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In conventional direct ink writing (DIW) process, low-viscosity liquids are usually nonprintable, which greatly
limits the choices of inks and the potential applications of DIW. To address this challenge, the present work
reports a novel electric-field-assisted method to enable DIW of low-viscosity liquids. An external electric field is
applied between the dispensing nozzle and the substrate, to vertically pull the printed filament for decreasing the

internal pressure along the printing direction. Our proposed method overcomes the common capillary instability
characteristic of continuous extrusion of low-viscosity materials. Compared with conventional approaches, the
electric-field-assisted DIW process significantly widens the available range of process parameters, increases the
throughput by over 150%, and improves the printing accuracy by more than four-fold. These findings indicate an
innovative approach for the fabrication of next-generation functional devices using low-viscosity liquids, which
used to be difficult or even impossible to print.

1. Introduction

Direct ink writing (DIW), as a versatile additive manufacturing (AM)
technique, has been recently demonstrated in numerous fields, including
soft robotics, wearable electronics, artificial organs, and high-
performance structural composites [1-5]. Compared with other AM
approaches, the primary strength of DIW is the diversity of the printable
materials. Many liquids, such as functional polymer solutions, liquid
metals, conductive composites, and living cells have been utilized as
feedstock to print complicated features and three-dimensional struc-
tures, promoting the manufacturing of advanced structures using inno-
vative materials [6-9].

A typical DIW system consists of a building platform, computer-
controlled mechanical stages, and a nozzle-based ink deposition appa-
ratus [10]. The liquid ink is directly extruded from the nozzle by a
pumping device onto the building platform in a filament-by-filament
way. In terms of the liquid inks used in DIW, two rheological proper-
ties are preferred, namely the shearing-thinning behavior and the
viscoelastic behavior [11,12]. The shear-thinning behavior ensures a
relatively low pumping pressure when extruding the liquid ink through
the nozzle, which effectively prevents nozzle clogging and fracture. On
the other hand, the viscoelastic behavior assures a high shape-stability
of the printed filaments, which is essential for the printed geometry
accuracy. In general, such viscoelastic properties need to be confirmed
by moduli (including storage modulus and loss modulus)
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characterization. Ideally, the printable ink should behave liquid-like
when extrusion (at high shear-rate range, storage modulus < loss
modulus) and solid-like (at low shear-rate range, storage modulus > loss
modulus) after extrusion and seating on the printing substrate [13,14].

However, not many materials exhibit such rheological behavior.
Liquids with an apparent viscosity less than 10~ Pa s at zero shear-rate
that are usually printable using inkjet printing methods, have been well
investigated [15], and are not in focus in the present study. In the DIW
process, non-viscoelastic liquids with an apparent viscosity in the 107!
to 102 Pa s range usually suffer from filament shape instability, such as
the commonly used solvents, oils, and conducting polymers, which are
in focus in this study. This category of liquids reveals tremendous
printing difficulties due to its inherent inappropriate rheology [13]. The
printed geometry of such materials usually suffers from various in-
stabilities, causing critical geometrical defects, including inconsistent
filaments and bulges. To understand the nature of such instabilities,
Friedrich et al. derived an analytical model accounting for the influence
of the extrusion flow rate, printing speed, and the ink contact angles on
the printed filament’s shape stability, reporting numerous drawbacks
existing in the current DIW processes for printing low-viscosity liquids
[13].

To increase the diversity of the printable materials in DIW by
enabling low-viscosity material printing, many novel methods have
been recently reported. For example, Skylar-Scott et al. designed a laser-
assisted DIW process to print freestanding 3D metal structures with
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Fig. 1. Analysis of bulge formation. (a) Unstable filaments of 5 wt% PVA aqueous solution printed on polyimide by DIW. Bulge and ridge indicated, scale bar is
1 mm. (b) Illustration of bulge formation, side view. (c) Illustration of bulge formation, top view.

relatively high conductivity using concentrated silver nanoparticle
composites [14]. By focused infrared laser annealing, the thin Ga-In
alloy-based inks can be rapidly solidified to compensate for the struc-
tural instabilities. Kim et al. used a temperature-controlled platform to
instantly cure the low-viscosity elastomer-based ink to fabricate pro-
grammable soft structures [2]. These methods are effective for specific
stimuli-curable low-viscosity materials. However, printing a broad type
of non-curable low-viscosity liquids in DIW is still a grand and ongoing
challenge. Thickening agents are commonly used as additives to change
the rheology of low viscosity liquids to improve their printability.
Nevertheless, the additives inevitably degrade the characteristics of the
original materials and are undesirable for some applications [16].

Against this background, to overcome the current limitation in DIW
of low-viscosity liquids, we introduce here a novel electric-field-assisted
DIW method. By modifying the substrate’s wetting properties using an
applied electric field between the dispensing nozzle and the building
platform, the deposit instability can be significantly diminished, leading
to a highly improved geometrical accuracy in the DIW of low-viscosity
materials. The rest of the article is organized as follows. Section 2 in-
vestigates the electric-field-assisted DIW process to reveal the printed
liquid behavior under an applied electric field. Section 3 presents the ink
preparation and characterization, hardware setup, and the fabrication
process. Section 4.1 discusses the influence of the electric field strength
on the working range of DIW process parameter settings. Section 4.2
analyzes the printing quality of the proposed electric-field-assisted
method statistically using an image processing approach. Conclusions
and the outlook are summarized in the end.

2. Methodologies

In extrusion-based additive manufacturing processes, shape in-
stabilities in printed filaments are common issues that can significantly
degrade the geometrical accuracy. A printed filament may become un-
stable by forming a series of liquid bulges connected by a ridge of liquid.
Fig. 1la shows several unstable filaments. They were the filaments
printed through a 23-gauge nozzle onto a polyimide substrate at the
9 mmy/s printing speed under the 3 mm®/s extrusion rate. To explain the
formation of such instabilities, we first identify the two types of flow
conditions that exist in the DIW process, namely the applied flow Q4 and
transported flow Qr [17,18]. Herein, Q4 is defined as the rate of liquid
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exiting from the dispensing nozzle, which is directly controlled by the
pumping system. On the other hand, after the filament was printed onto
the substrate, but before stabilization, there is a temporary transported
flow Qr caused by the liquid instability. The transported flow is induced
by the internal pressure AP from the deviations in dynamic contact
angles of the continuous filament. For example, as shown in Fig. 1b and
¢, we assume that the printing direction is from location 1 to location 2,
and printing starts at t = 0 and ends at t = T. Under these conditions, the
contact angles at locations 1 and 2 are denoted as #; and 05 with internal
pressure P; and P, respectively. Similarly to many extrusion-based AM
techniques, the typical printing speed in the DIW process is set at less
than 20 mm/s to smoothly write the curved features [1]. Also, to avoid
filament breakup, the applied flow rate is usually set to a level that
enables an extruded filament slightly wider than the nozzle diameter,
meaning that the advancing contact angle of the liquid can be reached
when the droplet continues to grow after extrusion at a certain location.
As the nozzle moves and leaves this location after printing, the droplet
starts to settle and eventually stabilizes on the substrate with an equi-
librium contact angle. Such a phenomenon can lead to significant dif-
ferences in the contact angles along the printed filament due to the time
delay. Here, when the dispensing nozzle is at location 2 (t = T), the real-
time contact angle 0, is similar to the equilibrium contact angle 6 due to
the settling at location 1 already reached at time T. On the other hand,
the real-time 65 is closer to the advancing contact angle 64 due to the
lower settling time. Accordingly, the related capillary pressure differ-
ence AP caused by the time-dependent dynamic contact angles can
trigger a formation of a bulge under the following circumstances [17]:

KOy < 0r; 04 =Av (@]

where K is a constant that can be experimentally characterized [19], v is
the substrate speed, and A is the cross-sectional area of the printed
filament. The transported flow rate is based on Duineveld’s work [17]:
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Fig. 2. Electric-field-assisted DIW. (a) Sketch of electric-field-assisted DIW configuration. (b) Illustration of the advancing contact angle affected by EF dur-

ing printing.

AP is the capillary pressure difference between the bulge and the ridge, 1
is the material apparent viscosity, I is the minimum ridge distance.
According to Stringer and Derby’s work on inkjet printing, I is identical
to the droplet spacing [18]. Considering the continuous extrusion
mechanism of DIW, for ease of calculation, we followed our previous
work and set [ at a relatively small value of 5 pm in this study [19]. The
printed filament width W in a typical DIW configuration is:

1
cosOr\ ?
sin0g

Ok
sin20g

W= 2QA%V’%< )]

The dynamic pressure in a printed filament, P, with width W and
real-time contact angle 6 can be approximated as:

P 20sinf
w

(5)

where o is the surface tension of the liquid.

When t > T, the contact angles along the filament tend to be equal,
resulting in a significantly reduced internal pressure between the ridge
(locations 3, the contact angle denoted as 03 with the capillary pressure
Ps3) and the bulge (location 4, the contact angle denoted as 64 with the
capillary pressure P4) [17]. The printed filament eventually reaches its
stable state (P3 ~ P4) by minimizing the surface energy. The dynamic

contact angles during the printing process are characterized as:
95<93:94<01<62<9A (6)

The upper bound of the internal pressure difference, AP, based on Eq.
(5):
26 (sinf, — sinfg)
w

AP = (@]

By substituting the width W from Eq. (4), the critical substrate speed
for bulge-free printing could be calculated:

Veritical = f(0,11,0a, 0, Q4 )
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Eq. (8) shows that the critical printing speed for bulge-free filament
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printing is a function of material viscosity, surface tension, equilibrium
contact angle, advancing contact angle, and the applied flow rate. This
modeling method has been tested and validated using both Newtonian
and non-Newtonian liquids in a non-EF configuration [19]. It should be
emphasized that Eq. (8) involves an empirical factor K, which should be
fitted to the experimental data. In the present work, it is assumed that K
does not depend on the electric field. This assumption is supported by
the experimental data considered below. In the present work, we extend
Eq. (8) to an electric-field-assisted process and investigate the influence
of the electric field (EF) on the critical printing speed for defect-free
printing. In electrowetting, when an external electric potential is
applied between a liquid and solid, the ions in liquid and dipoles in solid
can redistribute, resulting in a change of the surface energy at the liquid-
solid interface [20,21]. Cations and anions in liquid are almost instan-
taneously transported towards the parts of the solid surface of the
opposite polarity. Accordingly, the liquid becomes polarized, and a bulk
Coulomb force pulls the polarized liquid layer near the solute surface
towards the latter, which diminishes the contact angle and is termed
electrowetting. A wide range of applications, including “lab-on-a-chip”
devices, adjustable optical lenses, and innovative electronic displays,
have been reported [21].

When applying EF using an electric-field-assisted DIW setup
(Fig. 2a), the real-time contact angles of the liquid during printing can be
immediately decreased [22-25], which further weakens the influence of
the transport flow (Fig. 2b). Under such an electric field, the updated
real-time contact angle ¢ [26] is described by the Young-Lippmann
equation:

2

, Vv
cosd = cos6 + &

20d ©

where ¢ is the dielectric permittivity of the dielectric substrate, V is the
electrical potential difference between electrode A and electrode B (see
Fig. 2), d is the thickness of the dielectric substrate.

It should be emphasized that the surface tension of the liquid is also
affected by the electric field. Studies have shown that the change in the
surface tension under such electric-field configuration is 2% at most
[27], which is negligible compared to the changes in the advancing
contact angles. To simplify the model, we keep using the non-electric-
field-affected surface tension in our study. Taking the effect of
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Fig. 3. Average advancing contact angles and equilibrium contact angles. (a)
0 kV/cm. (b) 5 kV/cm. (c) 10 kV/cm.

horizontal component of the electric field into consideration, the critical
printing speed for the bulge-free printing is then updated as follows:

] o4

Introduce the lumping coefficient to combine parameters related to
the inherent liquid properties as:
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Then, the updated critical printing speed for DIW can be re-written
as:
Veriieas = Cr 0. 12)
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Fig. 4. Printed filaments under different EF strengths. The filaments were
printed through 23-gauge dispensing nozzle at the 3 mm?®/s applied flow rate
using 5 wt% PVA aqueous solution onto polyimide at 9 mm/s printing speed.
Scale bar is 2 mm. (a) 0 kV/cm. (b) 5 kV/cm. (c¢) 10 kV/cm.

L

3. Experimental
3.1. Ink preparation

5 wt% aqueous polyvinyl alcohol (PVA) solution was tested as a low-
viscosity liquid in this study. It was prepared by adding 5 g PVA powder
(Mowiol® 18-88, Sigma-Aldrich, M,, ~130 kDa) to 100 ml deionized
water, followed by overnight magnetic stirring at 200 rpm before storing
at room temperature.
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3.2. Ink characterization

The rheological properties of the 5 wt% PVA solution have been
characterized in our previous study [19]. Its apparent viscosity
decreased from 13.1 to 1.0 Pa s when the shear-rate increased from 0.1
to 1.0 s}, indicating that the shear-thinning behavior is relatively
strong. The K value of the ink has been characterized to be 3.67 in our
previous study [19].

3.3. Electric-field-assisted DIW system

The DIW system used in the study was developed by integrating a
customized 60-Watt high-voltage power source into a dispensing robot
(E3V, Nordson EFD). The power source’s anode was connected to the
stainless-steel dispensing nozzle (0.48 mm inner diameter). Its cathode
was connected to a thin copper film covered by 0.3 mm thick polyimide
(the surface energy: 50 mJ/m?) as the dielectric substrate on a moving
platform. The standoff distance between the dispensing nozzle and the
substrate was adjusted to be 0.5 mm. The extrusion pressure was due to a
pumping system (Ultimus II, Nordson EFD). The platform temperature
during the DIW process was elevated to 75 °C to solidify the PVA solu-
tion rapidly. Accordingly, the printing process was implemented by
extruding the prepared PVA solution in a filament-by-filament way. The
DIW system is also equipped with a CCD camera (Point Grey Research
Inc., CMLN-13S2M-CS) to characterize the dynamic contact angles.

4. Results & discussion
4.1. Printable domains

To investigate the effect of the electric field on the filament stability,
we tested printing of 5 wt% aqueous PVA solution on the polyimide
substrate under different EF strengths. A CCD camera was used to
characterize the dynamic contact angles affected by the EF (Fig. 3). The
advancing contact angle (64") was captured when the liquid volume
continues to grow with the pumping device and electric field activated.
The equilibrium contact angle (0¢') was captured when the liquid sta-
bilizes with the pumping device shut down and the electric field still
activated. At 0 kV/cm, the average advancing and equilibrium contact
angles were 95° and 55°, respectively. At 5 kV/cm EF strength, the
average advancing and equilibrium contact angles decreased to 60° and
48°, respectively. By further increasing the EF strength to 10 kV/cm, the
angles dramatically decreased to 23° and 21°, respectively. Based on
these measurements, the values of the coefficient Cr were established.
The value of Cy decreased from 0.574 to 0.232 s~2/3 when the EF
strength increased from 0 to 10 kV/cm.

Afterward, straight filaments were printed using a 0.48 mm stainless
steel dispensing nozzle at the 3 mm?>/s applied flow rate with the 9 mm/s
printing speed. The thickness of the dielectric substrate was 0.3 mm, and
the standoff distance was 0.5 mm. As demonstrated in Fig. 4, under
0 kV/cm (no EF), we observed periodic bulges on the printed filaments.
Such periodicity can be explained by the capillary instability [28,29]. At
the 5 kV/cm EF, the strength of the capillary instability was diminished,
and the number of bulges significantly decreased. Furthermore, by
increasing the EF strength to 10 kV/cm, no bulges were observed,
validating the feasibility and effectiveness of EF as a remedy to the
printing shape instability. In addition, our proposed electric-field-
assisted approach is also feasible in layer-by-layer fabrication by
adjusting the process parameters based on the layer thickness and ma-
terial properties. For instance, when the first layer is thoroughly solid-
ified via thermal curing, it adheres to the polyimide film and becomes a
part of the dielectric layer. To print the remaining layers, one needs to
increase the voltage to compensate for the slight increase in the
dielectric layer thickness and the variation in the dielectric permittivity
using Eq. (9) to maintain the consistent electrowetting effect. Also, it
should be emphasized that because of the substrate change from
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polyimide to solidified PVA, the contact angles may differ, thus the
applied flow rate should be updated using Eq. (4) to obtain an accurate
filament width estimate to plan the process settings for printing a multi-
layer structure.

Using the estimated values of Cp, we predicted the theoretical
printable regions based on Egs. (10)-(12). To experimentally validate
the theoretically predicted printable regions, we tested more process
parameter settings and examined whether there was any bulge formed
on printed filaments. If no bulges were observed, the setting was iden-
tified as a bulge-free printable setting. Otherwise, the process setting
was identified as a non-printable setting. As shown in Fig. 5, the circles
marked DIW process settings that generated bulge-free printing results,
while the crosses marked process settings that generated bulged fila-
ments in the experiments. It is seen that the experimental boundaries

between the domains (bulge-free settings) and the crosses domains
(bulged settings) agree well with the theoretically predicted boundaries,
validating the accuracy of the theoretical geometry model for the novel
electric-field-assisted DIW process. Furthermore, the experimental re-
sults also validated the theoretical model prediction that electric-field
significantly enlarges the bulge-free printable region of the 5 wt%
PVA aqueous solution on polyimide substrate and increases the printing
throughput. Such throughput enhancement is due to the reduced dy-
namic contact angle during printing, which led to a lower gradient of
capillary pressure and the corresponding fluid flow along the printed
filament. These findings not only verify the accuracy of the model pre-
dictions but also confirm the effectiveness of our proposed electric-field-
assisted approach as a remedy to the bulge formation problem in DIW of
low-viscosity liquids and a way of increasing the throughput.
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Fig. 7. Geometrical accuracy. (a) Standard deviation of the printed filament width under different EF strengths and printing speeds. (b) Expected width (mean) of the
bulge-free filaments under different EF strengths and printing speeds: error bar is the 95% confidence interval.
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4.2. Geometrical accuracy

To study the printing quality of the electric-field-assisted DIW pro-
cess, we implemented an image processing approach to analyze statis-
tically printed filaments. As shown in Fig. 6, the colored raw image of a
printed filament (dimensions: 640 pixels by 480 pixels) was first ob-
tained by a microscope (MicroVu Sol). The raw image was then trans-
formed into a grayscale format, and a histogram equalization was
conducted to pre-process the image to improve its contrast in MATLAB.
The equalized grayscale image was further converted into the binary
form and was processed using a median filter (kernel size: 5 to 15) to
remove any undesirable light deflection region for the filament width
measurement. The filament width at each location along the printing
direction was measured by finding the filament boundary and sub-
tracting the upper and lower bounds in MATLAB. The calculated data for
each filament was transformed from pixel to physical size and stored as a
vector with 640 elements for statistical analysis.

Using this image processing method, we analyzed the standard de-
viations of the width of filaments produced at 6, 12, and 18 mm/s
printing speeds at the 3 mm?/s applied flow rate under different EF
strengths (Fig. 7a). It should be emphasized that some of these filaments
corresponding to relatively slow printing speeds suffered from bulges. As
expected, filaments formed under 0 kV/cm (without electric field)
revealed the most visible waviness, with the standard deviation in width
as high as 115 pm. After applying a 5 kV/cm EF strength, the corre-
sponding standard deviation was reduced by approximately 40-60%. At
the 10 kV/cm EF strengths, although filaments printed at 6 mm/s speed
still revealed a moderate waviness (30 pm), the width deviation of fil-
aments printed at higher speeds, such as 12 and 18 mm/s, is much
smaller, down to 9 pm. Higher printing speeds and EF strengths enabled
successful printing of bulge-free filaments with a consistent width. For
those successfully printed filaments, the average width is shown in
Fig. 7b and analyzed with a 95% confidence interval (CI). It revealed
that although high printing speed alone was able to achieve a bulge-free
filament printing, the within-filament width waviness was still large.
With the application of EF, not only the bulge formation problem could
be addressed, but also the within-filament width variation was reduced,
thus enabling a more consistent printing result. In addition, when
applying EF, the filament width was slightly increased by 10-20% due to
the electric-field effect, and the increase was proportional to the EF
strength. These experimental results validated the effectiveness of our
novel method for improving the printed filament straightness, printing
geometrical accuracy, and printing result consistency.

5. Conclusion

We introduced and investigated a novel electric-field-assisted direct
ink writing process for defect-free printing using low-viscosity liquids.
The electric field was applied between the dispensing nozzle and the
substrate to overcome the fluid capillary instability in the printed fila-
ments by decreasing the internal variation of the capillary pressure in
the printing direction. A prediction model for the critical printing speed
was developed and validated by test-printing a semi-dilute PVA aqueous
solution on a polyimide substrate. Also, we implemented an image
processing method to analyze the geometry of the printed filaments
statistically. Compared with conventional DIW approaches, the pro-
posed method significantly broadened the working window of process
parameter settings and expanded the choice of inks with a >150%
higher throughput. Our method also enhanced the printed filament’s
geometrical accuracy. The average straightness of printed filaments can
be improved by more than 400%. The findings indicate potential
importance of this electric-field-assisted method in production of future
functional devices using relatively low-viscosity materials and the other
applications.

In this study, a polyimide substrate was investigated owing to its
excellent electrical insulation properties and wide applications in DIW.
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The surface energy of polyimide is approximately 50 mJ/m?, which is
relatively low among a variety of DIW substrates from metals to plastics.
On substrates, which have an extremely low surface energy or a much
higher surface energy than polyimide, electric fields may have very
different influence on liquid flow dynamics under different process
conditions. Future work is required to explore feasibility and effective-
ness of the electric field in broadening the range of DIW-printable sub-
strates in a wide surface energy range.
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