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A B S T R A C T   

Here, the addition of an electrode to the printhead in direct-ink-writing (DIW) generates an electric field (E.F.) 
between the electrode and the printing nozzle. The extruded ink, as an ionic conductor, is then pulled by the 
Coulomb force in the direction of printing, resulting in much faster writing speeds and much thinner traces 
(lines) and smaller widths. Limitations in speed and resolution are practically removed here because the inte-
gration of an electrode into the printhead allowed successful prints at 13.2 m/s, ~13 times faster than in other 
published works, as to our knowledge, and almost ~30 times faster than in most commercial printers, which are 
limited to 0.5 m/s. A print speed of 13.2 m/s is reached in the present work, which unlocks the speed restrictions 
associated with DIW and holds great promise for new design opportunities. In addition, by means of E.F., an 
improved resolution up to 35 μm line width has been achieved here. It should be emphasized that the high 
printing speed and fine resolution demonstrated in this work are still not the physical limits of the method but 
rather only the restrictions imposed by the present experimental setup.   

1. Introduction 

Direct ink writing (DIW) is a flexible additive manufacturing (AM) 
technique proving advantageous in widespread fields from wearable 
electronics, structural composites, soft robotics to artificial organs 
[1–4]. While known to be a relatively slow AM technique [5,6], the 
primary strength of DIW is the diversity of available materials [7] and 
capability of printing metals, polymers, ceramics and bio-gels, etc. 
[8–11] into complex 2D or 3D patterns. Consistent with other AM 
techniques, DIW also demonstrates freedom of structural design and 
reduced concept-to-completion time, while concurrently keeping waste 
to a minimum [12–14]. Synonymous with Robocasting and robotic 
material extrusion, DIW is essentially the ink deposition over various 
substrates following a preset pattern or layout [15]. 

As DIW technologies proliferate within an evolving industry, man-
ufacturers demand ever-increasing throughput as modern applications 
simultaneously evolve to both minimum and maximum printing ex-
tremes (i.e., one industry path may choose to print on micro- or even 
nano-scale while the other path may 3D print an entire grand-scale 
‘house’). Even though the extremes are in many aspects polar, one 

similarity the two manufacturing directions share is the overall 
complexity and length of the tool paths which are the sequential phys-
ical motions the printhead follows. The length of this tool path is easy to 
see on the grand scale of a 3D printed ‘house’, albeit it may not be so 
intuitively recognizable on a small print of high-resolution how far the 
printhead mechanically translates. Comprised often of hundreds of 
thousands of coded lines, tool paths of a complex print may place the 
smallest possible lines (typically 50–200 μm) next to each other to form 
a thin plane. These thin planes are then stacked to form a volume, once 
again re-emphasizing the lengthy process where prints may take days 
[16]. 

In today's metaphoric gold rush of AM, speed is valued on a similar 
magnitude as resolution and cost. One known problem in DIW, and most 
AM systems, is that an increased velocity between substrate and nozzle 
directly correlates with an increase in manufacturing defects [17]. These 
defects may include, but are not limited to, discontinuous lines, bulging, 
liquid puddles, splashing or coffee ring effect [18–26]. As to our 
knowledge, there are not many publications devoted to increasing the 
printing speed or reducing the associated detrimental effects. It was 
demonstrated that electrowetting helps to reduce bulging in prints of 
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low-viscosity liquids, which could potentially lead to faster prints [7]. 
Electrohydrodynamic (EHD) jetting resulted in writing speeds up to 0.5 
m/s, albeit only for lines less than 2 mm in length [27]. ‘Very high 
translation speeds’, up to 1 m/s (in a circular pattern), were reported 
too, but the observed print quality and stability were greatly affected by 
the ink viscosity [28]. In recently published work, the DIW of cylindrical 
lattice structures resulted in meters upon meters of printed lines wrap-
ping around a cylinder printed with a speed around 0.01 m/s [6]. The 
above-mentioned state of the art highlights the need for much higher 
DIW's printing speeds required to match the demand from industrial 
applications. When current standards measure tool paths in meters or 
kilometers, yet the production of lines proceeds in millimeters or cen-
timeters per second, the situation can be characterized as a significant 
disconnect between desired and actual print times. 

In previous work of this group, it was found that a commercial DIW 
robot's operating range of 0–0.5 m/s be more than adequate as most 
prints failed at 0.1–0.2 m/s with no E.F. applied. With the introduction 
of our E.F.-assisted printing process (charged electrode near the print-
head), this 0.5 m/s maximum was easily reached while still producing 
continuous trace lines at fine resolutions, and meanwhile minimizing 
the defects from consequent instabilities [29]. Note that a comprehen-
sive theoretical model of the DIW process (including the E.F.-assisted 
printing process) was also given in our previous work [29]. 

Present work aims to address the above-mentioned challenges while 
pushing DIW's speed to a much higher limit for continuous translating 
deposition achievable in the current setup. Here, the conventional DIW 
process is modified with a strategically applied E.F. set to pull the inkjet 
footprint on the moving substrate in the direction opposite to that of the 
relative substrate motion. In addition, 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 
described 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. Conclusions are drawn in Section 4. 

2. Experimental setup 

Several beneficial effects the E.F. exhibits while applied to a cylin-
drical jet being dispensed normally onto a horizontally translating 
substrate have been demonstrated in previous work of this group [29]. 
Because the current work aims primarily at increasing relative velocity 
between the printing nozzle and substrate, the previous setup was 

modified as sketched in Fig. 1. The defining improvements to this setup 
are a direct-drive motor with an increase in rotational velocity from 50 
to 1000 rpm, an increase in drive spool diameter from 6 cm to 15 cm, 
and a ball-bearing belt support. The ball-bearing support was placed 
directly beneath the printing nozzle to help reduce undulations in the 
belt. This model setup kept the nozzle stationary and thus, helped 
facilitate the video recording of the DIW process. 

Positively charging the governing electrode while simultaneously 
providing the ground to the printing nozzle, a high-voltage power sup-
ply was used to produce the forces acting on the inkjet, which is, as 
usual, an ionic conductor [30]. This resulting Coulomb force is opposite 
to the direction of the substrate motion and is always relatively uniform, 
even during substrate undulations, because it is generated by the 
printhead rather than the substrate. To create a driving pressure, a 
commercial pressure controller (Nordson Ultimus I) supplemented with 
30-gauge stainless steel printing needles is being used in this setup. Such 
a system allowed for a well-defined pressure pulse (1–80 psi) to be 
applied to the ink within the needle for a specific time. It should be 
emphasized that the experiment was specifically designed to achieve 
both high speed and fine resolution of the print process. Because of this, 
smaller blunt-end needles of 30-gauge were chosen instead of the 27- 
gauge ones used in previous experiments of this group. Note that pre-
viously it was shown that needle diameter directly correlates with the 
maximum attainable printing speed, i.e., for a larger needle, faster prints 
will be achievable. However, even with the smaller needles chosen, the 
E.F. induced continuous prints at the present system's maximum belt 
velocity, which was much higher than before. The governing electrode 
was made of a 0.5 mm copper wire bent above the printing needle edge. 
Voltages applied to the governing electrode were in the 2.8–3.1 kV range 
with the E.F. strength increasing with the belt translational speed (i.e., 
ink writing speed). Because the reel-to-reel tape is pulled taut by the 
drag applied by the tensioning spool (cf. Fig. 1), the substrate tape takes 
the curved shape of the ball-bearing's surface over a minimal distance 
relative to the circumference of the bearing. This can be seen in 
magnified snapshots displayed in Figs. 3–6, albeit this curvature is not 
depicted or seen in the sketch in Fig. 1. 

One important aspect linked to successful DIW implementation is the 
rheological behavior of the inks to be printed. Ideal DIW inks exhibit 
both shear-thinning and viscoelastic behavior easing the ink's flow 
through the nozzle. Three practically important inks were chosen for the 
experiments with high-speed DIW to evaluate the effect of surface ten-
sion and rheological properties characterized using shear and 

Fig. 1. Schematic of the experimental setup utilizing the perpendicular dispensing of a cylindrical jet onto a translating substrate. A voltage applied to the governing 
electrode is used to facilitate smooth and speedy ink deposition utilizing the E.F. 
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elongational flows [30], as listed in Table 1. 
Rust-Oleum Stain & Polyurethane along with Tester's Model Paint 

were purchased from Amazon, while an unknown brand of solvent- 
based paint available in our lab was also subjected to testing. Even 
though the three inks chosen are relatively common in commercial and 
industrial applications, they are most likely perceived to most as un-
conventional DIW inks. Unlike the conventional DIW inks tested in 
previous works, intentions were to highlight that the applied E.F. can 
prove beneficial for practically all DIW-printable materials. The shear- 
viscosities of the three inks depicted in Fig. 2 reveal that Rust-Oleum 
stain and Tester paint reveal a certain degree of shear-thinning, 
whereas Solvent-based paint - a certain degree of shear-thickening 
(dilatancy). Note that dilatancy is highly undesirable in conventional 
DIW processes, which makes Solvent-based paint a challenge for print-
ing at a high speed using the conventional DIW processes. In our work, 
this material printability challenge was addressed by applying the E.F., 
as the results discussed below reveal. It should be emphasized that the 
non-zero relaxation times of the order of 10−3–10−2 s (cf. Table 1) 
measured using surface-tension-driven self-thinning of a liquid thread 
[30] reveal that all the three inks possess viscoelastic properties. 

To apply E.F. in DIW, one 0.5 mm copper electrode was attached to a 
custom dielectric printhead by placing it in line with the printer's needle. 
To demonstrate the ultra-fast line printing, a continuous line was printed 
with and without the applied E.F. with line writing speeds in the 
1.8–13.2 m/s range. The printing was limited to one direction-of- 
freedom like that used in offset newspaper printing. The continuous 
filament extrusion and deposition were captured using a high-speed 
CCD camera (Phantom VEO-E 340L) employing back-light shadow-
graphy. All experiments were performed under ambient conditions. 

3. Experimental results and discussion 

All variables were kept constant with the exception of the applied E. 
F. Fig. 3 shows the dispensing of solvent-based paint extruded onto 
Mylar belt with and without the E.F. applied. Even at the lowest trans-
lational speed employed in current experiments (1.8 m/s), without the 
assistance of the E.F., the resulting print lines repetitively failed by 
either discontinuity or possessing widths that vary at unacceptable 
levels, as seen in the side and top views, respectively, in Fig. 3a and b. 
The side view in Fig. 3a highlights how the fluid collects between the 
nozzle and substrate while the top view in Fig. 3b reveals the outcome 
for the final printing line deposited. Fig. 3c captures a side view of the 
fixed printing state after the E.F. has been applied, and Fig. 3d shows the 
successfully printed line. These results are consistent with our previous 
results in [29], though now at a greater printing speed. 

Then, the voltage to the brushed drive motor was increased to pro-
vide a belt translational speed of 5.18 m/s. It should be emphasized that 
most commercial DIW machines are limited to the speed of ~0.5 m/s, as 
without E.F. facilitation, continuous line printing would be impossible at 
higher speeds. However, with the E.F. altering the jet path, which, 
essentially, enhances wetting the substrate surface, the jet and 
advancing triple line are pulled toward the high-voltage electrode, thus, 
facilitating continuous prints at speeds 10 times higher than what in-
dustry previously considered the standard DIW speed. Fig. 4a reveals 

how the ink is dispensed with a horizontal snapshot extracted from the 
high-speed recording of the print. Fig. 4b and Fig. 4c are both top views 
at different zooms highlighting the incredibly smooth edges of the dried 
printed lines. This is remarkable because the drive and tensioning 
wheels were 3D printed and not balanced leading to significant vibra-
tions, which grew stronger as velocities increased and were detrimental 
to the printing process before applying the E.F. It should also be 
emphasized that this Solvent-based paint revealed dilatant properties 
(cf. Fig. 2), which is highly undesirable in DIW and is likely why this ink 
could not be faster printed, albeit (with the applied E.F.) still much faster 
than the current standard. 

Two more inks were tested in further experiments. Both Rust-Oleum 
Stain & Polyurethane along with Testers Model Paint were used for 
printing. Fig. 5 depicts the side view (panel a) acquired during steady- 
state printing at 7.28 m/s of Rust-Oleum and the corresponding top 
view of the dried print (panel b). Again, a very smooth edge of the 
deposited material can be observed. Although not pictured, all three inks 
achieved successful line printing at similar velocities. Note the Rust- 
Oleum Stain exhibited the most-pronounced shear-thinning of the 
three inks tested. 

By applying the maximum recommended voltage to the DC motor, a 
belt speed of 13.2 m/s was measured using the high-speed video with a 
resolution of 768 × 500 pixels shot at 7000 fps. As previously 
mentioned, the vibrations continuously increased with the rotational 
velocity and were quite noticeable in the video footage used to produce 
Fig. 6a. Fig. 6a depicts a side view of the printing process where even 
though the ink is stretched quite far along with the moving belt, the E.F. 
still pulls on the preceding lamina enough for a continuous print. The 
resolution (reduced line width) increased with printing speed (cf. 
Fig. 6b), similarly to the previous work of this group [29]. Typical DIW 
deposition at speeds below 0.25 m/s yields lines of width greater or 
similar to the nozzle from which they are printed. However, at ultra-fast 
DIW speeds achieved here with the help of E.F., the resulting dried 
printed line widths appear to be much less than the diameter of the 
printing nozzle. For instance, Fig. 6a shows a printing nozzle of a 
diameter ≈0.27 mm, while Fig. 6b shows the corresponding image of the 
printed line, which is ≈0.04 mm in width. Note that Fig. 6b does reveal a 
slight meandering, and it is unclear yet whether this was the result of the 
belt vibrations, hydrodynamic instability or some other unknown 
factors. 

The results depicted in Figs. 4–6 show that the applied E.F. allows 
one to overbear any detrimental effects of dilatancy and high-viscosity, 
vibrations and capillary instability, and opens new opportunities in DIW 

Table 1 
Surface tension and rheological properties of the three inks used in the high- 
speed DIW experiments. The values of the shear viscosity were measured at 
the lowest shear rates shown in Fig. 2.   

Surface tension 
(mN/m) 

Shear viscosity 
(Pa s) 

Relaxation time 
(s) 

Solvent-based 
paint  

30.9  0.8  0.006 

Rust-Oleum 
stain  

37.3  1.5  0.011 

Tester paint  33.1  0.8  0.005  

1 11 21 31 41 51 61 71 81 91
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Fig. 2. Shear viscosity measured in simple shear flow for the three inks chosen 
for experiments. The shear flow measurements were performed using a com-
mercial rotational rheometer (Kinexus Ultra+, NETZSCH Instruments). 

J. Plog et al.                                                                                                                                                                                                                                      



Journal of Manufacturing Processes 76 (2022) 752–757

755

not only bearing in mind the process speed but also when considering 
material choices. 

4. Conclusion 

The present experimental findings indicate great potential of the 
electric field (E.F.) application when an electrode is strategically 

positioned in the vicinity of a printing nozzle. This can significantly 
boost the printing speed and resolution associated with DIW processes 
by several orders of magnitude. Our approach has already been proven 
capable of printing on super-rough surfaces, while the present work 
shows that it helps to minimize the adverse effects of substrate vibra-
tions. In addition to higher printable speeds and resolutions, accuracy E. 
F. and repeatability enhancements of printing are also demonstrated in 

Fig. 3. Solvent-based paint extruded onto Mylar belt from the 30-gauge needle at 22 psi. (a) Side view and (b) top view of failed printing state without E.F. applied. 
(c) Side view and (d) top view with 2.8 kV applied to the governing electrode (seen to the left of the print needle in panels a and c, though not charged in the former). 
The printing speed is 1.8 m/s. 

Fig. 4. Solvent-based paint extruded onto Mylar belt moving at 5.18 m/s from a 30-gauge needle at 60 psi with 3 kV applied to the governing electrode. (a) Side view 
(b) top view at 193× magnification. (c) Top view at 193× using digital zoom to highlight smooth edges. 
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the present experiments. By applying E.F. and using a translating belt 
system placed below a fixed nozzle, an ink writing speed (i.e., printing 
speed) of 13.2 m/s was achieved. Particularly, by adding a single elec-
trode near the nozzle, printing speeds were increased by a factor of 30 
compared to unassisted prints. The current approach reveals experi-
mentally its ability to significantly increase ink writing speed while 
minimizing the undesirable instabilities associated with increased ve-
locities. This E.F.-based approach thoroughly addressed the common 
trade-off between printing speed and printing quality in DIW processes. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

This project was partially supported by National Science Foundation 
(NSF) Grant 1825626. 

References 

[1] Jiang Y, Cheng M, Shahbazian-Yassar R, Pan Y. Direct ink writing of wearable 
thermoresponsive supercapacitors with rGO/CNT composite electrodes. Adv Mater 
Technol 2019;4:1900691. 

[2] Yang Y, Chen Z, Song X, Zhang Z, Zhang J, Shung KK, Chen Y. Biomimetic 
anisotropic reinforcement architectures by electrically assisted nanocomposite 3D 
printing. Adv Mater 2017;29:1605750. 

[3] Kim Y, Yuk H, Zhao R, Chester SA, Zhao X. Printing ferromagnetic domains for 
untethered fast-transforming soft materials. Nature 2018;558:274–9. 

[4] Noor N, Shapira A, Edri R, Gal I, Wertheim L, Dvir T. 3D printing of personalized 
thick and perfusable cardiac patches and hearts. Adv Sci 2019;6:1900344. 

[5] Rocha VG, Saiz E, Tirichenko IS, García-Tuñón E. Direct ink writing advances in 
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