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ABSTRACT: Drying a droplet containing microparticles
results in the deposition of particles in various patterns,
including the so-called “coﬀee-ring” pattern. The particle
deposition is dependent on the internal ﬂow dynamics, such
as the capillary ﬂow and Marangoni vortex (MV), of the
droplet. Particle migration and self-assembly on a substrate are
interesting phenomena that have critical implications in many
applications such as inkjet printing, coating, and many other
droplet-based industrial processes. In this work, we observed
the formation of bands of particles in a rotating MV during
the evaporation of a water droplet containing particles. We
investigated the mechanism underlying the formation of
banded MV caused by capillary meniscus forces between two
particles near the air−liquid interface. In particular, we show that the banded MV can be manipulated by tuning the surfactant
concentration and particle concentration. Our ﬁndings would provide a new direction in understanding the particle deposition
pattern of a colloidal droplet.
Derjaguin−Landau−Verwey−Overbeek (DLVO) interaction.
At low pH (pH ≈ 1.5), particle−substrate attractive
interactions promote particle adhesion at the substrate and
eventually lead to a homogeneous deposit, whereas at high pH,
particle−substrate interactions are repulsive, and particles are
collected to the contact line with forming a ring-shaped
pattern.15,23 In fact, there are diverse interactions involving
particles and interfaces including Coulomb and van der Waals
interactions, capillary forces, and hydrophobic interactions.
These interactions are generally strong and aﬀect particle
organization and behavior at interfaces.25
When a surfactant-like polymer is added in a droplet
solution, the particle deposition is strongly inﬂuenced by the
concentration and molecular weight of the surfactant dissolved
into the solution. Evaporation of drops of both low and high
concentrations of polymer into solution showed a ring-like
pattern after drying, while the drops of intermediate
concentration of surfactant into the solution show a uniform
deposition on the substrate.23 Furthermore, colloidal drop
shows multiple ring deposition on the substrate after complete
evaporation.24 This is due to the competition between the
receding contact line and particle deposition during the
evaporation of the droplet. This pattern formation is also
dependent on the particle size dispersed into the solution.

INTRODUCTION
Most drying droplets with a pinned contact line leave particle
near the edge-like ring structure after the complete evaporation
of the solvent. This is considered to be a kind of self-assembly
of particles caused by the radial outward ﬂow of solvent from
the center to the edge of the droplet, which is commonly
known as the coﬀee ring eﬀect.1 It has been found that the
existence of motion of the ﬂuid ﬂow known as Marangoni ﬂow
driven by surface tension gradient can alter particle transport
and suppress the coﬀee ring phenomenon during the
evaporation process.2−5 Scientists working across ﬁelds ranging
from fundamental science to industry have paid tremendous
attention to control this phenomenon. Controlling particle
deposition on substrate from an evaporating droplet has a great
impact in many applications such as coating,6 micro-/
nanofabrication,7 point-of-care medical diagnosis,8,9 and
modern inkjet printing.10,11 This seemingly simple phenomenon is a complex process involving many factors such as
dynamics of the contact line,12 atmospheric condition,13 and
substrate−particle14 or particle−particle interactions.15,16 Most
methods used to control the particle deposition from an
evaporating droplet involve modifying the surface wettability,17
mediating the surfactant in the solution,18 changing the shape
of the particle,19,20 solvents,21 external heating of the
substrate,22 and so forth.
For instance, interaction between particle−particle or
particle−substrate can be manipulated by controlling the pH
value of a droplet solution, which results in changes of
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Small particles show a multiple ring deposition while the larger
particles suppress the multiple ring formation.25
Interestingly, there are some reports on the spatial ordering
of particles in a drying droplet. When a bidisperse colloidal
mixture consisting of microparticles and nanoparticles is
suspended in a droplet, ﬁngering is formed inside the coﬀee
ring because of the competition between the coﬀee-ring and
Marangoni eﬀects, especially when the inward Marangoni ﬂow
is overwhelmed by the outward coﬀee-ring ﬂow.26 A similar
spatial ordering was also observed in a drying polymer solution
with suspended particles.27 This phenomenon was attributed
to the combination of phase separation of bridged particles and
the Marangoni ﬂow eﬀect. Although this phenomenon is still
not fully understood, Marangoni ﬂow has been suggested to be
a potential parameter causing the spatial ordering of particles.
In our previous study, we comprehensively considered the
Marangoni vortex (MV) driven by the surface tension
gradient18 and observed a similar phenomenon, which we
did not report. In the present work, we investigated the
formation of particle bands in an evaporating droplet. The
main objective is to delineate the mechanism of particle
clustering dynamics and band formation of particles in an
evaporating droplet by systematically varying the MV strength
and particle concentration.

■

Figure 1. Summary of the banded MV inside the evaporating droplet.
(a) Illustration of the internal ﬂuid motion in a droplet of PEG−water
solution. (b) Schematic of a banded MV in an evaporating droplet.
(c,d) Snapshots of a banded MV in the evaporating droplet placed on
a glass substrate.

ﬂuid from the center to the edge of the water droplet was
observed. Addition of a surfactant-like polymer, PEG, to water
drastically changed the internal ﬂow dynamics and the particle
distribution in the evaporating droplet.
In the early stage of the evaporation process, the radial
outward ﬂow of water transports particles as well as the PEG
polymer to the edge of the droplet. As time progresses, an
inward ﬂow, the so-called Marangoni ﬂow, is generated inside
the evaporating droplet. In our previous study, we have
previously conﬁrmed that the surfactant-like polymer of PEG is
highly concentrated near the edge because of the outward
capillary ﬂow.18 Typical values of the surface tension were 58.5
dyne/cm near an edge and 59.5 dyne/cm at the bulk region. As
a result, surface tension which is a function of distribution of
PEG surfactant is lower at the edge than at the other region of
the droplet. This creates a Marangoni ﬂow driven by surface
tension gradient from the region of lower surface tension to the
higher surface tension region along the air−liquid interface of
the droplet. The proﬁles of PEG concentration and surface
tension near the edge were fully described in our previous
study.18 Subsequently, these two opposite directional ﬂows are
connected and a closed-loop ﬂow is formed, which is the socalled “MV,” as shown in Figure 1b. The PEG polymer not
only acts as a surfactant but also increases the viscosity of the
suspension; concentrated PEG induces a stable vortex with
time. This clear evident can be seen from the recorded video
ﬁles provided in the Supporting Information (Video S1).
While particles move along the streamlines of the MV,
monodisperse particles tend to gather and form multiple bands
of particles (Video S2). As time progresses, the formation of
particle bands becomes apparent in the rotating vortex.
Interestingly, the structure and pattern of multiple bands are
regular and periodic, respectively. In fact, after the evaporation
of the droplet, multiple bands existing in the rotating ﬂow lead
to spatial ordering of particles (Figure 1c,d).
The evolution of the banded MV inside the evaporating
droplet is worth noting (Figure 2a). When an MV is generated
in the evaporating droplet, particles tend to aggregate and form
bands of particles with it at time t = 20 s. (particle diameter

MATERIALS AND METHODS

Materials. Polyethylene glycol (PEG; MW = 35 000) used as the
surfactant was purchased from Sigma-Aldrich, Korea (www.
sigmaaldrich.com). Glass slides (Lauda-Kö nigshofen, Germany)
were used as the substrate.
Preparation of the Particle Suspension. First, we prepared a
solution of PEG in deionized (DI) water. Diﬀerent amounts of PEG
powder were dissolved in DI water to obtain 0.3, 0.75, and 3 wt % of
PEG in water, and these solutions were used for the experiments.
Further, we used 1 μm polystyrene particles (Thermo Fisher
Scientiﬁc, MA, USA). The suspension of the particles was centrifuged
at 4000 rpm for 5 min, and the recovered particles were resuspended
in the aforementioned PEG solutions. The suspensions were shaken
well to disperse the aggregated particles. Diﬀerent amounts of the
particles were suspended in 0.75 wt % PEG solution to obtain ﬁnal
particle concentrations of 0.5, 1, 2, and 5 wt %. To study the eﬀect of
the size of the particles, we used 0.5 and 5 μm polystyrene particles
(Thermo Fisher Scientiﬁc, MA, USA) in the experiments. The entire
experiment was performed in an enclosed room where the
temperature and humidity were maintained at 23 ± 1 °C and 20 ±
3% RH, respectively.
Analyses of Particles and Final Deposition Patterns after
the Evaporation of the Droplet. We used an optical microscope
mounted with a camera (IX71 Olympus Co., Japan) to observe the
particles and pattern formation. The images of the particles inside the
droplet were captured at the frame rate of 30 fps. The inverted
grayscale intensity of the captured images was measured using the
ImageJ software.

RESULTS
Formation of Bands of Particles during the Evaporation. Figure 1 summarizes the formation of particle bands
inside the MV during the evaporation of a water droplet
containing polystyrene spheres. To investigate this phenomenon, a 2 μL water droplet containing 1 μm diameter
polystyrene particles suspended at 2 wt % weight concentration
was placed on a glass substrate. The particles inside the droplet
were monitored at various time intervals using an optical
microscope at room temperature. Figure 1a illustrates the
layout of our experimental setup. Radial outward ﬂow of the
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Figure 3. Mechanism of the formation of a banded MV inside the
evaporating droplet. (a) Various forces acting on the particle
suspended in the evaporating droplet. (b) Representation of CMFs
between two particles within the MV during the evaporation process.
(c) Schematic of CMFs between two particles at the air−liquid
interface. (d) Captured image of a banded MV inside the evaporating
droplet.

Figure 2. Time evolution of the banded MV during the evaporation
of a droplet. (a) Captured images showing the evolution of a banded
MV during the evaporation of a droplet containing 2 wt % particles
suspended in a 0.75 wt % PEG solution. (b) Grayscale intensity plot
at various time intervals of the evaporating droplet. (c) Captured
image of the banded MV and particle pattern formed on the substrate
during the evaporation process. (d) Final pattern formation after
complete evaporation of the solvent.

located at the air−liquid interface, various forces act on the
particle, including the centrifugal force (FC), interfacial tension
force (FI), Marangoni force (FM), and drag force (FD). The
Marangoni ﬂow driven from the lower region of surface
tension to the higher region of surface tension created by the
surface distribution of PEG surfactant will create the
Marangoni force (FM) on the particle. The Marangoni force
is FM = Δσl, where Δσ is the surface tension gradient and l is a
length of MV. FD denotes the drag force (6πμDV), which can
impede the motion of the particle in the Marangoni ﬂow. Here,
μ is the viscosity of liquid, D is the diameter of a particle, and V
is the velocity of particle. The particle which rotate along with
the motion of MV experiences the centrifugal force (FC =
πD2ρV2/3). FI is the interfacial force acting on the particle (FI
= πDσ). Because the particles are neutrally buoyant, the eﬀect
of gravity is negligible. Though a rough estimate of these
forces, the centrifugal force was found to be small compared to
others.
Even though Figure 3 described dynamics of particles
located near the air−liquid interface, particles rotating in inner
orbits would not meet the air−liquid interface. When a strong
capillary ﬂow drives particles near the edge of a droplet, then
particles may reach the outer orbit near the air−liquid
interface. Also, while the particles turn the direction of motion,
the centrifugal force may exert on particles and drives outer
orbits. However, rough estimate of the centrifugal force was
found to be too small to change particles’ orbits. When the
particles reached the interface, each individual particle will
cause perturbation in the shape of liquid interface or ﬁlm at the
free liquid surface as shown in the inset picture of Figure 3b.
Once the perturbation around the particles overlapped, it
causes imbalance in the capillary meniscus forces (CMFs) that
arise from diﬀerent curvatures of the air−liquid interface due
to the particles as shown in Figure 3c. This force is strong
enough to cause the 2D dimensional structures and ordering of
particles in many experiments.28−31 When the interparticle
distance is relatively short, particle−particle attraction occurs
and multiple bands of particles become apparent in the MV.
One of the interesting facts is that once the particles aggregate,
it remains as a group even into the bulk of the ﬂuid. This may
arise from the van der Waals forces between the particles.15,23

(dp) = 1 μm, particle concentration (ϕp) = 2 wt %, PEG
concentration (ϕPEG) = 0.75 wt %). As time progresses, wellordered and periodic bands of particles are formed and the
band peak intensity increases. The most apparent bands are
observed at t = 40 and 50 s, with a typical spacing of 10−15
μm (Figure 2a).
We further characterized the formation of a banded MV
during the droplet evaporation by measuring the inverted
grayscale intensity, as represented in Figure 2b. The amplitude
of the measured intensity increased with time as the particle
clustering is progressed. Similar to the photographs of Figure
2a, the maximum amplitude was observed at t = 50 s. It is
worthy to note that the number of radial bands do not change
in the initial time zone (t < 50 s), as shown in Figure 2b. For t
> 50, the band peak intensity decreases with time and the
number of radial bands also changes with time (not shown).
The changes in the number of bands and peak intensity may be
due to the changes of internal ﬂow with decreasing contact
angle, which sweeps away particles from the banded ones.
Thus, subsequently, the spacing between the bands is reduced
and the sharpness of the bands is also reduced. During the
evaporation, the edge line depinned, moves inward, and pins
again with the formation of the MV (Figure 2c). When the
edge moves inward, particle−substrate interaction would
determine deposition patterns, as shown in Figure 2c,d. After
complete evaporation of the droplet, the ﬁnal deposition of the
particles on the substrate in a ﬁngerprint-like pattern is
observed (Figure 2d). Various ﬁnal deposition patterns are
depicted in Figure S1.
Mechanism of the Generation of Banded MVs. Figure
3a−d illustrates the underlying mechanism of formation of
particle bands during the evaporation of a droplet of the
particle suspension placed on a glass substrate. Particles at the
droplet edge are exposed to the air−liquid−substrate interface
in the dotted box of Figure 3a. Considering a moving particle
8979

DOI: 10.1021/acs.langmuir.9b00865
Langmuir 2019, 35, 8977−8983

Langmuir

Article

MV formed in terms of the vortex velocity as well as the vortex
size. However, there were no apparent bands of particles inside
the droplet, as shown in Figure 4c.
When the particle concentration was increased further to 5
wt %, formation of particle bands became apparent (Figure
4d). It is worthy to note that in Figure 4c,d, the concentration
of PEG (3%) is the same, but the particle concentration is
diﬀerent. When the particle concentration increases, the local
viscosity of the suspension near the droplet edge is signiﬁcantly
increased due to the coﬀee-ring eﬀect. Thus, 3% of PEG
solution for a 2 wt % particle concentration showed a strong
MV but not for 5 wt % particle concentration as shown in
Figure 4d. Thus, we found that the generation of MV is solely
dependent on the PEG concentration but suspension viscosity
depending on particle concentration also aﬀects the strength of
MV. These results are compared in the Supporting
Information (Video S3).
Controlling the Formation of Particle Bands: Particle
Concentration. To further analyze the observed phenomenon, we investigated the eﬀect of the particle concentration on
the formation of bands of particles inside the droplet. We
conducted the experiments with suspensions of four diﬀerent
particle concentrations, viz., 0.5, 1, 2, and 5 wt %, dispersed in
a 0.75 wt % PEG solution. Figure 5 shows the images of

The lateral translational motion of the particles is caused by
the imbalanced CMFs acting between the particles at the air−
liquid interface, as shown in Figure 3c. If the interparticle
distance is large, the neighboring particle does not interfere
with the air−liquid interface line, and thus the CMFs around a
particle are symmetric (i.e., σ11 = σ12) and this particle would
not attract neighboring particles. When the particles are close
enough, the overlapped interfacial shape around the particles
causes imbalance in the CMFs, which is caused by the diﬀerent
curvatures of the air−liquid interface between the left and right
sides of the particle. As a result, the neighboring particles
attract each other and recruit other neighboring particles in the
same manner. Subsequently, monodisperse particles in a
droplet aggregate and form multiple bands of particles in the
MV, as shown in Figure 3d and Video S2. After the droplet
evaporates, an intermittent coﬀee ring eﬀect is produced, as
shown in Figure 1d.
Control of the Formation of Particle Bands: Strength
of MV. As described above, the MV is a prerequisite for the
formation of bands of particles. To examine the eﬀect of the
strength of MV on the formation of bands of particles, we
conducted experiments with three diﬀerent concentrations of
PEG in the solution (0.3, 0.75, and 3 wt %). The concentration
of the polystyrene particles (dp = 1 μm) in the solution was
ﬁxed at 2 wt % in these experiments. For the lowest
concentration of the PEG solution (0.3 wt %), a weak MV
was generated for a short time, but no apparent formation of
bands of particles was observed in the droplet (Figure 4a). For
the 0.75 wt % PEG solution, the MV was generated near the
edge of the droplet right from the beginning. Rotating particles
gathered gradually and formed bands of particles within the
MV of the evaporating droplet (Figure 4b). Meanwhile, for the
highest concentration (3 wt %) of the PEG solution, a strong

Figure 5. Eﬀect of the particle concentration on the banded MV
inside the evaporating droplet. The obtained images of the droplet
containing diﬀerent concentrations of the particles: (a) 0.5, (b) 1, (c)
2, and (d) 5 wt % suspended in a 0.75 wt % PEG solution. Schematic
of the particle-to-particle distance and the corresponding CMFs
between them (e) L1 < Lc and (f) L2 > Lc.

evaporating droplets with varying particle concentrations. At
0.5 wt % particles in the suspension, there is no formation of
bands of particles in the droplet during the process (Figure
5a); however, there are small clusters in the rotating MV
(Video S4). In case of suspensions with 1 and 2 wt % particles,
the particles undergo self-aggregation and particle bands are
formed in the droplet. At a ﬁxed PEG concentration (0.75 wt
%), the droplet with 2 wt % particles shows the formation of
multiple bands of particles at a faster rate than that observed in
the case of a droplet with 1 wt % particles. However, the bands
of particles did not form clearly when the particle
concentration was increased to 5 wt %. The obtained results
can be better understood from the video ﬁles provided in the
Supporting Information (Video S4).
The particle concentration is directly related to the
interparticle distance. Because the distance between the
particles (L1) is within an eﬀective range (Lc) of the CMFs
acting between the particles attached to the air−liquid

Figure 4. Eﬀect of the PEG concentration on the banded MV inside
the evaporating droplet. Schematic illustrations of various velocity
proﬁles inside an evaporating droplet and corresponding layouts of
the motion of the ﬂuid ﬂow inside the evaporating droplet. (a−c)
Captured images of a droplet containing 2 wt % particles suspended
in (a) 0.3, (b) 0.75, and (c) 3.0 wt % PEG solution recorded at 30, 90,
and 180 s. (d) Captured images of a droplet containing 5 wt %
particles in a 3 wt % PEG solution recorded at 30, 90, and 180 s.
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We conducted additional experiments with particles of
diﬀerent sizes, 0.5, 2, and 5 μm (not shown), while ﬁxing
the concentrations of the particles and PEG at 2 and 0.75 wt %,
respectively. Considering that the generation of MV is solely
dependent on the PEG concentration, the MV exists whether
or not the particles experience the MV. For the smallest
particles (0.5 μm), there was no formation of particle bands
even though the MV exists. However, the reference particles (2
μm) formed apparent bands of particles. In fact, the MV
velocity for 0.5 μm particles was found to be relatively faster
than that for 2 μm. There may be two factors to prevent the
0.5 μm particles from forming bands: one is the excessive
speed of particles in the Marangoni ﬂow and the other is the
inﬂuence of the particle size on the CMFs. The captured
images were provided in the Supporting Information as the
Figure S2.
In the present study, it is seemed that the larger the particles
are, the stronger the CMFs are. Considering the cubic function
of particle volume to diameter, one could raise a question that
the number of particles for bigger ones will be much smaller
for the same weight % suspensions and a normalized
parameter, d/L ratio (particle diameter/particle−particle
distance), may be considered as the true parameter rather
than the actual particle size. This consideration may be right in
a stationary ﬂow environment. However, when capillary ﬂow in
a droplet transports particle toward edge and the sparsely
distributed particles are getting dense near the edge, the ratio
of d/L may not be meaningful any longer. As the interparticle
gradually distance decreases, larger particles begin to aggregate
earlier than smaller particles. Thus, in the present results, the
particle size would be more directly eﬀective on the particle
clustering rather than the relative one such as d/L.
For investigating the former issue, we need to revisit the
Marangoni number, Ma = Δσl/6πμDV, which delineates the
Marangoni ﬂow phenomenon.18 Here, Δσ, l, μ, D, and V
denote the surface tension gradient, size of the MV, solution
viscosity, particle diameter, and particle velocity, respectively.
Because the viscous drag (F = 6πμDV) is proportional to the
particle diameter, small particles would have higher velocity
than large particles, which may reduce the interaction time of
CMFs between the particles. In addition, such an excessive
velocity would perturb the air−liquid interface near the
particles and the imbalanced CMFs would be weakened.
Second, the magnitude of CMFs as well as the eﬀective
distance of CMFs is directly related to the size of the particles.
The smaller the particles are, the weaker the CMFs would
be26,28 and the shorter the eﬀective distance of CMFs is.
Consequently, small particles lead to increased Marangoni
velocity and imbalanced CMFs, which prevent the formation
of bands of particles in the MV.
As demonstrated in Figure 4c,d, with a ﬁxed PEG
concentration (ϕPEG = 3 wt %), there was a strong MV but
no particle band formation for a relatively low concentration of
particles (ϕp = 2 wt %), whereas there was a moderate MV and
apparent particle band formation for a relatively high
concentration of particles (ϕp = 5 wt %). These results may
be associated with the Marangoni ﬂow velocity along the air−
liquid interface. If particles move rapidly along the interface,
the interfacial shape would be widely and strongly perturbed
and thus the imbalanced eﬀect of CMFs would be weakened.
When the particle concentration is increased, the viscosity of
the suspension increases, and thus the corresponding

interface, the particles easily attract each other and aggregate,
as shown in Figure 5e. When L2 < Lc, the CMFs acting on a
particle are not perturbed by the neighboring particles, and
they do not induce self-aggregation of particles, as depicted in
Figure 5f.

DISCUSSION
Dynamics of Particle Clustering. The formation of
particle bands is directly associated with the MV. Through the
present study, we found that the formation of multiple bands
of particles during the evaporation requires an essential
condition of imbalanced lateral capillary forces between the
particles. This condition would be satisﬁed with a moderate
strength of the MV as well as an eﬀective interparticle distance.
The former condition puts particles at the air−liquid interface,
wherein the CMFs can work. The latter condition breaks the
symmetric CMFs acting on a particle due to the overlapped
perturbed interfaces. Thus, particle band formation in an
evaporating droplet should be accompanied with the MV, as
well as imbalanced CMFs.
A similar kind of particle dynamics can be found in a
rotating cylinder with partially ﬁlled liquid.32−34 When the
cylinder rotates continuously at a constant velocity, the
completely wet particles gradually segregate with time after
passing through a few stages. Initially, the particles associate
into many small particle clusters that subsequently merge into
larger ones. Eventually, they form cylindrical bands. Both MV
system and partially ﬁlled rotating cylinder form particle
clustering with similar mechanisms. First, both systems hold
the air−liquid interface, in which CMF can be eﬀective to
attract particles. Second, both system hold rotating ﬂow, which
transport suspended particles to the air−liquid interface.
Finally, the lateral CMF is the main force for particles to
aggregate and to form banded particles in both systems. Even
though these dynamic similarities should be further analyzed,
both systems form similar banded particles.
Eﬀective Length of CMFs. The eﬀective distance of
CMFs is known to be several folds the particle diameter.26 As
described above, CMFs between the particles are strongly
inﬂuenced by the particle concentration in the suspension.
Assuming an appropriate MV, particles can ﬂow along or near
the air−liquid interface. As shown in Figure 5a, at a low
concentration of 0.5 wt %, the particles did not associate to
form particle bands, which might be due to the large
interparticle distance. Considering that the formation of
particle bands is caused by the lateral motion of particles
associated with the CMFs, the lateral distance between the
particles should be considered rather than the front and rear
distance between particles. In fact, the interparticle distances
seem to be short in Figure 5a, but the lateral distance between
particles may not be within the eﬀective length of the CMFs.
With increasing particle concentration, the interparticle
distance would be decreased, and indeed, bands of particles
were observed. Moreover, the CMFs are strong enough to
generate regular 2D dimensional structures and induce
ordering of particles.26−29 Thus, once the particles are within
the eﬀective distance of the CMFs, they will be attracted to
each other to form clusters, eventually leading to multiple
bands of particles.
Eﬀect of the Particle Size. Note that the CMFs are
dependent on the size of the particle.26,28 We conducted
additional experiments with particles of diﬀerent sizes, 0.5, 2,
and 5 μm (not shown), of 2% were dispersed into 0.75 wt %.
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Marangoni velocity decreases. For clariﬁcation, the sketches of
velocity proﬁles are provided in Figure 4e,f.
Eﬀect of Electrostatic and van der Waals Forces. The
dynamics of particle clustering in a MV was delineated with the
lateral translational motion of the particles caused by the lateral
capillary force.36 Because the particle clustering may be
aﬀected by particle aggregation, it is necessary to examine
the eﬀect of DLVO interaction on the particle aggregation.15
First, there were no apparent changes in pH values by adding
PEG in DI water. The pH value of DI water was 7.0, whereas
that of 0.75% PEG solution was 7.3. Even for considering
concentrated PEG solution near the edge of a droplet, it is still
lower than 7.8 because the used PEG is non-ionic polymer.
Second, the zeta potential of PS microparticles in the PEG
solution was found to be small. A previous study reported that
when PEG was adsorbed on polystyrene particles, its zeta
potential was signiﬁcantly decreased from −59 to −1 mV.35
Thus, the eﬀect of DLVO interaction on particle aggregation
would be negligibly small.
We have considered formation of banded particles near the
air−liquid interface by the CMF, which would be dominant
over other forces. It is worthy to note that when the banded
particles transport back to the bulk of the droplet, CMF
disappears and other forces would be a new dominant one. If
the particles are strongly charged, then repulsive electrostatic
forces would destroy the banded particles. Because the zeta
potential of particles was small, there would not be any
signiﬁcant repulsive electrostatic force or attractive van der
Waals force between particles. Thus, van der Waals force may
hold the banded particles together while the capillary
interaction disappears in a bulk ﬂuid region of MV.
It would be more interesting to extend our study to
microparticles with a diﬀerent aspect ratio dispersed in the
surfactant solution. Studies on periodic bands of particles in a
coﬀee ring might provide better insights on the mechanism of
the self-assembly of nanoparticles during the evaporation of
droplets of various colloidal suspensions. Moreover, controlling
the particle deposition pattern formed from a drying droplet
has a great impact on the assembly of well-ordered micro-/
nanoparticle structures on various substrates for fabricating
artiﬁcial structural colors, optoelectronics, as well as photoconductive devices.

Final particle deposition patterns on glass substrates
after the complete drying of a droplet and captured
images of droplets containing diﬀerent particle sizes in
the 0.75% PEG solution at 30 s (PDF)
Generation of a MV inside the evaporating droplet
(AVI)
Banded MVs in an evaporating droplet (AVI)
Eﬀect of the PEG concentration on the formation of
banded MV in an evaporating droplet (AVI)
Eﬀect of the particle concentration on the formation of
banded MV in an evaporating droplet (AVI)
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