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ABSTRACT: Inkjet printing lines with controllable footprints is the
prerequisite of fabricating high-quality patterns. However, achieving
precise footprints of lines by inkjet printing is still a challenge because of
the difficulty in controlling coalescences of ink droplets. Here,
controllable footprint lines were fabricated by adjusting the ink droplets’
dynamic wettability which is depended on the ink droplets’ surface
tension difference. The experimental surface tension difference of 0.77−
1.50 mN/m leads to appropriate surface dynamic wettability to ink
droplets and the formation of straight lines, which agrees well with the
theoretical results. These results will pave the way for printing
electronics and patterns.
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Fabricating high-quality patterns is an attractive issue for
promising applications in fields of photoelectric devices.1−4

In recent years, inkjet printing technology has become a facile
and promising approach to fabricate well-designed patterns
because of its easy combination of directing writing, high
throughput, low cost, and self-assembly of micro/nano
structures,5−8 whereas the dot-on-demand printing mode
leads to uncontrollable footprints of patterns that are quite
adverse to high-performance photoelectric devices. Efforts have
been done to solve this problem in the past decades. Some
investigations showed that the droplet space played a
preliminary role in the formation of lines,8−10 attention has
also been focused on the high wettability substrates with fine
pore structures,11 the laser-induced forward transfer,12 and the
drops’ viscosities.13 However, controlling footprints of inkjet
printing lines is still a challenge, especially for those consisted of
functional nanoparticles, e.g. photonic crystal (PC) lines.
Recently, Lee et al.14 suggested that controlling ink droplets’
coalescence could be used to tailor the structures of inkjet-
printed materials, Karpitschka and Riegler15 reported that the
different drop surface tension affected the coalescence of two
drops. In addition, Subramaniam et al.16 and Chen et al.17

showed that the interfacial jamming of nanoparticles had great
influence on the drops’ coalescence behavior. However, little
attention has been paid to the surface dynamic wettability
during the coalescence of ink droplets, which is crucial to the
evolution of their footprints.
Herein, controllable footprint lines were fabricated by inkjet

printing based on the coalescence of ink droplets because of

their different dynamic wettability on substrates. By changing
ink droplets’ surface tension and the nanoparticle concentration
simultaneously, ink droplets showed different dynamic
wettability on substrates, which dominated the coalescence of
ink droplets and the final footprints of lines. As a result,
spherical caps, lines and dumbbells were obtained. The
disclosed intrinsic influence of the surface dynamic wettability
on coalescences of ink droplets counts much in constructing
controllable footprints of lines. These results throw new lights
on fabricating sensors and photoelectric devices with high
quality and controllable patterns by synergistic combining the
self-assembly and inkjet printing.
Figure 1 presents three typical cases of coalescing ink

droplets (Figure 1A1, B1, C1) due to the distinguishing dynamic
wettability of droplet 1 on substrates. In the present
experiments, the solvent of the ink is the mixture of water
and ethylene glycol (EG), which were used to adjust the ink
droplet’s surface tension and the nanoparticle concentration
because of the different evaporating rate and surface tension of
water and EG. Here, the nanoparticle concentration refers to
the volume ratio of nanoparticles occupying the air−liquid−
solid three-phase contact region. Different surface tension and
nanoparticle concentration dominate distinguishing dynamic
wettability of ink droplets on the substrate. For the first case,
the surface tension of droplet 1 is similar to that of the droplet
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2 and no particles assembly occurs at the three-phase contact
line (TCL), which leads to the easy depinning TCL of the
droplet 1 and similar dynamic wettability to the droplet 2. After
coalescing and drying, a spherical cap is obtained (Figure 1A2).
The optical image demonstrates the formed footprint of the
coalesced ink droplet (Figure 1A3). For the second and third
cases, the surface tension of droplet 1 is smaller than that of the
droplet 2 because of the fast evaporation of water. Moreover,
nanoparticles assemble at the TCL of the droplet 1, which pins
the TCL and favors the formation of straight line after
coalescing and drying (Figure 1B1, B2). More nanoparticles
assembling at the TCL lead to stronger pinning TCL and the
dumbbell formation (Figure 1C1, C2). These processes are
demonstrated by the optical images in Figure 1B3, C3.
The evolution of the surface tension and the assembly of

nanoparticles at the TCL were investigated to disclose the

different dynamic wettability of ink droplet on a substrate
during its drying (Figure 2). After an ink droplet impacting on a
substrate by inkjet printing, its footprint spreads, retracts and
finally pins on the substrate (Figure 2A).18 The detailed
dynamic behavior of an ink droplet was recorded by a high-
speed camera (see Figure S1 in the Supporting Information).
Accompanied by the solvent’s evaporation,19 the nanoparticles
assembled along the TCL and the liquid−gas interface driven
by the capillary force and convective effects.20,21 Finally, the
droplet dried and kept a sphere-cap structure (Figure 2A).
According to the equation γdrop = (62.79−0.26t)/(1−3.61 ×
103t) (please see the Supporting Information for details), with
the increasing evaporating time, the ratio of water to EG in the
solvent decreased and the surface tension of ink droplets
decreases (Figure 2B). The well-ordered nanoparticle assembly
at the surface of the ink droplet was confirmed by the
strengthening reflection and blue-shift of peak position during
the evaporation (Figure 2B and Figure S2 in the Supporting
Information). The increasing reflection is attributed to the
assembling nanoparticles at the drop surface, whereas the blue-
shift of peak position from 662 to 576 nm is resulted from
more close-packed structures of the nanoparticles (see Figure
S2 in the Supporting Information).22 Assuming that the
structure of nanoparticles at the drop surface were homoge-
neously dispersed in the suspension before drying, and the
structure is isotropically shrunk with the solvent evaporation
without any loss in generality, the nanoparticle volume ratio ( f)
can be calculated with the equation f = (4.55D)/(1.52λcos-
((π−θ)/3)) based on the Bragg’s law23 (D is the diameter of
particles in ink; λ is the maximum reflection wavelength; θ is
the incidence angle, and θ =90° in our experiments; see the
Supporting Information for details). The results imply that the
nanoparticle concentration increases when the evaporating time
prolongs (Figure 2C and Figure S3 in the Supporting
Information). The theoretical results further solidify the
nanoparticle assembly at the TCL during the solvent
evaporation. More importantly, the assembling nanoparticles
will pin the TCL of liquid droplets.21 Consequently, with
different evaporating time 0, 15, 30, and 45 s, the advancing
angles of ink droplets are 84.2 ± 2.7, 87.0 ± 2.9, 96.3 ± 3.1, and
120.6 ± 5.8°, and the receding angles are 40.3 ± 2.2, 34.2 ± 3.7,

Figure 1. Three typical coalescing cases of the neighboring ink
droplets induced by different dynamic wettabilities of ink droplets on
the substrates. Because of (A1, B1, C1) the difference in surface tension
and nanoparticle concentration, the dynamic wettabilities of ink
droplets on the substrates were different, resulting in (A2, A3) spherical
cap, (B2, B3) continuous line, and (C2, C3) dumbbell structure after
coalescing and drying. (A3, B3, C3) Optical images of coalesced ink
droplets forming spherical cap, line, and dumbbell structure,
respectively.

Figure 2. (A) Schematic wetting and dewetting behavior of a single ink droplet after impacting on a substrate. (B) Evolutions of the surface tension
and stopband position of single ink droplet with increasing evaporation time. (C) Relationship of the nanoparticle concentration of inkjet droplet
with evaporation time, the surface tension decreases, whereas the nanoparticle concentration increases with the prolonging evaporation time.
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16.3 ± 1.2, and 4.9 ± 1.6°, respectively. The contact angle
(CA) was measured with a CA measurement device (OCA20,
DataPhysics, Germany) by dropping a 1 μL ink droplet onto
the substrate. The advancing CA of an ink droplet on the
substrate was measured as soon as the footprint slipped forward
when more ink was added into the droplet.24 Similarly, the
receding CA was measured as soon as the footprint slipped
backward when some ink was removed from the droplet. Each
reported CA was an average of five independent measurements.
The varying advancing and receding angles indicate the
different dynamic wettability of ink droplets on the substrate,
which dominates the coalescence behavior of ink droplets as
well as their footprints according to the in situ observations.
To clarify the formation of different footprints during the

coalescence of ink droplets, we carried out the in situ
observations of three typical coalescences (Figure 3A−C).

After the first ink droplet (droplet 1) sat on the substrate, the
second ink droplet (droplet 2) fell, impacted and spread on the
substrate subsequently. The extended TCL of droplet 2 met
droplet 1 and coalesced. It should be noted that the surface
tension and the nanoparticle concentration were altered by
controlling the evaporating time during inkjet printing. For the
case of forming a spherical cap, the evaporating time of the first
ink droplet was ∼15 s when the coalescence occurs. The
coalesced droplets vibrated for several microseconds and a
spherical droplet finally formed (Figure 3A and Movie 1 in the
Supporting Information). For the cases of forming a line and a
dumbbell structure, the evaporating time of the first ink droplet
were about 30 and 40 s, respectively, when the coalescence
occurs. The TCL on one side of the coalesced droplet pinned
on the surface for all the cases except that forming a spherical
cap (Figure 3B, C and Movies 2 and 3 in the Supporting
Information), whereas the TCL on the opposite side depinned
and moved forward. The different behavior of the TCL during
coalescences can be ascribed to the different dynamic
wettability of the substrate to ink droplets, which was induced
by the varying surface tension and nanoparticle concentration.
The energy transformation among the surface energy, kinetic

energy, adhesion and gravity during coalescences deform the
coalescing droplet and drive the TCL movement. In order to

speculate the energy dissipation induced by dynamic viscidity of
ink droplets, the Re number (defined as Re = ρvR/η) and the
We number (defined as We = ρv2R/γ) were calculated, which
are ∼789.05 and ∼51.1, respectively (ρ is 0.9857 g/mL, the
velocity (v) is 1 m/s, η is 4.06 mPa s, R is 325 μm, and γ is
62.79 mN/m). It should be noted that in the present work, the
Reynolds number (Re = 145.0) is much larger than unit even
when the water evaporates completely (when water evaporates
completely, the solvent is EG and the viscosity of the ink drop
is 22.1 mPa s). Both of the Re number and the We number are
much larger than unit, indicating the energy dissipation can be
ignored during the coalescences.25 Considering the energy
change during the coalescence of two ink droplets, the surface
energy of the first ink droplet at the time of coalescence can be
obtained as γASA = γco(1 + cos θadv)Sco,wetting + γco (1 + cos θrec)
Sco,dewetting + γcoSco,s−C based on different dynamic wettability of
the two ink droplets to the substrate indicated by the advancing
and receding angles. Here, γA and SA refer to the surface tension
and the surface area of the first ink droplet, respectively. γco is
the surface tension of the coalescing droplet and equal to the
surface tension of the second ink droplet without any loss in
generality because the capillary flow and Marangoni flow26

reconstruct the droplet surface. θadv, θrec are the advancing and
receding angles of the second ink droplet, respectively.
Sco, wetting, Sco, dewetting are the wetting and dewetting area of
the coalesced droplet on the substrate, Sco, S is the surface area
of the coalesced droplet, C is determined by the inkjet printing
experiments and includes the gravity potential energy, kinetic
energy, and surface energy of the second ink droplet (please see
the Supporting Information for details). According to the
equation, the receding contact angle dominates the footprint
behavior of coalesced droplets. The evolution of coalesced
droplets’ footprints is shown in Figure 3D. With the increasing
surface tension difference, the receding contact angle of the
droplet 1 decreases and consequently, two ink droplets will
coalesce to form spherical caps, lines and dumbbells (marked
by blue, green, and magenta color, respectively, in Figure 3D).
When the surface tension difference of two ink droplets is
smaller than 0.49 mN/m, spherical caps will form after they
coalescing, whereas lines will be obtained as the surface tension
difference is in the range 0.89−1.89 mN/m. If the surface
tension difference is larger than 1.89 mN/m, just dumbbells
form after two neighboring ink droplets coalesced. These agree
well with the experimental results that the corresponding
surface tension differences to form spherical caps, lines and
dumbbells are <0.77, 0.77−1.50, and >1.50 mN/m, respectively
(showed with solid cycles in Figure 3D). The theoretical and
experimental results solidify the effect of the dynamic
wettability on the coalescences of ink droplets and the
coalesced footprints thereof.
Considering the effect of dynamic wettability on the

footprints, lines with different footprints, such as straight line
and wave line, were inkjet printed with inks containing
poly(styrene-methyl methacrylate-acylic acid) (poly(St-MMA-
AA), simplified as PS) (Figure 4A, C, E), silicon dioxide (see
Figure S4 in the Supporting Information) or silver nano-
particles (Figure 4B, D). Figure 4A is the optical image of a line
consisted of PS nanoparticles with wave footprint. The inset in
Figure 4A is the scanning electron microscope (SEM) image of
the printed line consisted of PS (the average diameter of PS
nanoparticles is 272 nm). The SEM image showed perfect
orderly self-assembly of PS nanoparticles after drying by inkjet
printing, which is vital to fabricate high quality devices by inkjet

Figure 3. (A−C) Optical images of the coalescing ink droplets
forming spherical caps, lines, and dumbbells, respectively. (D)
Different footprints formed by coalescing ink droplets with different
dynamic wettability on the substrate. Blue, green, and magenta
sections signify spherical caps, lines and dumbbells respectively, the
solid cycles are experimental results. Increasing surface tension
difference leads to distinguished dynamic wettability of two coalescing
ink droplets, which is advantageous for forming dumbbells.
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printing. Other nanoparticles, such as silicon dioxide nano-
particles (see Figure S4 in the Supporting Information, the
average diameter is 330 nm) and silver nanoparticles (the
average diameter is 111 nm) were also chosen to fabricate lines
with straight footprints (see Figure S4 in the Supporting
Information and Figure 4D) and wave footprint (Figure 4B).
As it is well-known that inkjet printing straight lines play
important roles in constructing desired patterns and high
quality devices. Here, in addition to inkjet printing controllable
footprint lines with ink containing different nanoparticles,
continuous PC lines consisted of different size nanoparticles
were also inkjet printed by controlling the dynamic wettability
of coalescing ink droplets (Figure 4E). The optic microscope
images show vivid structure color (Figure 4E) because of the
well-ordered nanoparticle assembly (inset in Figure 4C). Three
typical continuous homogeneous PC lines with straight
footprints, the red, green and blue lines demonstrating high
optic properties (Figure 4F), with the stopband positions of
680, 570, and 480 nm were obtained by corresponding
nanoparticle diameters of 272, 210, and 193 nm.
In summary, by adjusting ink droplets’ surface tension and

the nanoparticle concentration, different dynamic wettability of
ink droplets to substrates were achieved and subsequently
spherical caps, lines, dumbbells were obtained by inkjet
printing. The intrinsic influence of the dynamic wettability of
ink droplets to substrates on the coalescing dynamic behavior
was clarified. The ranged experimental surface tension
difference of 0.77−1.50 mN/m leads to the appropriate
dynamic wettability of ink droplets to the substrate for the
formation of straight lines consisted of nanoparticles, which
agrees well with the theoretical results. The intrinsic relation

between the dynamic wettability and the final patterns is
important to guide the coalescence of ink droplets containing
nanoparticles. Moreover, the inkjet printed PC lines show good
optical properties due to the well-ordered assembly of
nanoparticles. These results will be of significance to inkjet
print nanoparticles for high-quality patterns and devices.
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