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‡High-Voltage Laboratories, Technische Universitaẗ Darmstadt, Fraunhoferstr. 4, Darmstadt 64283, Germany

*S Supporting Information

ABSTRACT: Here, we investigate the feasibility and effectiveness of electrowetting in the motion control of droplets of
different liquids, which are widely used as inks in direct writing (DW)-based three-dimensional (3D) printing processes for
various applications. To control the movement of DW ink droplets on dielectric substrates, the electrodes were embedded in
the substrate. It is demonstrated that droplets of pure liquid inks, aqueous polymer solution inks, and carbon fiber suspension
inks can be moved on multi-angled surfaces. Also, experimental results reveal that droplets of a commercial hydrogel, agar−agar,
alginate, xanthan gum, and gum arabic can be moved by electrowetting. Droplets of sizes 200 μm−3 mm were manipulated and
moved by the electric field on different dielectric substrates accurately and repeatedly. Effective electrowetting-based control
and movement of droplets were observed on horizontal, vertical, and even inverted substrates. These findings imply the
feasibility and potential application of electrowetting as a flexible, rapid, and new method for ink droplet control in 3D printing
processes.

■ INTRODUCTION

Challenges and Motivation of Ink Droplet Control in
Direct Writing. Direct writing (DW) is a class of additive
manufacturing [AM, also known as three-dimensional (3D)
printing] techniques which deposit functional and/or struc-
tural liquid materials onto a substrate in digitally defined
locations.1−3 On the basis of the dispensing form, DW can be
classified into droplet-based and filament-based. DW differs
from conventional AM in terms of the following characteristics.
(i) The range of materials deposited can include liquid
polymers,4−7 particle suspensions,8−10 electronically and
optically functional liquids,11−14 and biological liquids;15−17

(ii) the track width ranges from submicrons to millimeters; and
(iii) the substrate is an integral part of the final product, and it
could be flat, curvilinear, round, flexible, irregular, or
inflatable.3 A wide variety of applications from flexible
electronics fabrication to functional tissue printing have been
demonstrated during the past 20 years.4−17

However, despite this progress, many grand challenges still
exist in the printing quality. Ink droplet wetting and spreading
coupled with the complex fluid dynamics involved have an
important role in defining the surface roughness and
geometrical accuracy of the features fabricated by DW.18−31

Because of this complexity, many manufacturing defects,

including the coffee-ring effect, bulging, liquid puddles, liquid
splashing, and scalloped or discontinued line, are caused by the
undesirable wetting and movement of liquid ink on the
substrate.18−31

Some research efforts have been directed on controlling the
substrate wettability and hence the liquid ink droplet
movement and location on the substrate to improve the
print quality (e.g., eliminating the coffee-ring effect, improving
the surface finish, and edge sharpness).7,32,33 Controlling the
ink droplet movement during the DW process would enhance
the locating precision, printable feature size, and printed
geometry accuracy.34−42 However, all efforts that have been
made to control ink droplet wetting and movement on
substrates were focused on substrate surface modification,
including changing the substrate chemical composition by
coating a new layer or changing the surface topology.20,22−24

Yet, chemical modification sometimes is undesirable as it
affects the functionality and properties of the final product.
The surface topology modification methods, including plasma
treatment and surface machining, are time-consuming and
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costly, and the modified substrate surfaces may easily get
damaged during the DW process. Furthermore, the effects of
these methods on droplet−substrate interaction are irrever-
sible. Lastly and most importantly, all these control methods
cannot dynamically and locally control the droplets. Lack of
these capabilities significantly limits the choice of inks and DW
performance.43−46

To seek information pertaining to present-day challenges
and potentially inspire new techniques in an expanding
industry, a new ink droplet control method using electro-
wetting (EW) is proposed and explored here. Experiments
were intended, designed, and performed to study the feasibility
of using EW to dynamically control local wetting, spreading,
and movement of DW ink droplets on a wide range of
substrates.
DW Inks. DW techniques have been applied in industry to

fabricate multiple objects for various applications employing
numerous liquids as feedstock when printing. In this study,
seven categories of liquid inks commonly used in DW are
investigated:
Electrically Conductive Nanofiber-Suspension Inks. In this

category, a widely used DW ink is carbon nanotube (CNT)
suspension because of the light weight and excellent
mechanical properties of C.8 In addition, CNT suspensions
are also widely used as inks for printing of energy-storage
devices, such as supercapacitors and batteries, because of their
excellent conductivity, large surface area, and good mechanical
properties.9,10 Hence, in this work, a CNT suspension ink was
prepared and studied to elucidate the associated EW effects.
Aqueous Polymer Inks. They are often used as enhanced

electrolyte materials in DW of various electrochemical devices
and high-performance solid-state batteries because of their
superior mechanical strength, biocompatibility, electrochemical
stability, and abrasion resistance. Accordingly, in this study,
aqueous polymer solutions including polyvinyl alcohol (PVA),
polyethylene oxide (PEO), polyacrylamide (PAM), and
polycaprolactone (PCL) are investigated.
Nonaqueous Polymeric Liquid Inks. Nonaqueous poly-

meric liquid inks are widely used in DW. This study explored
three nonaqueous polymeric liquid inks: Spot-E (Spot-A
Materials, Spain), trimethylolpropane triacrylate (TMPTA),
and dioctyl terephthalate (DOTP). Spot-E is a photo-
polymerizable resin used for DW of objects for applications
requiring rubbery and soft, yet resilient materials.47−50

TMPTA is widely used as a functional monomer in preparing
inks for DW because of its low volatility and fast cure
response.51−53 DOTP is usually used as a plasticizer or an
additive to prepare inks for DW of objects such as phantoms
for biomedical applications.54,55

Hydrogels. Natural ingredients such as alginate, chitosan,
xanthan gum, or gum arabic are widely used for preparing
water-based inks for DW-based 3D bioprinting applications
such as tissue engineering and 3D food printing.56−59 In this
study, several natural hydrogels are prepared and investigated.
Silicone-Based Soft Elastomers. They are commonly used

as DW inks to print fundamental construction supports in
many reported electronic and soft robotic applications.60,61

This type of ink also provides efficient biocompatibility for skin
sensors. Two elastomers, Ecoflex and polydimethylsiloxane
(PDMS), are investigated in this study.
Ionic Liquids. This type of ink has been employed in DW

for printing batteries and other storage devices.62 In addition,
ionic liquids have been explored as solvents for polymerization

processes and for structures of grafted components emerging
in DW-based 3D printing applications.63 Benzyltrimethyl OH
and NaCl ionic liquid inks are investigated in this work.

Liquid Crystal Inks. They have found successful applications
in watches and flat-panel displays. Newer applications are
being developed and used in optics, nano-manipulation,
composites, and biotechnology.64 Specifically, molecularly
oriented liquid-crystalline polymers have shown great promise
by outperforming 3D-printed polymers via creating highly
ordered structures. Hence, a liquid crystal ink, 4′-pentyl-4-
biphenylcarbonitrile, is investigated in this study.

EW on Dielectrics. Electric fields have an impact on
droplets containing ionic conductors, and this phenomenon is
called EW. While the term EW originated relatively recently,
using surface charges to manipulate water droplets has been in
practice for over a hundred years. Because of several modern
applications, such as digital lenses and circuitry, atomization,
spray painting, coating, aging of high voltage insulators, and so
forth, interest in EW has exploded in recent years.65−68 The
term EW describes a droplet’s ability to change its contact
angle with the underlying surface when subjected to an electric
field, thus changing the wettability by electrical means.
Essentially, EW is an active control method, which allows
switching between wettable and non-wettable surface states
without modifying the surface or changing any liquid
properties. EW is very repeatable and nondestructive, which
is attractive for practical applications such as spray coating,
spray painting, adhesion, microfluidics, and so forth.69−72

In general, two types of EW are recognized and
distinguished, specifically, classical EW and EW on dielectrics
(EWOD). In the case of classical EW, a droplet is in direct
contact with one electrode and is separated from the second
electrode by a dielectric layer. Depending on the droplet’s
electrical conductivity, the droplet can also be considered as an
extension of the electrode. Monographs and reviews discussing
EW are available from several sources.70,73 In particular, the
review73 discusses and compares EW phenomena for a number
of liquids with different dielectric properties, polarizabilities,
and viscosities. One of the interesting applications is the so-
called “beating mercury heart,” in which periodic EW can be
realized, accompanied by a periodic change of the droplet
shape or even motion on inclined surfaces.73−76

In contrast, in the EWOD applications, droplets are not in
direct contact with either of the electrodes and are completely
separated by a dielectric layer and an air gap. Both methods
affect the equilibrium contact angle of droplets.70,77 However,
it should be emphasized that the voltage required to change
the contact angle is lower in the case of classical EW compared
to EWOD.71 An increase in surface wettability requires an
external work to be done, enabling the liquid to increase its
free surface area and thus the free surface energy. In both cases
of EW, the electric field does the external work and can be
actively controlled. Generally, when a voltage is applied, EW is
associated with the reduction in the solid−liquid interfacial
energy. This phenomenon is due to the free charges (ions)
rearranging within the liquid (implied to be an ionic
conductor), consequently redistributing the forces acting
between a droplet and the dielectric surface. Manipulation of
these forces through EW can be observed and characterized
through the changing equilibrium contact angles and is
described using the Young−Lippmann equation.70 Exper-
imentally, the equilibrium contact angle can vary with the
applied voltage and change from large values (hydrophobic or
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even superhydrophobic) to small values (hydrophilic).78 In
addition, controlling the surface wettability by manipulating
the electric field holds great promise for droplet manipulation
in applications such as digital microfluidics,79 electronic
displays,80 paint drying,81 responsive cooling,82 adjustable
focusing lenses,83 and so on.84,85 Although EW has already
proven its importance in many fields, it remains a complex
phenomenon and is far from being completely understood.
This lack of understanding is especially true for problems with
coupled physics, for example, the interaction of droplets on a
surface (DIW Printing) within an electric field, which leaves
many open questions.
In the past, many researchers investigated the impact

behavior of droplets onto a dry surface without an electric
field. These experiments were conducted with changing surface
materials and textures, which revealed a dependence of the
droplet behavior on the wettability and roughness of the
substrate. The impact of droplets onto a dry wall was
characterized, and regimes such as deposition, prompt splash,
corona splash, receding break-up, partial rebound, and
complete rebound were distinguished.86 Accordingly, the
behavior of impacting droplets is rather complex even without
an applied electric field and depends on different parameters,
such as the droplet size, impact characteristics, and the Weber
number as well as the surface properties.87,88 The dependence
on the surface properties is expressed via the values of
advancing and receding contact angles, θadv and θrec,
respectively. It was also shown that the droplet behavior can
be significantly influenced by the electric field, diminishing the
influence of surface properties.71 Generating a net force acting
on a liquid near the contact line (CL), the electric field can
prevent droplet bouncing on a hydrophobic surface and induce
movement of sessile droplets. This movement arises when the
force applied by the electric field reduces the advancing contact
angle. Depending on the receding contact angle, residual
droplets can also be formed.
In the present work, the effects of electric field on 3D-

printable ink droplets deposited on dielectric surfaces are
investigated. The manipulation of droplet position on the
surface and the elucidation of the interplay between the electric
field and the droplet motion are in focus in this work. The
underlying physics of EWOD is outlined, and an experimental
investigation of printable inks is performed on different
hydrophobic surfaces under varying conditions of EW.
Experimental setups are described, results are presented, and
conclusions are drawn in the following sections.

■ THEORETICAL FUNDAMENTALS

In perfect conductors with very high electric conductivities, the
charge relaxation time τC approaches zero (i.e., the electric
charges escape immediately), whereas in perfect dielectrics, τC
approaches infinity as the latter possess zero conductivity.
Ionic conductors (electrolytes) are of interest here. They
possess finite electric conductivities which correspond to finite
values of the charge relaxation time. An assortment of polar
and nonpolar liquids reveals the values of the charge relaxation
time τC in the 1 μs to 20 s range.89

Flowing electrolytes can be affected by the electric field
imposed by solid surfaces, which might be dielectric or
conducting. Any flow possesses its own characteristic hydro-
dynamic time τH, which may be associated with either the
residence time of material elements in the flow zone or the

time of droplet spreading over a surface. Accordingly, the
dimensionless group90

α
τ
τ

= C

H (1)

determines the electrolyte behavior. If α ≪ 1, the electrolyte
behaves as a perfect conductor irrespective of its relatively low
conductivity. This means that the electric charge can
immediately escape into a conducting wall or adjust itself to
the ζ-potential of a dielectric surface in contact. For example, a
charged oil droplet of very low conductivity located at a
dielectric wall for a sufficiently long time would essentially
possess the characteristic hydrodynamic time τH = ∞. Thus, in
this case, α = 0; so the electric charges (ions) always have
enough time to adjust themselves to the ζ-potential of the
underlying wall. Therefore, even a poorly conducting oil
droplet can be considered as a perfect conductor in such cases.
On the other hand, when a charged oil droplet impinges onto a
wall and spreads after the impact on the order of time τH = 1
ms, the value of α = 2 × 104 because the charge relaxation time
τC is about 20 s. As a result, in such a transient situation, the
same oil droplet would behave as a perfect dielectric, and the
prediction of the charge redistribution over its bottom during
the spreading stage would require the solution of the
electrokinetic equations coupled with the flow equations.
Also, when α is of the order of 1, the charge redistribution
would happen during the flow and would be coupled with the
flow evolution.91

It should be emphasized that the ion distribution at the
droplet bottom could be quasi-static, which implies that it is
achieved at the droplet bottom at any configuration without a
delay. This assumption is true for water droplet impact, where
τC ∼ 1 μs, that is, much less than the characteristic impact time
τH ∼ 1 ms, which corresponds to the case of α ≪ 1. This
assumption would be inappropriate in cases with α ∼ 1 and α
≫ 1.
In general, the electrostatic energy embedded in the droplet

bottom associated with the accumulated ions is

∫ σ=E U S
1
2

del
bottom

ion (2)

The potential U is essentially imposed by the surface to
accumulate ions in a liquid. The surface concentration of the
free ions σion should be found using a solution of the Laplace
equation in the dielectric substrate and the electrostatic
boundary conditions at its surface. Note that in the case of a
conductive substrate, U is a given constant because such a
substrate is equipotential.
In order to specifically find σion in a droplet evolving during

the impact or movement, the following electrokinetic
equations should be solved:
(i) The balance equations for the cations and anions

concentrations c±

φ∇ ∇ ∇ ∇∂
∂

+ · = ± ·
±

± ± ±c
t

c D c
De

k T
cv( ) ( )2

B (3)

They account for diffusion (D is the diffusion coefficient),
convection (v is the velocity field), and electric migration (with
e being the proton charge, kB being the Boltzmann’s constant,
and T being temperature);
(ii) The Poisson equation, which determines distribution of

the electric potential φ in the droplet on the surface
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φ
π
ε

∇ = −
q42

(4)

with ε being the dielectric permittivity of liquid and the local
volumetric charge equal to q = e(c+ − c−). Note also that each
droplet carries both anions and cations, which might be in
balance if it is uncharged or unbalanced if it is charged.
(iii) The Navier−Stokes equations, which are solved to

determine the velocity field v affected by Coloumb force,
determined using eqs 3 and 4.
The contact angle is required to find the CL velocity and

thus update the drop footprint during the numerical
simulations based on eqs 2−4. The contact angle should be
calculated as follows. The surface tension (surface energy) at
the solid−liquid interface (the droplet bottom) σsl is
diminished from its original value σsl

0 (without the electric
field) by the value of the electric energy. This is mainly due to
the presence of ions and the fact that they repel each other

σ σ= − Esl sl
0

el (5)

In equilibrium, the Young equation reads

σ σ σ θ= + cossa sl la eV (6)

where σla = γ is the surface tension, θeV is the equilibrium
contact angle after a voltage has been applied, and σsa is the
surface tension (surface energy) at the solid−air interface.
Similarly, without voltage

σ σ σ θ= + cossa sl
0

la e0 (7)

where θe0 is the known equilibrium contact angle without
voltage.
Then, eqs 5−7 yield

θ θ
γ

= +
E

cos coseV e0
el

(8)

which is essentially a novel generalized form of the Young−
Lippmann equation.

In the case of a rough surface, similarly, the adoption of the
Wenzel-state assumption would transform eq 8 to the
following form

θ θ
γ

= +r
E

cos coseV e0
eli

k
jjjj

y
{
zzzz

(9)

where the known factor r expresses the ratio of the actual
surface area of the droplet bottom to the projected one.
After the equilibrium contact angle under an applied voltage

is established using eq 8 or 9, the Hoffman−Voinov−Tanner
law92 is utilized to find the velocity of the CL motion. Namely,
the relation of the dimensionless velocity of the CL in the form
of the capillary number Ca = uCLμ/γ (with uCL being the CL
velocity) and the contact angle is found as

θ θ= −Ca g g( ) ( )Hoff D Hoff eV (10)

In eq 10, θD is the dynamic advancing contact angle known
at each time step from the predicted current droplet shape and

=

= −
+

−g x f x

f x
x

x

( ) ( ),

( ) arccos 1 2 tanh 5.16
1 1.31

Hoff Hoff
1

Hoff 0.99
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Note that in eq 11, x is a dummy variable.
Note also that the standard form of the Young−Lippmann

eq 8 is written as70,71

θ θ
γ

= +
C U

cos cos
2eV e0
s

2

(12)

where Cs is the capacitance corresponding to a particular
geometry.
The implementation of the algorithm based on the

numerical solution of eqs 2−4 and 8−11 would require the
solution of the 3D transient problem with the free surface and
a moving CL, which is outside the scope of the present work.
Note also that an alternative approach to modeling of

symmetric droplet movement on polarized and nonpolarized

Figure 1. (a) Schematic of the experimental setup. (b) Details of droplet deposition and polarity.
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dielectric surfaces and the subsequent spreading and
oscillations employed the Cahn−Hilliard−Navier−Stokes
technique to describe EWOD phenomena and shed light on
droplet manipulations that can be used in novel applications.93

■ EW-ASSISTED DW EXPERIMENTAL SETUP
To explore the EW effects acting on ink droplets in DW, we
integrated an electric field generation unit into a DW prototype. As
illustrated in Figure 1a, the experimental setup consists of a movable
x- and y-table as a support for the specimens, along with two different
droplet generation systems and a high-voltage power supply. The high
voltage is selectively applied to different electrodes via a micro-
controller and circuitry. To generate droplets with diameter of the
order of a millimeter, an automated syringe pump (single syringe
pump NE-300) is connected to a needle of appropriate size. A liquid
ink droplet is pumped through the needle. The droplet size is defined
by the needle diameter and the surface tension of the fluid because
the droplet detaches from the needle because of gravity. The droplet
diameter d, in this case, is of the order of a millimeter and varies with
the needle diameters. To generate droplets with sizes smaller than 1
mm, a commercial droplet generator (Nordson Ultimus I) was used
in the DW testbed. Droplets of diameter ∼250 μm were generated
and explored in this work. The droplet generator creates a well-
defined pressure pulse for a specific time interval and forces the liquid
to flow through the needle. In this case, the distance between the
surface and the needle should be in the same order as the needle
diameter to ensure droplet detachment.
The distance between the needle and the surface was kept small, h

= ∼300 μm to 3 mm, so that droplets could be deposited at specific
locations above or between the electrodes. The surface on which
droplets were deposited consisted of three different layers: a dielectric
support layer, a copper electrode layer, and a dielectric layer, as shown
in Figure 1b. Two electrodes made of a commercial copper tape were
adhered to a dielectric support. Glass, polyvinyl chloride, and circuit
boards were used to support the dielectric layers. The distance
between the electrodes was varied between 0.127 and 25 mm to
investigate its influence. The electrode−electrode distances, 0.127 and
0.15 mm, were achieved through the fabrication of self-designed
circuit boards. For example, a self-designed circuit board with a pad
size of 3 mm and an air insulation gap of 0.15 mm between the
electrode pads is shown in Figure 2. It should be emphasized that this
air gap is filled with a 5 cSt silicone oil, which is deposited as a thin
coating.
A voltage between 0 and 10 kV was applied between the electrodes

depending on the electrode size as well as the insulation gap. High
voltages up to 10 kV are only applied for large insulation gaps like 25
mm. A reduced insulation gap requires lower voltages. This results in
a driving voltage between 200 and 400 V required to move droplets
with insulation gaps around 0.5 mm. Reducing the insulation gap
increases the electric field strength for a constant voltage; therefore,
the voltage can be reduced for small gaps while keeping the electric
field strength constant. To insulate the electrodes from the liquid and
to prevent short circuit, a dielectric layer is used to cover them.
Accordingly, droplets are only in contact with the dielectric layer.
While initial experiments on droplet motion started with just two

crudely made electrodes, printed circuit board (PCB) technologies
quickly enhanced the capabilities, allowing many electrodes to be
placed on the same circuit board in a small area (cf. Figure 2).
Precision control of these electrodes was achieved using an Arduino
Mega 2560 microcontroller coupled with an in-house developed code.
By switching the polarity of the electrodes, the electric field lines and
the forces associated with them were choreographed. This allowed a
user-defined timing and control of droplet motion in the x-, y-, and
even z-directions. A high-voltage power source was applied to high-
voltage relays, which were in turn activated by a system of
optocouplers and transistors used to isolate the high-voltage circuit
from the Arduino microcontroller. As the polarity is switched
throughout the array of electrodes, relays activate on the Arduino
microcontroller’s command, providing a closed circuit between the

electrode and high-voltage source. To deactivate the active electrode
and return it to a grounded state, the relay is opened by Arduino’s
programming, which allows the small capacitance stored in the
electrode to be neutralized by the ground via an appropriately sized
high-voltage resistor. Changing the resistance controls the character-
istic time required to return the electrode to a grounded state. For
potential differences on the order of 100 V, 1 MΩ resistors were used,
whereas 100 MΩ resistors were used to neutralize the electrodes
down from voltages ∼10 000 V. Precise droplet control was achieved
through these methods, and the droplet’s evolution and motion were
captured using a high-speed camera (Phantom V210) and
shadowgraphy. All experiments were performed under ambient
conditions.

Preparation of DW Substrates for EW Experiments. Various
dielectric substrates commonly used in DW processes are explored in
this study, including commercial Teflon tape, commercial wax paper
(parafilm), Teflon FEP, and PFA foil as well as commercial Kapton
tape with sizes of about 25 mm × 25 mm. These substrate materials
possess different surface properties including roughness, wettability,
and uniformity. Unstretched Teflon tape has a hydrophobic surface
with a contact angle of about 100°.71 To increase the hydrophobicity,
the Teflon tape is stretched, which results in the contact angles of
150°.71 In contrast, the wax paper and Kapton tape are less
hydrophobic with contact angles around 105° and 95°, respectively.
In addition to different surface wettabilities, the tested dielectric layer
materials also have different relative dielectric permittivity values and
thicknesses, as listed in Table 1. The thickness of the dielectric layer
was kept as small as possible to reduce the necessary voltage required
to manipulate the droplets. The most promising dielectric layer for
experiments conducted with water and water-based liquids was found
to be commercial wax paper (parafilm). It will be discussed in greater
detail in the results section. To achieve the best surface properties, the
parafilm is stretched to reduce the thickness and is covered with a very

Figure 2. Image of an electrode array on PCB with the electrode size
of 3 mm and an insulation distance of 0.15 mm. The insulation layer
is invisible in this image.
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thin layer of silicone oil. As a result, the surface repels water very well
and enables easy motion of droplets on the surface. Furthermore, the
thin layer does have a negligible influence on the required voltage.
When testing nonaqueous liquids, FEP was found to exhibit the best
surface properties for drop motion.
Preparation of DW Inks for EW Experiments. To investigate

the influence of ink properties on EW-based droplet control, various
liquid inks were prepared, each having a unique viscosity, surface
tension, and chemical composition. The tested liquid inks include
aqueous polymer solutions, nonaqueous polymer solutions, hydrogels,
silicone-based inks, electrically conductive inks, ionic liquids, and
liquid crystals, as listed in Table 2.

Reference Liquid. As a reference, pure deionized water is tested,
which has a surface tension of γ = 72.75 × 10−3 N/m and a kinematic
viscosity of ν = 1.0034 × 10−6 m2/s under ambient conditions. To
vary the viscosity and surface tension, deionized water was mixed with
pure glycerol, which has a surface tension of γ = 63.4 × 10−3 N/m and
a kinematic viscosity of ν = 5.2 × 10−5 m2/s. A mixture of 50% water
and 50% glycerol was tested along with pure glycerol.
Electrically Conductive Nanofiber-Suspension Ink. Multiwalled

CNTs (MWCNTs) (purity > 95 wt %, 10−20 nm) were purchased

from Cheaptubes (product code 030103) and used as received.
MWCNTs (50 mg) and 125 mg of sodium dodecyl sulfate powder
(>99.0%, Sigma-Aldrich) were mixed with 50 mL of deionized water
in a mixer (AR-100, Thinky) at 2000 rpm for 15 min and then
sonicated in a probe sonicator (QSonica Q500, 60% power) for 1 h.
After that, the CNTs were uniformly dispersed in the suspension. The
prepared water-based nanotube ink is a conducting fluid due to the
presence of the suspended CNTs. The rheological behavior of the
CNT ink is similar to that of water, but the electrical conductivity is
much higher. A droplet of a CNT ink was placed on a glass specimen
and dried at ambient temperature. The orientation of the CNTs was
investigated by scanning electron microscopy (SEM) after drying,
with and without the influence of an electric field. Figure 3 shows an

example of the CNTs observed in a SEM image. The length of
individual CNTs is of the order of several microns, and the diameter
is less than 100 nm. The CNTs are randomly distributed and not
aligned by the electric field, implying that the electric field as well as
the ink preparation process, including sonication, have no influence
on the alignment and size of the CNTs in the prepared ink.

Aqueous Polymer Solutions. Preparation of the PVA-based
electrolyte ink (PVA) is a two-part process. First, 6 g of PVA powder
(Mowiol 18-88, Mw ∼ 130 000 Da, Sigma-Aldrich) was added to 40 g
of deionized water. Second, the solution was stirred (Eurostar 60,
IKA) on an 85 °C hot plate for at least 45 min at a 500 rpm rotating
speed. This base solution was kept as the control, while other
components were added to the solution to check their influence on
the droplet motion. PVA is a highly polar molecule with amphiphilic
properties due to its hydrophilic −OH group. Lithium chloride
powder (12 g, >99.0%, Sigma-Aldrich) was added to the base solution
and stirred to form an electrolyte. Dissolving the lithium chloride
powder adds ions in the ink and thus increases the mobility of
electrons. Furthermore, the pH value of the base solution was
measured at pH ∼ 6. Adding some acid (HCl) or base (NaOH)
resulted in a changed pH value, and in both cases, only a droplet of
the acid or base was mixed with the original solution. Adding a
droplet of 37% HCl solution resulted in a pH value of ∼2, and the
solution with a droplet of 50% NaOH solution yielded pH ∼ 12.

Similar to the preparation of the PVA solution, 6 g of PEO powder
(Sigma-Aldrich, Mw ∼ 200 000 Da) is dissolved in 40 g of deionized
water resulting in a 13% solution. After mixing, the solution is stirred
on a hot plate at a temperature of 85 °C for several hours. In contrast
to PVA, PEO is a nearly nonpolar molecule because of the symmetric
chemical structure. Nevertheless, the base PEO solution was also
mixed with salts, and the results were compared with the modified
inks.

To compare the influence of the polarity between molecules,
another highly polar molecule PAM was prepared using a procedure

Table 1. Material Properties of the Specimens

material
thickness in

mm
relative dielectric

permittivity

Teflon tape (unstretched) ∼0.1 ∼2.1
Teflon tape (stretched) ∼0.02 ∼2.1
Parafilm ∼0.02−0.13 ∼2.2
Kapton tape ∼0.05 ∼3−4
Teflon FEP and PFA films ∼0.005 ∼2.0

Table 2. List of Inks and Their Solubility in Water

ink classification solubility in water

deionized water common liquid yes
50 wt % water/glycerol mix common liquid yes
pure glycerol common liquid no
CNT nanofiber

suspension
water-based
suspension

basic PVA aqueous polymeric yes
PVA with LiCl aqueous polymeric yes
PVA with HCL or NaOH aqueous polymeric yes
basic PEO aqueous polymeric yes
PEO with LiCl or KCl aqueous polymeric yes
PAM aqueous polymeric yes
PCL aqueous polymeric yes
Spot-E non-aqueous

polymeric
no

DOTP non-aqueous
polymeric

no

TMPTA non-aqueous
polymeric

no

Ecoflex silicone-based no
PDMS silicone-based no
commercial hydrogel hydrogel yes
agar−agar hydrogel yes
alginate hydrogel yes
xanthan gum hydrogel yes
gum arabic hydrogel yes
chitosan hydrogel yes, with acid
sericin hydrogel yes
benzyltrimethyl OH in water ionic liquid yes
benzyltrimethyl OH in methanol ionic liquid yes
NaCl in water ionic liquid yes
4′-pentyl-4-biphenylcarbonitrile liquid crystal no

Figure 3. SEM image of the sonicated ink (a CNT suspension) dried
under the effect of 1 kV electric potential difference at an ambient
temperature.
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similar to the PEO and PVA solutions. PAM (6 g, Sigma-Aldrich, Mw
∼ 150 000 Da) is dissolved in 40 g of deionized water. The solution is
stirred for several hours on a hot plate at a temperature of 85 °C.
Besides the above-mentioned aqueous polymer solutions, PCL

solution is prepared by dissolving 3.47 g of PCL powder in 40 g of
acetone, and the mixture is stirred on a hot plate at a temperature of
85 °C for several hours.
Nonaqueous Polymeric Liquid Inks. Spot-E liquid polymer was

purchased from Spot-A Materials (Spain) and used as received.
TMPTA and DOTP were purchased from Sigma-Aldrich (U.S.).
Spot-E has the kinematic viscosity of ν = 3.64 × 10−4 m2/s. The
purchased TMPTA and DOTP possess viscosities of η = 80−135 mPa
s and η = 63 mPa s at 25 °C, respectively. DOTP was used as
received. TMPTA (20 mL) was mixed with 20 mL of hexane (Sigma-
Aldrich) for printability and experiments.
Hydrogels. To explore hydrogel inks affected by the electric field,

several inks were prepared in the present study. A commercially
available hydrogel (Skintegrity by Medline) was purchased and mixed
with water. For printability, 10 g of the hydrogel is mixed with 20 mL
of deionized water to form a printable gel. In addition to the
commercial hydrogel, several gels commonly used in 3D bioprinting
are prepared as follows: Alginate powder (2.1 g) purchased from
Sigma-Aldrich is mixed with 40 mL of deionized water. The mixture is
stirred for several hours at a temperature of 85 °C until fully dissolved.
In a similar manner, 7 g of gum arabic (Sigma-Aldrich) is dissolved in
40 mL of deionized water to prepare a 15 wt % solution. Two grams
of sericin (Bonding Chemical) is dissolved in 8 g of deionized water
forming a 20 wt % solution. Xanthan gum (Sigma-Aldrich) and agar−
agar (Sigma-Aldrich) are also dissolved in deionized water and stirred
on a hotplate in 0.5 and 2 wt % solutions, respectively. In contrast to
the other hydrogels formed solely in deionized water, chitosan is
dissolved in a mixture of formic acid and water. Chitosan requires an
acidic solution to fully dissolve, so a mixture of 20 mL of deionized
water and 20 mL of formic acid is used to dissolve 2.1 g of chitosan.
The three ingredients are stirred on a hot plate for several hours at a
temperature of 85 °C, forming a 5% wt chitosan solution.
Silicone-Based Inks. Two silicone-based inks commonly used in

3D printing94−97 are investigated. The first silicone-based ink is
prepared by mixing Ecoflex with Smooth-On at the ratio of 50:50.
The second silicone-based ink, PDMS, is prepared by mixing the base
and the curing agent at the ratio of 10:1. In their uncured state as used
in DW, Ecoflex has a viscosity η ∼ 3000 mPa s at 25 °C, whereas the
uncured PDMS has a viscosity of η = 3500 mPa s at 25 °C.
Ionic Liquids. Several room-temperature ionic liquids were

purchased from Sigma-Aldrich and used as received without further
modification. Benzyltrimethyl hydroxide solution (40% wt in H2O)
and benzyltrimethyl hydroxide (40% wt in methanol) are both tested.
A third ionic liquid is formed by dissolving table salt to near saturation
levels (∼26% wt).
Liquid Crystals. The nematic liquid crystal 4′-pentyl-4-biphenyl-

carbonitrile (liquid crystal, nematic, 98% Sigma-Aldrich), more
commonly known as 5CB, was purchased and used in the present
experiments without any further modification.
Ink Properties. Rheological behavior of the inks is characterized

in a rotational viscometer (Brookfield DV II+ Pro). Every ink
prepared in this study was tested by increasing and decreasing the
shear rate between 10 and 90% of the maximum torque produced by
the rotational viscometer. Hence, for every shear rate, two values for
the shear stress and viscosity were measured. Figures 4 and 5 show the
measured flow curves of the selected inks. Figure 4 shows that
xanthan gum and the hydrogel revealed clear shear-thinning behavior.
Also, alginate revealed weak shear-thinning. All other liquids revealed
an almost constant viscosity, that is, the Newtonian behavior in the
tested shear-rate range.
In addition, the inks were tested using a uniaxial elongational

rheometer based on capillary thinning of a liquid thread.98−100 The
uniaxial elongation tests were conducted with the commercially
available ink (Spot-E), TMPTA, DOTP, and Ecoflex. The results of
these tests revealed Newtonian behavior (the linear-in time decrease
of the cross-sectional radius of the thread) and are not included here

for brevity. Similarly, the test results for the photosensitive ink, which
revealed Newtonian behavior in simple shear, is not detailed here for
brevity. Inks which exhibit nonlinear thread thinning in time are non-
Newtonian, and the corresponding results obtained using a uniaxial
elongational rheometer98−100 are depicted in Figure 6. The filament

diameter formed during the experiments is measured as a function of
time. Because of the surface tension-driven squeezing of liquid from
the filament, its diameter decreases in time until the filament breaks
up. Figure 6 shows the measured filament diameter as a function of
time as well as the corresponding data fits. Thinning of filaments of
inelastic non-Newtonian fluids reveals a power-law behavior
corresponding to the fits in Figure 6, which are similar to those in
ref 101. According to the results of the elongational experiments
presented in Figure 6, xanthan gum, hydrogel, agar−agar, alginate, and
PAM are shear-thinning liquids with the uniaxial elongation results
being in agreement with those of the simple shear flow experiments in
Figures 4 and 5.

■ RESULTS AND DISCUSSION
Experiments were performed under different conditions with
sessile droplets of different inks on a wide range of surfaces.
Sessile droplet diameters were chosen with respect to the

Figure 4. Flow curves of different inks measured using the rotational
viscometer, Brookfield DV II+ Pro.

Figure 5. Shear stresses corresponding to the flow curves of Figure 4.

Figure 6. Results of the uniaxial elongation experiment, which
revealed non-Newtonian behavior.
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electrode sizes. It was found that the droplet footprint needed
to commensurate to the electrode area. For example, droplets
which were considerably smaller than the underlying electrode
did not reveal an increased wetting in the direction of electrode
switching and therefore showed no movement on the surface.
In cases where droplets were significantly larger than the
electrode, they were unable to be confined above the electrode,
as undesirable flows and nonuniform shapes ensued. Air
entrapment between the dielectric layer and the electrodes was
avoided with the use of a silicone layer (shown previously in
Figure 1a,b) to ensure a well-defined electric field. To test EW
capability in controlling ink droplet motion on hydrophobic
surfaces, different surfaces were prepared, as described
previously.
Horizontal Motion of Sessile Droplets. To determine

the best surface and surface properties for controlling sessile
droplet motion of different inks, experiments were performed
on unstretched and stretched Teflon as well as on stretched
parafilm. For these experiments, several liquids including
deionized water, pure glycerol, 50 wt % glycerol−water
mixture, basic PEO solution, basic PVA solutions, and Spot-
E were tested. The initial surface used to investigate droplet
motion was a glass sheet with copper electrodes spaced at
distances between 15 and 25 mm. Such a wide variation in
electrode placement helped to determine the strength of the
electric field required to move droplets over a predetermined
distance.
To determine the effect of droplet placement and

orientation within the electric field, ink droplets were set at
different locations between the electrodes. The droplet motion
was captured by a high-speed camera when the electric field
was switched on. Through these experiments, the position, the
droplet size, and the applied voltage have all shown significant
impacts on motion.
As shown in the Supporting Information in Video 1, at low

voltages, the electric field between the electrodes does not lead
to droplet motion regardless of its location. The droplet may
lean toward one electrode, but the three-phase CL stays pinned
for low voltages. A further increase in the electric field strength
causes droplets with out-of-center positions to move. Droplets
with a larger volume always require a lower voltage to begin
moving irrespective of the substrate surface. The larger the
droplets are, the larger is the disparity between their right- and
left-hand sides, if they are located off the center of the
electrodes. Thus, they are subjected to a higher net pulling
force. For the tested substrate surfaces, the stretched parafilm
produced the most accurate and repeatable results. On the
other hand, Teflon has nonuniform surface properties and thus
less repeatable results. For both stretched and unstretched
Teflon, no difference in the motion onset voltage was
observed. Nevertheless, Teflon stretching decreased the layer
thickness and may have had an influence on its hydrophobicity.
It should be emphasized that a lower voltage was required in
the case of the parafilm surface in comparison with that of the
Teflon surface.

In most cases, the droplet motion reveals a stick-slip pattern
at the CL resulting in oscillations within droplets. Variations of
the contact angle cause a partial spreading of the droplet.
Figure 7 shows the stick-slip motion of a water droplet and the
corresponding oscillations. As shown in Supporting Informa-
tion Videos 2 and 3, with an increased liquid viscosity, droplets
were observed to creep on the surface, which resulted in a
smoother motion. Under low electric field strengths, droplets
located at the center between two electrodes are merely
deformed and reveal no motion. In contrast, high electric field
strengths induce motion of all droplets, irrespective of their
positions.
Besides the initial placement, it was also found that sessile

droplet motion depends on the electrode configuration.
Uncharged droplets usually move to the high-voltage electrode
and, therefore, away from the low-voltage electrode, as shown
in Figure 7. However, in some cases, opposite direction of
droplet motion was observed, most probably because of a net
charge on the droplet, which causes an additional Coulomb
force. Depending on the electric field strength, this additional
force can cause motion in the opposite direction, as observed.
The origin of the net charge might be in the accumulated
charges on the dielectric layer, which are transferred to the
droplet, or in charges, which are transferred during droplet
deposition.71,102,103

For a more controlled droplet motion, an electrode array
was designed, as shown in Figure 2. The electrodes are covered
with a stretched parafilm and a thin layer of silicone oil (10
cSt), which increased the ability of droplets to move. In
addition, the silicone oil ensures that no air is entrapped
between the electrodes and the dielectric layer. The size of the
electrodes shown in Figure 2 is 3 mm × 3 mm, and the
distance between the electrodes is 0.15 mm. Hence, droplets
can be moved within a very short distance and very precisely. If
a droplet needs to be moved for a long distance, an electrode
array similar to that in Figure 2 is to be used. Because of the
small insulation gaps between the electrodes as in Figure 2,
droplet motion is possible even at low voltages such as ∼200
V. It should be emphasized that the voltage required to trigger
droplet motion decreases with a decrease in the interelectrode
distance. The smaller the electrodes and the interelectrode
distance, the lower is the required voltage to achieve the critical
electric field strength for triggering the droplet motion. With
the electrode array as shown in Figure 2, repeatable drop
motions can be performed at different speeds, with switching at
frequencies of ∼10 Hz. Besides the simple linear movement,
the arrays were also programmed allowing precise control in
two orthogonal directions. To manipulate ink droplets with
smaller sizes, electrode sizes are reduced to about 0.127 mm,
and the interelectrode distance is also reduced to 0.090 mm.
Similar results were observed with this smaller electrode array,
cf. Supporting Information, Video 4.
However, it should be emphasized that controlled droplet

motion was impossible for all liquids studied. Definite and
precise motion control was achieved for most of the aqueous

Figure 7. Motion of a sessile droplet from a grounded electrode (left) to the high-voltage electrode (right) accompanied by a stick-slip motion and
the corresponding oscillations (surface waves on the droplet surface) at 8 kV. The interelectrode distance is 12 mm.
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solutions including pure water and CNT suspensions, which
behave like water. Table 3 summarizes the observed outcomes
related to the motion for the liquids investigated in these
experiments.

As shown in Supporting Information Video 5, droplets of
aqueous solutions of PVA and nonaqueous Spot-E ink revealed
a reduced or very random and uncontrollable motion:
typically, they are stuck at the surfaces and left residuals near
the CL. PVA is a highly polar amphiphilic molecule, which
could cause such observed behavior even though being in
aqueous solution. In contrast, droplets of aqueous solutions of
PEO or PAM could be moved very precisely. PEO is an almost
nonpolar molecule, and droplets of its solutions could be

moved at several concentrations. To explore the influence of
polarity of molecules on droplet behavior, PAM was also
employed. PAM molecules are also polar (as PVA molecules
are), but droplets of PAM solutions could still be moved by the
electric field very precisely, in contrast to droplets of PVA
solutions. It can be concluded that polarity of PVA molecules
is not the reason that PVA solution droplets cannot be
controlled, albeit the exact reason is currently unknown.
As summarized in Table 3, most of the hydrogel droplets can

be manipulated by the electric field. However, since the
prepared hydrogel inks had high initial viscosities, their
dilution (thinning) was required for droplet movement. After
thinning, such hydrogels as alginate, agar−agar, xanthan gum,
and gum arabic formed droplets that could easily be moved on
the substrates. In contrast, chitosan was the only hydrogel
solution, whose droplets revealed no movement in the present
experiments. One explanation could be that chitosan solution
contains formic acid, which was necessary to fully dissolve
chitosan. Since this was the only hydrogel dissolved in the
water/formic acid mixture, it is hypothesized that formic acid is
responsible for the different behavior observed with droplets of
the chitosan solution.
The commercially available monomers, such as DOTP and

TMPTA, formed droplets that could be moved by applying the
electric field. However, unlike DOTP which could be moved at
the original concentration, TMPTA had to be diluted with
equal parts of hexane to reduce its viscosity.
In DW 3D printing processes, droplets of sizes ∼200 μm are

of special interest. The movement of such droplets requires
electrode arrays much smaller than the one shown in Figure 2.
The smallest electrode size used in the present study was 127
μm × 127 μm (which is smaller than the one in Figure 2 by
about 24 times). In the case of small electrodes and droplets
on the order of 200 μm, the motion of water and any other ink,
marked as moveable in Table 3, is possible in two directions.
However, droplets of Spot-E ink in the size range 200 μm to 3
mm did not move as easy as those of water. It was assumed
that motion of Spot-E is inhibited by the curing of the ink
because of ambient light. Therefore, motion of the droplets
consisting of Spot-E is investigated in darkness. The experi-
ments show that the motion of the ink droplets is increased but
still incomparable to the motion of water droplets. In addition
to the curing of the ink, the surface properties have a large
influence on the motion of the droplet. The more a surface
repels a liquid, the easier the liquid moves on the surface in the
electric field. The mobility of Spot-E droplets on the stretched
parafilm surface is seemingly also decreased because of surface
wetting properties. Changing the substrate to FEP slightly
increased the mobility of Spot-E droplets, though still nowhere
close to that of water droplets.
Splitting of droplets of moveable inks is observed at high

electric field strengths, depending on the surface properties and
droplet location. On a parafilm, droplet splitting happened at
the voltage of ∼5 kV for droplets with diameters of ∼2 mm

Table 3. Summary of the Tested Liquids and the Resulting
Outcomes Related to Droplet Motion

liquid classification moveable

deionized water common liquid yes
pure glycerol common liquid no
50 wt % water−glycerol mix common liquid yes
CNT nanofiber

suspension
yes

basic PVA aqueous
polymeric

no

PVA with LiCl aqueous
polymeric

no

PVA with HCl or NaOH aqueous
polymeric

no

basic PEO aqueous
polymeric

yes

PEO with LiCl or KCl aqueous
polymeric

yes

PAM aqueous
polymeric

yes

PCL aqueous
polymeric

no

Ecoflex silicone based yes
PDMS silicone based no
hydrogel hydrogel yes, if diluted with

water
agar−agar hydrogel yes
alginate hydrogel yes
xanthan gum hydrogel yes
gum arabic hydrogel yes
chitosan hydrogel no
sericin hydrogel yes
Spot-E non-aqueous

polymeric
(yes) limited

DOTP non-aqueous
polymeric

yes

TMPTA non-aqueous
polymeric

yes, if diluted with
hexane

benzyltrimethyl OH in water ionic liquid yes
benzyltrimethyl OH in methanol ionic liquid (yes) limited
NaCl in water ionic liquid yes
4′-pentyl-4-biphenylcarbonitrile liquid crystal (yes) limited

Figure 8. Droplet splitting with a tiny residual droplet staying in the middle. Both bigger droplets move to different electrodes.
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and the inter-electrode distance of 5 mm. The droplet size
significantly influences the occurrence of droplet splitting. The
larger the droplet volume, the lower the voltage resulting in
droplet splitting. Nevertheless, the volume is limited by the
distance between the electrodes because if the droplet touches
both electrodes at the same time, a short circuit occurs. The
propensity to droplet splitting is diminished at an increased
voltage. In the case of droplet splitting, two droplets appear as
a result. Both the resulting droplets move to one of the
electrodes, and a tiny residual droplet might rest at the initial
position. Figure 8 shows an example of droplet splitting with a
tiny residual droplet in the middle. Droplet splitting can also
be viewed in Video 6 in the Supporting Information.
In contrast to deionized water or glycerol, droplets of

aqueous polymer solutions have a tearlike shape and do not
move strictly toward the grounded electrode. The shape of the
droplet is asymmetric relative to its longitudinal middle cross-
section. In most cases, a tail is formed behind the droplet
(Figure 9), which resembles tails formed by bubbles rising in
aqueous polymer solutions.104 This phenomenon is presum-
ably caused by high elastic stresses (associated with the
elongational viscosity) arising at the rear side of the droplet
because of its propensity to pin at the surface. In contrast to
the tested Newtonian liquid droplets, the motion of droplets of
the aqueous polymer solutions between the electrodes is not
straight anymore, but rather meandering.
Inclined and Vertical Motion of Sessile Droplets.

Because of the fact that droplets are typically attracted to the
high-voltage electrode, the setup can also be used to hold a
droplet in place, even on inclined surfaces. The electric field
holds a droplet in place on inclined surfaces up to and beyond
the angle of 90° (a vertical wall), as shown in Figure 10.
Switching the electric field off results in droplet release and a

sliding motion on the surface, as shown in Video 7 in the
Supporting Information. In the case of pendent droplets, the
release moment is actively controlled by turning the electric
field off. When being on, the electric field influences surface
wetting and holds the droplet on the inverted substrates.
Switching off the electric field changes the wetting angle on the
surface, reducing the surface energy and allowing detachment
from the inverted surface, provided the droplet is large enough
for gravity to be the dominant force. Increasing the electric
field strength subsequently increases the surface wettability.
This pulls the droplet against gravity to the inverted surface, as
shown in Figure 11. As a result, pendent droplets that would

normally detach from an inverted surface can be sustained by
an electric field, giving a user-defined control over detachment.
Such suspended droplets can easily be detached from the
surface simply by switching the electric field off. However, it
should be noted that sometimes a small residual droplet may
remain attached to the surface because, with smaller droplets,
surface tension remains the dominant force. A demonstration
of this phenomenon is depicted in Figure 12 and shown in

Figure 9. PEO droplets. (a) Original shape of the droplet (aqueous 10 wt % PEO solution; PEO Mw = 200 000 Da). (b) Deformed droplet as well
as (c) the final position of the droplet. During droplet motion, it acquires a teardrop shape and forms a tail shaped like a cone.

Figure 10. Stick and release of a water droplet on a vertical wall. Panel (a) shows the droplet stick to the wall, (b) the moment of release, and (c,d)
the sliding motion of the droplet on the wall.

Figure 11. Example of a pendent droplet, which is not large enough
to detach from the surface. (a) Droplet shape and contact angle
without electric field and (b) enhanced surface wetting and attraction
of the droplet to the surface due to the electric field.
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Video 8 of the Supporting Information. In addition to holding
a suspended droplet with an electric field, such droplets could
also be moved with the electric field. The motion of suspended
droplets occurred in a manner very similar to that on a
nonflipped substrate when the droplets were smaller than 1
mm. Evidence of motion of suspended droplets is presented in
Video 9 in the Supporting Information.
For smaller droplet sizes (about 1 mm, or smaller), a

vertically oriented setup can be used to move droplets against
the gravity force. Large droplets are too heavy and pulled
down, whereas for the smaller droplets, the pulling electric
force is stronger than gravity. Hence, small droplets can be
moved against gravity on a vertical wall.
However, for the vertical motion of droplets, switching of

the electrodes requires caution. During the switching of the
electrodes, a high voltage is applied to the two electrodes to
prevent a droplet from sliding down the surface due to gravity.
Accordingly, the droplet is pinned to the electrode array and
pulled upward as soon as the lower electrode is switched off.
Figure 13 along with Video 10 from the Supporting
Information show the upward motion of a droplet with a
size of about 1 mm. As shown in the figure, the droplet moves
upward in panels (a) to (b). Panels (c) to (e) in Figure 13
show an additional upward motion of the droplet in more
detail. As soon as the electric field switches from one electrode
to another, the droplet is stretched as shown in panel (c).
Then the droplet starts to move upward, as in panel (d), and
reaches the final position, as shown in panel (e). Panels (a),
(b), and (e) in Figure 13 correspond to the end of an
electrode. There, the droplet is held in place by the electric
field, and its shape is almost hemispherical.

■ CONCLUSIONS
The present experiments revealed that the electric field in a
dielectric DW substrate can cause ink droplet motion on it
depending on the droplet liquid as well as the substrate surface
properties. It was shown that droplets of many aqueous
polymer inks and CNT suspension inks can be moved on
horizontal substrate surfaces. For example, several polymer
inks, such as PEO and PAM, revealed droplet motion
comparable to that of water. However, PVA ink droplets
could not be moved by the electric field: the droplets were
stuck to the surface and left a residual near the CL. On the
other hand, PVA droplets without the electric field were not

stuck and can freely slide on the surface. PVA is a highly polar
molecule as also PAM. Therefore, the difference in their
behavior cannot be attributed to polarity, and the inability of
PVA droplets to move is an open question.
With the exception of chitosan, all hydrogel droplets could

be moved by the electric field. This includes a commercial
hydrogel, agar−agar, alginate, xanthan gum, and gum arabic.
The inability of chitosan droplets to move could probably be
attributed to formic acid present in addition to water to
dissolve chitosan.
Furthermore, droplets of several commercially available

monomers, which are widely used as feedstock in DW 3D
printing, can be manipulated by the electric field. In contrast,
droplets of commercial products such as Spot-E are less
affected by the electric field because of the curing action of
light and excessive wettability of the substrate surfaces studied.
Overall, droplets with sizes between ∼200 μm and 3 mm

were formed from many liquids with a wide range of
viscosities. These include Newtonian and non-Newtonian
polymeric solutions, CNT suspensions, as well as hydrogels,
which are commonly used as DW ink, can be manipulated and
moved by the electric field in the dielectric substrate. This can
be done with high accuracy and repeatability. The
experimental findings indicate that EW is a feasible and
effective method for controlling ink droplet−substrate
interaction dynamically and locally in the DW 3D printing
process. Future work will focus on (i) investigation of the EW
effects on the DW printed trace quality and (ii) development
of the novel EW-assisted DW 3D printing process.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
muir.9b01061.

Droplet of water showing no movement as the applied
potential difference is too low (MP4)
Stick-slip tendencies of a droplet (AVI)
Reduced stick-slip tendencies with increased viscosity
(AVI)
Movement on a small array (MOV)
Random movement of PVA (MOV)
Droplet splitting (AVI)

Figure 12. Example of a pendant droplet sustained by the electric field (a). After switching the electric field off, the droplet detaches from the
surface (b), and a residual droplet sticks to the surface (c).

Figure 13. Upward motion of a water droplet with a volume of about 0.3 μL on the parafilm and silicone oil.

Langmuir Article

DOI: 10.1021/acs.langmuir.9b01061
Langmuir 2019, 35, 11023−11036

11033

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_008.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_009.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_010.avi
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.9b01061
http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.9b01061
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_001.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_003.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_004.mov
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_005.mov
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01061/suppl_file/la9b01061_si_006.avi
http://dx.doi.org/10.1021/acs.langmuir.9b01061


Release from the vertical wall (AVI)
Controlled release of the pendent droplet (AVI)
Droplet movement on the inverted surface (AVI)
Droplet movement on the vertical surface (AVI)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: ayarin@uic.edu (A.L.Y.).
*E-mail: yayuepan@uic.edu (Y.P.).
ORCID
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