [32]

dfvfi

d =0 (55)
4 Pt Q) +F, =0 (56)
dé el —

daM

—dg +1TxQ—-MmxF,;, =0 (57)

As before, the only non-zero projection of Eq. (57) is the one on the
binormal b, and it reads [cf. with Eq. (4)]
de+Q eoElcosO sin @ = 0

dE n 0 080 8 =

Using the Frenet-Serret formulae, transform Eq. (56) to the following

form

(58)

th+Pkn+n
dé

dQ)’l
d¢

— kQ,T — egEcosd(n cos 6+ T sin ) = 0 (59)

As in Section 4.1, the realistic case of V,; >> 1 is in focus when the
appearance of the boundary layer in the jet configuration near the belt is
expected. The extra term on the left in Eq. (58) [cf. with Eq. (4)] is
negligibly small in the boundary layer near the belt where 6—1x/2. Due
to the same reason, the effect of the electric force in Eq. (59) in the
boundary layer is negligibly small, and the entire solution in the
boundary layer found in the previous Section 4.1, Egs. (50) and (51),
holds with a minor modification

07 f0r0§§<§07

H(¢) = e
H(&)+E-& +32

() [ -0
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& for 0< &<,

X6 = W e :
soﬂ(j—zvnmvﬂ) (-5 -Ta+h). praz<est
0

(61)

Namely, in the boundary layer at &, < ¢ < L the matching of H in Eq.
(60) brings in an extra term H(&,) because the outer solution is affected
now by the electric field, and H(,) # 0 anymore. Note that in Eqs. (60)
and (61) the previous expression for L given by Eq. (49) is used as a
reasonable approximation having in mind that the main contribution in
the integral of Eq. (35) is associated with the boundary layer domain.
Outside the boundary layer where 6 is close to zero the only significant
contribution of the electric field is in the normal component of Eq. (59),
which rakes the following dimensionless form

v 2 —( r v
In Vo ﬁ % d— {V_ﬂéﬂ (ﬁ - In Vs, ﬁ)] = Ecos?0 (62)

L dé 448 d& 2L d¢
where a new dimensionless group, the dimensionless electric field
strength, appears

60Ef2
Hq

E=

(63)

Having in mind the inequalities (36) and the fact than in the outer
solution 0 is close to zero, and thus, cos26 ~ 1, transform Eq. (62) to the
following one

d*0 do 4_
27 o 64
77 -&-def = (64)
where
4
®0=—=InV, (65)
a,

0

Integrating Eq. (64) once and using the boundary conditions (38), we
obtain

a0 4
— 0 = —=E. 66
The solution of the latter equation reads
3 3 4 _
0=Cre+e(Ccos £y§ +C; sin £y§ — " Ee 67)
2 2 a,w

where C1—Cs are the constants of integration and y = »'/3. Note that
y < 0 because o < 0.

Applying to Eq. (67) the boundary conditions (38) and the matching
condition

&4,

One finds the constants C;—C3 as

6—-0 (68)

(60)

for & <E<L
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Fig. 18. (a) The predicted jet configuration in the boundary layer near the deflecting belt moving in the direction of the H axis. The parameter values: a; = 0.1, and
Va = 10. No E.F. is applied. (b) The predicted overall jet configuration. The parameter values: @ = 0.1, and V;; = 10. No E.F. is applied.

C = (4/5(2Jw)E§0 (69)
exp(—r&y) — exp(ré) [COS \/5750/2 =+ (2/35/2)sin \/§}/§0/2}
2
G=-0C, G=-356 (70)

The configuration of the jet affected by the electric field corre-
sponding to the outer solution (67), (69) and (70) is found by the nu-
merical integration of the following equations at 0 < ¢ < &,

0.015

0.005

-0.005

-0.01

T T T T

—
<)
~

cvl'llllll‘l!ll

B osoe)]

dH

— = 1
G = snloe) % 1)
subjected to the following boundary conditions

(=0, H=0, x=0 (72)

This integration, in particular, allows one to find H(&p) required in
Eq. (60). The latter also yields the value of the deflection of the jet on the
belt as
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Fig. 19. The predicted overall jet configurations affected by the E.F. The parameter values: @y = 0.1, and V;; =10. (@) E =03, (b)) E =1, (c) E = 2.
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(b)

0.41 mm
 —

Fig. 20. Jet of Spot-E deposited on the belt moving horizontally to the right with the E.F. pulling the jet in the opposite direction. The colored lines show the
theoretically predicted centerlines. The dimensionless E.F. strength values used in the theoretical predictions are: (a) E = 0.5 (purple line) (b) E = 0.1 (red line). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(1 —72/24)

— s (73)
[(4/@) Vet 1n V|

H(L) = H(&) +

which modifies Eq. (53) in the case when the effect of the electric field is
important.

The predicted jet configurations affected by the applied electric field
are illustrated in Fig. 19.

The results in Fig. 19 show how the progressively stronger electric
field more and more pulls the jet against the direction of the belt motion,
essentially diminishing the drag-off distance. It is also instructive to
compare these results with the jet configuration predicted without the
electric field in Fig. 18.

4.3. Theoretical predictions versus the experimental data

In the experiments Spot-E of viscosity of 0.3 Pas was extruded
through a needle of the inner cross-sectional radius ap = 0.207 mm, of
length of 25.4 mm, at the pressure drop of 68948 Pa. The distance be-
tween the nozzle exit and the belt was £ = 0.333 mm. Using the Pois-
euille law, the average velocity V, = 3.21 mm/s, which, indeed,
corresponds to laminar flow, as implied. Accordingly, in the case of the
belt velocity of V;; = 40 mm/s, in the absence of the electric field the
values of the relevant dimensionless parameters are the following: a; =
0.622,V,; =12.46,and E = 0. For the specific case of E = 0 with Spot-E,
the theory is incapable of predicting the jet axis centerline as the
experimental results did not match the predicted theoretical data. This
disagreement is thought to be a result of the additional elastic stresses
which act in a suspended jet of Spot-E stretched in steady state. The
theory, which is purely viscous, does not result in such suspended con-
figurations because it does not account for the elastic stresses, assuming
viscous Newtonian fluid.

Two corresponding cases with the imposed E.F. of 2.5 kV/mm are
depicted in Fig. 20. Fig. 20a and b reveal that the electric field is capable
to pull the jet back to its almost straight configuration above the
‘boundary layer’ swept by the belt. Because insignificant elastic stresses
are expected in this case, the theory could potentially yield more plau-
sible predictions. Indeed, the centerlines predicted with both E = 0.5
and E = 0.1 look plausible, while those with the higher values of E
would have an exaggerated effect on the jet evolution within the E.F. It
should be emphasized that in the present experiments the value of the
electric charge carried by the unit length of the jet ey is unknown, and
thus, the value of the dimensionless group E given by Eq. (63) cannot be
calculated independently, even though the E.F. strength is known.
Accordingly, several values of E were tested in Fig. 20 reveling the most
plausible ones based on the background of experimental data.

5. Conclusion

The present experimental and theoretical results reveal that an
electric field, strategically generated near a printing nozzle, can be used
to enhance the DIW process, allowing orders of magnitude faster
printing speed and successful printing on super rough surfaces which
were conventionally impossible. The accurate and repeatable jetting
enhancement was achieved utilizing the Coulomb force imposed by the
electric field oriented in the direction of printing. This approach, first
applied in this work to a translating belt system with a fixed nozzle,
allowed a high-speed camera to visualize changes in the extruded ink
jets. Next, a commercially available printer was modified in this work by
the inclusion of a leading electric field acting on a photo-initiated ink
Spot-E. Specifically, the addition of a single electrode to the printhead
was able to increase the print speed while achieving a higher printing
resolution and enabling printing on super rough substrates. With no
grounded electrode or grounded substrate required in the present case,
the benefits gained from the E.F. will not diminish with an increase in
the build height. The present innovative approach holds great promise
for (i) a significant increase in the overall build speed and throughput
while maintaining or even enhancing the resolution, and (ii) a further
increase in versatility of nozzle-based printing methods by expanding
substrate choices previously limited or excluded due to their roughness.
(iii) Multiple inks used in direct ink writing are viscous Newtonian
fluids, similar to the model inks used in the present research. The
approach developed here can be extended to polymeric inks which
possess significant elasticity in uniaxial elongation in addition to vis-
cosity, albeit do not differ much in their electrical conductivity from the
present inks, because conductivity is fully determined by the solvent.
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