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Hexagonal deposits of colloidal particles
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Colloidal particles are essential materials for modern inkjet printing and coating. Here we demonstrate a
versatile method to achieve hexagonal deposits of colloidal particles through droplet evaporation on hexagonal
micropillar arrays. We identify how colloidal fluids turn into hexagonal deposits during evaporation with
x-ray tomography. Interestingly, evaporation-driven hexagonal deposits are quite crack-free uniform. We
attribute hexagonal deposit shape control to local contact line pinning by colloidal particles and geometric
constraints by micropillar arrays. This deposition strategy offers a feasibility for high-quality evaporation-driven
crack-free uniform polygonal deposits of colloidal particles for diverse applications.
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I. INTRODUCTION

Colloidal fluids include various kinds of solvents and sol-
uble solutes or insoluble colloids or colloidal nanoparticles
[1]. Colloidal particles are promising ingredients for modern
inkjet printing and coating technologies mostly thanks to eco-
nomical advantage of evaporation processes [2–6]. Modern
technologies that utilize colloidal fluids require crack-free
uniform deposits for advanced applications into printed elec-
tronics and biomedical devices [6,7]. Indeed, droplet evapo-
ration is a phase transition regarding three phases of solid,
liquid, and air [8–10], so that intrinsic complexity exists in
manipulating droplet evaporation. Particularly, droplet evap-
oration may induce crack formation [11] and nonuniform
deposition (the coffee-ring effect) of colloidal nanoparticles
[12–15]. Achieving crack-free uniform deposition of colloids
is a difficult task because of complexity in droplet evaporation
of colloidal fluids [16,17]. Interestingly, noncircular wetting
patterns of liquid droplets on lithographically patterned sur-
faces enable fabrication of polygonal droplets during evap-
oration [18–20]. Despite extensive studies on deposits of
colloidal particles from colloidal fluids [21–24], there is no
report to achieve polygonal deposits of colloidal particles on
micropatterned surfaces through droplet evaporation.

In this letter, we demonstrate a feasible method to achieve
hexagonal deposits of colloidal particles through well-
controlled droplet evaporation of colloidal fluids on hexagonal
micropillar arrays. Using high-speed high-resolution x-ray
tomography, we show how colloidal fluids on micropillar
arrays evaporate and spread through micropillars and eventu-
ally turn into hexagonal deposits. Interestingly, evaporation-
driven hexagonal deposits are quite crack-free uniform. We
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discuss a possible mechanism of deposit shape control with
local contact line pinning by colloidal particles and modify
a previous explanation for droplet shape control of pure
fluids by micropillars [18–20]. This work incorporates two
ideas for droplet shape control on micropatterned surfaces
[18–20] and drying-mediated colloidal assembly [21–24],
which are relevant to wettability and evaporation on rough
surfaces [25–28]. This deposition strategy would contribute to
high-quality evaporation-driven crack-free uniform polygonal
deposits of colloidal particles for applications into modern
inkjet printing for printed electronics and nanoparticle self-
assembly or biomedical fabrication for DNA microarray and
cost-effective disease identification [29–32].

II. EXPERIMENTAL PROCEDURE

A. Colloidal fluids and micropillar arrays

In experiments, we used aqueous colloidal suspensions
that contain 2.5 ± 0.1 vol.% monodispersed polystyrene par-
ticles for diameters d = 0.1 μm, 0.5 μm, 1.0 μm, 10 μm,
and 20 μm, purchased from Polyscience Inc (Warrington,
North America). Cylindrical polydimethylsiloxane micropil-
lar arrays arranged in hexagonal patterns were fabricated
by soft lithography and subsequent etching process [33].
Particularly, to control micropillar geometry, pillar pitch (P)
was changed as 30, 90, 120, and 140 μm under fixed con-
ditions of pillar diameter (D) and height (H) as 30 and
100 μm, respectively. A representative hexagonal micropillar
array was taken by scanning electron microscopy (SEM) as
demonstrated in Fig. 1(a). SEM analysis (S-3000H, Hitachi)
was employed to provide additional microscopic information
for micropillar arrays and hexagonal deposits. Small volume
droplets from colloidal suspensions with fixed initial volumes
of 2.0 ± 0.2 μl were generated by using a micropipette. Each
droplet was gently placed on micropillar surfaces and all
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FIG. 1. Hexagonal deposits. (a) A scanning electron microscopy
(SEM) image of hexagonal micropillar arrays. (b) Reconstructed x-
ray tomography images of colloidal fluids on hexagonal micropillar
arrays (left) and hexagonal deposits after evaporation (right). (c) A
representative SEM image of reproducible hexagonal deposits on
hexagonal micropillar arrays. Here, hexagonal deposits of colloidal
particles are quite crack-free uniform.

evaporation experiments were conducted at room temperature
and humidity (temperature = 24 ◦C, humidity = 30%).

B. X-ray tomography of evaporation dynamics

We simply put colloidal droplets on hexagonal mi-
cropillar arrays and eventually obtained hexagonal deposits
through droplet evaporation. To understand how hexagonal
deposits remain during evaporation, we observed in situ
two-dimensional (2D) and 3D evaporation dynamics with
high-speed high-resolution x-ray tomography during evapo-
ration. A full tomography dataset for an evaporating drop
was acquired in 7 s which enables to in situ 2D and 3D
microscopic observations. X-ray imaging experiments were
conducted in the 6C Bio Medical Imaging beamline es-
tablished at the Pohang Light Source (PLS-II) that pro-
vided monochromatic synchrotron x-rays with 24-keV energy
and a 1.4 × 1.7 mm2 beam size. After penetrating samples,
x-rays were converted into visible lights by the scintillator
(LuAG:Ce 50 μm) and corrected by the Scientic Complemen-
tary Metal-Oxide-Semiconductor (sCMOS) camera (Andor
Zyla) with magnification of 10×. The minimum pixel size
was approximately 0.66 μm, and the field of view was 1.70 ×
1.40 mm2. As examples, reconstructed 3D images taken
from x-ray tomography of colloidal fluids and hexagonal
deposits are illustrated in Fig. 1(b). Microscopic 3D images
of evaporating colloidal fluids were reproduced by stacking
reconstructed slices vertically. Three-dimensional image vi-
sualization with image processing and analysis was achieved
by Amira as a commercial software (FEI, Hillsboro, Oregon).
After droplet evaporation of colloidal fluids, quite crack-
free uniform hexagonal deposits remain inside micropillar

hexagonal arrays as demonstrated in Fig. 1(c) taken by SEM.
Additionally, a digital microscope (VH-Z100R, Keyence) was
used to visualize temporal evolution of droplet contact line
motion. Measurements of droplet contact angle and diameter
were recorded at 1 s intervals by using a drop shape analyzer
(DSA25 and KRUSS).

III. RESULTS AND DISCUSSION

A. Three distinct evaporation deposits

We find three distinct kinds of evaporation-driven colloidal
deposits: hexagonal deposits, Wenzel deposits, and Cassie-
Baxter deposits, as demonstrated by reconstructed 3D images
taken from x-ray tomography in Fig. 2. Here 3D temporal
sequential images for droplet evaporation show that colloidal
droplets on hexagonal micropillar arrays gradually evapo-
rate and eventually remain in three different deposits. Two
evaporation processes regarding Wenzel and Cassie-Baxter
deposits are quite comprehensible immediately from Wen-
zel and Cassie-Baxter wetting transitions on rough surfaces
[8,34–37]. However, why hexagonal deposits remain need to
be explained. In this study, the most important central question
is how geometric constraints such as droplet size, micropillary
array, and colloidal particle size determine evaporation-driven
hexagonal deposits.

B. Evaporation dynamics for hexagonal deposits

We investigate the evaporation process for hexagonal de-
posits in top and side views taken from 3D x-ray tomogra-
phy as illustrated in Figs. 3(a) and 3(b). Three-dimensional
temporal sequential microscopic observations for hexagonal
deposits at t/t f > 0.90 (where t f is the complete evapora-
tion time) show that circular bottoms at t/t f ∼ 0.90 rapidly

FIG. 2. Three different colloidal deposits. As marked, hexago-
nal deposits (upper), Wenzel deposits (middle), and Cassie-Baxter
deposits (lower) were driven by droplet evaporation. Such different
colloidal deposits would be constrained by geometric conditions
regarding droplet size, micropillar geometry, and particle size. Here
hexagonal deposits appear at L = 60 μm, D = 30 μm, d = 10 μm,
Wenzel deposits at L = 170 μm, D = 30 μm, d = 10 μm, and
Cassie-Baxter deposits at L = 60 μm, D = 30 μm, d = 1.0 μm. All
images were reconstructed from in situ 3D x-ray tomography.
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FIG. 3. Evaporation dynamics for hexagonal deposits. (a) Before and after making hexagonal deposits. Sides along
√

3L direction
and points along L direction are formed at t/t f ∼ 0.95, as illustrated in up-close images (i) for t/t f ∼ 0.90 and (ii) for t/t f ∼ 0.95.
(b) Corresponding side-view images of (a). Spherical cap shapes remain until t/t f ∼ 0.90 and deform at t/t f ∼ 0.95 by protrusion into
micropillar forests. (c) Global evaporation dynamics for pure (water) and colloidal fluids. Contact angle gradually decreases while diameter is
invariant for colloidal fluids, whereas contact diameter gradually decreases while contact angle is invariant for pure fluids. This discrepancy
suggests that colloidal particles would significantly dominate evaporation dynamics of colloidal fluids.

turn into hexagonal bottoms at t/t f ∼ 0.95 [Fig. 3(a)]. In-
terestingly, hexagonal sides and points appear along the L
direction (where L is the nearest-neighbor interpillar distance)
and the

√
3L direction (where

√
3L is the nearest-neighbor

interpillar distance), respectively. Here each
√

3L-view and
L-view images are identical, indicating isotropy of hexagonal
deposits. In addition, the circular bottom shape [Fig. 3(a)] and
the spherical cap shape [Fig. 3(b)] remain until t/t f ∼ 0.90,
implying that the evaporation dynamics at t/t f < 0.90 for
hexagonal deposits would be governed by the spherical cap
evaporation model.

We compare the evaporation dynamics for pure and col-
loidal fluids on micropillar arrays by measuring droplet con-
tact angle and diameter, as summarized in Fig. 3(c). For
colloidal fluids, contact angle gradually decreases with time
while contact diameter remains invariant until t/t f ∼ 0.70,
indicating a constant contact radius mode. Inversely, for water
droplets, contact diameter continually decreases with time
while contact angle is almost constant until t/t f ∼ 0.70, in-
dicating a constant contact angle mode. The difference in
evaporation dynamics between pure and colloidal fluids is
due to the addition of colloidal particles. As expected, col-
loidal particles contribute to self-pinning of contact line [4].
After gradual (0 < t/t f < 0.70) and rapid (0.70 < t/t f < 0.95)
decreases in contact angles for colloidal fluids, the spherical
cap volume is shrunk and permeated into micropillar forests
at t/t f > 0.95 [Fig. 3(b)]. Abrupt increases in contact angles
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FIG. 4. Random packing of colloids. (a) A up-close SEM image
for hexagonal deposits (L = 60 μm, D = 30 μm, d = 10 μm)
demonstrates random packing of colloids. (b) A schematic illus-
tration of random packing suggests that colloidal particles would
contribute to local contact line pinning. (c) An example 2D image
of random packing with silica colloids immersed into water, selected
from a full 3D x-ray tomography image, shows d/l ∼ 0.50 for φ ∼
0.48, as consistent with [39]. The lines in (c) demonstrate a network
to connect centers of spheres.
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appear at t/t f > 0.95 in both pure and colloidal fluids [Fig.
3(c)]. Interestingly, hexagonal sides and points evolve after
t/t f ∼ 0.95. The x-ray microscopic observations suggest that
the presence of colloidal particles would be helpful to facili-
tate hexagonal deposits.

C. Random packing of colloids

Colloidal particles that become packed between micropil-
lar arrays would be favorable to facilitate hexagonal de-
posits. Here, the particle packing fraction (φ) would reach
random packing [38], as shown in a up-close SEM image
for hexagonal deposits in Fig. 4(a). The pillar density, D/L,
is defined from micropillar arrays and measured as D/L ∼
0.50 in Fig. 4(a). Similarly, the particle density, d/l , for
colloidal particles is determined from mean center-to-center
distance (l) and particle diameter (d) as illustrated in Fig. 4(b).
We measure the particle density as d/l ∼ 0.50 for φ ∼ 0.48
with x-ray tomography from an example random packing
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FIG. 5. Local contact line pinning by colloids. (a) The ratio of
dodecagon side lengths, F/E , of colloidal deposits versus the pillar
density, D/L, of hexagonal arrays, indicating dodecagonal droplets at
F/E = 1 and hexagonal droplets at F/E = 0. The previous predic-
tion from pure fluids (the solid line) [19] does not explain our exper-
iments for hexagonal deposits (A and B conditions) at F/E = 0. The
open circles and the open squares represent the Wenzel deposits and
the Cassie-Baxter deposits, respectively, which appear at four D/L
conditions, while the hexagonal deposits appear only at two D/L
conditions. (b) Hexagonal deposits reproduced from seven different
L-D-d conditions, as demonstrated by digital microscopic images.
(c) All data for hexagonal deposits are collapsed to the particle
density, d/l = 0.54–0.58, which intercepts the hexagonal condition
at F/E = 0 [19]. The Wenzel and the Cassie-Baxter deposits are
irrelevant to the polygonal conditions, because they are spherical
as shown in Fig. 2. This result suggests that colloidal particles
would predominately control local contact line pinning to facilitate
hexagonal deposits.

with silica colloids in Fig. 4(c). This result agrees well with
the previous measurement of mean particle-to-particle dis-
tance (m) as 1.2d for φ ∼ 0.44 [39], resulting in d/l ∼ 0.45
because m = l + d . Presumably, colloidal particles immersed
with water are randomly packed inside hexagonal deposits
during droplet evaporation.

D. Local contact line pinning

We consider the mechanism for polygonal droplet shape
control with pure fluids on micropillar arrays [19]. To achieve
polygonal droplets, the pillar density, D/L, is a critical
parameter because it determines the ratio of dodecagon side
lengths, F/E , where F/E = 0 corresponds to hexagonal
droplets [19]. In Fig. 5(a), all data for colloidal deposits show
disagreement with the previous expectation (solid line) taken
for polygonal droplets of pure fluids [19]. The initial droplet
volume and the initial colloid volume fraction are controlled
as 2.0 ± 0.2 μl and 2.5 ± 0.1 vol.%, respectively. Particularly,
hexagonal deposits at F/E = 0 are found at D/L ∼ 0.25
(A condition) as well as D/L ∼ 0.50 (B condition), which are
impossible for pure fluids [19]. We reproduce seven examples
of hexagonal deposits at A and B conditions, as shown in
Fig. 5(b). This result implies that the mechanism of hexagonal
deposits is regardless of the pillar density. Instead, we apply
the particle density, d/l , to Fig. 5(c) and find an excellent
agreement with experiments. All d/l data taken from SEM
images after evaporation are collapsed to d/l = 0.54–0.58 at
F/E = 0 that corresponds to isotropic hexagonal deposits.
Here the comparable size of particles to pillars is favorable
to reproduce hexagonal deposits, which are obtainable at
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FIG. 6. Hexagonal prism model. (a) The hexagonal deposit,
taken by a digital microscope, shows the quite uniform deposition, as
supported by the deposition profile (below), taken from the inverted
gray scale along the dashed line. (b) The surface area of the base S is
predictable, based on the hexagonal prism model with the height H
and the base edge a (as illustrated). In experiments, S is proportional
to the initial droplet volume V0, as consistent with the theoretical
prediction from S = (φH )−1φ0V0. The slope is 0.42, corresponding
to φ = 0.6, H = 0.1 mm, φ0 = 0.025, and V0 = 2 mm3 for the
completely evaporated deposit. The validity of the hexagonal prism
model suggests the uniformity in thickness and the controllability of
hexagonal deposits.
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D/d = 1.6–3.0, not at D/d > 30 in our experiments. We
suppose that colloidal particles would predominately con-
tribute to local contact line pinning that facilitates hexagonal
deposits.

E. Hexagonal prism model

The deposition profile is quite uniform and hence a hexag-
onal prism model is plausible with the height H and the base
edge a, as shown in Fig. 6. For the hexagonal prism, the sur-
face area of the base is S = 3

√
3

2 a2 and the hexagonal deposit
volume is V = SH . The deposit volume is controlled by the
initial droplet volume V0, the initial particle volume fraction
φ0, and the particle packing fraction φ as V = φ0V0/φ. Con-
sequently, we obtain

S = (φH )−1φ0V0. (1)

The linear proportion of S with V0 implies the controllability
of the hexagonal shapes.

Finally, we discuss a potential to expand polygonal de-
posits. For pure fluids, polygonal arrays of microtextured sur-
faces can be adopted to achieve square, hexagonal, octagonal,
and circular-shaped liquid deposit films [19,40–45]. Further
study is required by altering micropillar arrays and colloidal

fluids to control local contact line pinning for polygonal
deposits of colloidal particles.

IV. CONCLUSION

Our study reveals a progress that governs droplet evapo-
ration on micropillar surfaces to produce unifrom colloidal
assembly. We demonstrate a versatile method to achieve
crack-free uniform hexagonal deposits of colloidal particles
through droplet evaporation on micropillar arrays. Colloidal
fluids evaporate on hexagonal micropillar arrays and even-
tually turn into hexagonal deposits. Interestingly, colloidal
particles would predominately control self-pinning and local
contact line pinning. This study shows a feasibility for high-
quality evaporation-driven polygonal deposits of colloidal
particles.
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