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When a coffee drop dries on a solid surface, it leaves a ringlike deposit along the edge and this is known as
the “coffee-ring effect.” We find a different motion of particles repelling the coffee-ring effect in drying
droplets; the motion of particles that is initially toward the edge by the coffee-ring effect is reversed toward the
center by a capillary force. The reversal takes place when the capillary force prevails over the outward
coffee-ring flow. We discuss the geometric constraints for the capillary force and the reverse motion. Our
findings of reversal phenomena would be important in many scenarios of drying colloidal fluids.
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The coffee-ring effect—the tendency for solute to segre-
gate at the edge—well explains how the net outward fluid
flow on liquid-substrate interface forms a ringlike deposit
near the periphery �1–4�. This effect is due to the nonuniform
evaporation flux, which induces the fluid flow to replenish
the evaporation loss at the edge �1,4�. However, the coffee-
ring deposition does not explain the drying-mediated inward
transport of particles in a variety of suspensions including
colloidal fluids and DNA droplets. As one of the examples,
the Marangoni effect �the surface-tension gradient� can re-
verse the coffee-ring effect �3–5�. A full understanding of the
coffee-ring and the reverse effects is of vital importance to
resolve many problems in pure science and in emerging tech-
nologies such as DNA stretching �6–8�, pattern �multiple-
ring� formation �9–12�, and colloidal self-assembly �13–15�.

We describe here a quite different tendency of solute to
segregate at the center of drying droplets. The phenomenon
is primarily driven by geometric constraints, instead of typi-
cal transport mechanisms such as surface-tension gradients,
solute diffusion, electrostatic, and gravity effects. Precise
tracking of particle motion and contact line in drying drop-
lets was obtained with real-time optical, x-ray, and confocal
microscopes. We argue that particle motion, initially toward
the edge, can be reversed to the center by a capillary force
�16,17�. The force is a kind of lateral immersion capillary
force �16�, which works when the particles get in contact
with the air-liquid interface during evaporation. This effect is
predictable and controllable from the geometric constraints
of droplet and particles.

A typical result providing evidence for the unique effect is
shown in Fig. 1. We observe a clear inward migration of
20-�m-diameter polystyrene �PS� microspheres �density
�PS=1.05 g cm−3� suspended in a drying water droplet ��w
=0.998 g cm−3� on a solid substrate �Petri dish�. Sequential
optical micrographs �18� were superimposed �with the
IMAGE-PRO PLUS software� to reveal the inward motion dur-
ing the droplet evaporation. Tracking the motion for about
140 s, we observed that most microspheres moved first to-

ward the edge and then back toward the center. The standard
effect �1,2� in the first phase produced ringlike stains near the
periphery. We also found the reverse effect in various PS and
silica microspheres in water or in coffee droplets. The sub-
sequent inward migration of the microspheres in water is a
unique transport phenomenon, different from the standard
effect �1,2� or the Marangoni effect �3,5�.

The phenomenon was found to depend on the particle
size. A series of real-time optical micrographs clearly illus-
trate this size dependence for particles suspended in water �a
droplet of �1.5 mm diameter; Fig. 2�a��. The results con-
cern both 2- and 20-�m-diameter PS microspheres and are
shown for different drying times t �with the complete evapo-
ration time t0 set to zero�. The motion of the large particles is
initially toward the edge but reversed to the center later on.
The reversal is faster for the particles closer to the edge. On
a contrary, most of the small particles tend to move con-
stantly near the edge, forming ringlike stains. This picture
suggests that the reversal motion of particles is much easier
for large particles than for small ones.
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FIG. 1. Typical results providing evidence for the reverse mo-
tion of particles. Sequential optical micrographs �18� were superim-
posed to reveal the motion of microspheres. We observe an inward
migration of 20-�m-diameter polystyrene microspheres suspended
in a drying water droplet on a solid substrate �Petri dish�. This
reverse motion phase was preceded by the formation of ringlike
stains at the perimeter by the normal coffee-ring effect.
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We present real-time x-ray micrographs showing the me-
niscus evolution of a drying water droplet �Fig. 2�b��. Precise
tracking of the air-water interface was made possible by
phase contrast microradiography �19–21�. We employ hard x
rays from a synchrotron source �7B2 beam line, Pohang
Light Source, Korea �20�� �dose rate of �1 kGy s−1� to ob-
tain clear images from a thick sample. High-flux, spatially
coherent, and hard x rays �photon energy of �10–60 keV�
are effective in delineating interfaces in multiphase systems
with a submicrometer-level accuracy �20�. This imaging
clearly shows the geometric constraints of the droplet that
determine the reverse particle motion: �i� the free liquid sur-
face, �ii� the pinned contact line, and �iii� the contact angle
that gradually decreases with evaporation; these are the same
elements that characterize the normal coffee-ring effect �1,2�.
Specifically, the average motion distance L of large particles
from the periphery increases with drying time until the mo-
tion is limited to the close packing at the center. Obviously,
the time evolution of L depends on the particle size �Fig.
2�a�� and on the contact angle evolution �Fig. 2�b��. Indeed,
we argue that the geometric evolution of the drying droplet is
a crucial factor in the reversal motion of particles.

We first notice that there is no protrusion of particles from
the droplet surface during evaporation even when the height
of the droplet surface becomes lower than the particle size,
as shown by the x-ray micrographs in Fig. 3�a�. No protru-
sion suggests the existence of a capillary force working on
the moving particles. The reverse motion of particles can be
explained by the net capillary force between liquid surface
and particles �16,17�. Particularly, the reversal happens
whenever the inward force caused by the capillary force pre-
vails over the outward flow by the coffee-ring effect. The
capillary force as schematically illustrated in Fig. 3�b� can

play a significant role in the reverse motion. The magnitude
of the force, which is related to the wetting property of the
particle surface, can be significant as one of the main factors
causing self-assembly of small colloidal particles and protein
macromolecules confined in thin liquid films �16�. Capillary
force acting on micron-sized particles is much larger than
thermal energy ��1 pN�103kBT /r� �17� and capillary pres-
sure from the curvature around the particles typically ex-
ceeds atmospheric pressure �22�. A geometric relation in Fig.
3�c� shows that the capillary force depends on the particle
size and the contact angle. The reverse motion distance L
from the edge, caused by the net capillary force F, increases
as the particle size increases or as the contact angle de-
creases. We argue that the capillary force relates to a geo-
metric relation tan�� /2�=r /L, with the particle radius r and
the contact angle �, assuming no protrusion of particles as
well as contact-line pinning. As seen in Fig. 2, the reverse
motion distance L and the contact angle � change with
evaporation time, whereas the particle radius r is constant.
The reverse motion dynamics is thus expected to relate with
the contact angle evolution.

We now discuss the dynamics of the reverse motion. The
reverse motion distance and the contact angle were, respec-
tively, measured from real-time optical and x-ray micro-
graphs. A power-law time dependence of ��t�=�0�t0− t�� is
empirically observed for the contact angle evolution. The
power law is typical for evaporating water droplets on a solid
substrate when the contact line is pinned �see Ref. �23��. The
tangent evolution of the contact angle can be simplified as
tan���t�����t� �radian� at small angles �typically �30°�. The
geometric relation based on the capillary force is then L�t�
=r / tan���t� /2��2r /��t���2r /�0��t0− t�−�. The reverse mo-
tion distance is therefore expected to exhibit an inverse
power-law scaling,

FIG. 2. �Color online� Real-time optical and x-ray micrographs.
�a� Top-view optical micrographs show the normal and reverse mo-
tions of 2- and 20-�m-diameter particles in an evaporating water
droplet of 1.5 mm diameter. �b� Side-view x-ray micrographs show
the gradual reduction in the contact angle with the evaporation time
for a water droplet suspension under the same conditions as �a�. The
reverse motion distance L from the edge increases with time, de-
pending on the particle size and the contact angle.

FIG. 3. �Color online� Capillary force leading to reverse motion.
�a� High-resolution x-ray micrographs in the vicinity of the droplet
edge. No protrusion of particles indicates the presence of capillary
force during evaporation. �b� A schematic view of the capillary
force explaining the reverse motion. �c� Geometric model of the
reverse motion. A relation tan�� /2�=r /L links the particle radius r,
the reverse moving distance L, and the contact angle �. The increase
in L is caused by the net capillary force F and is directly related to
the contact angle evolution.
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L�t� � L0�t0 − t�−�.

Here, L�t� is a function of the prefactor L0 and the exponent
� for the evaporation time �t0− t�. Indeed, the evolution of
L�t� �squares in Fig. 4� follows an inverse power-law func-
tion �solid line�. The exponent � �=0.942�0.008� is ap-
proximately equal to the exponent � �=0.935�0.005�, and
the prefactor L0 �=5467� is approximately equal to the value
of 2r /�0 �=5405� with r=10 �m and �0=0.0037. Here, �
and �0 were obtained by best fitting the time dependence of
the contact angle �circles�. The coincidence of ��� and
L0�2r /�0 suggests that the inverse power-law growth of
L�t� is related to the power-law reduction in ��t�. The inverse
power-law growth of L�t� applies even for different drop
sizes, Ddrop, as indicated by the dashed lines with a power of
−1 in the left inset of Fig. 4 �from the left to the right,
Ddrop=1.5-, 2.0-, 2.5-, and 4.0-mm-diameter drops�. Here,
since the prefactor �0 in L�t���2r /�0��t0− t�−1 depends on
the drop size, we rescale L�t��0�2r�t0− t�−1 in the right inset
of Fig. 4, where the trajectories are coincident. This result
implies that the inverse power law of L�t� is mostly related to
the particle size and the contact angle when the contact line
gets pinned and the capillary force drives particles to move
to the center.

The above analysis predicts that the motion can signifi-

cantly change with the particle size in a given droplet. This
leads to the separation of particles with different sizes as
observed in Fig. 2�a�: large particles tend to segregate near
the center, while small particles tend to segregate at the edge.
A similar particle separation was also reported in a recent
experiment �24�. This may open a new way to control par-
ticle separation with many different potential applications.

The reverse particle motion can strongly affect the pattern
�multiple-ring� formation. In fact we observed multiple rings
in a mixture of 3.6- and 0.2-�m-diameter fluorescently la-
beled PMMA �polymethylmethacrylate� particles using con-
focal microscopy. We used a mixture of PMMA particles
�density �PMMA=1.19 g cm−3 and index of refraction
nPMMA=1.49� suspended in decalin ��dec=0.897 g cm−3 and
ndec=1.48� �22�. Here, samples were dried on clean glass
substrates with an initial volume fraction of about 1%. A
sequence of confocal images �18� was taken for an evaporat-
ing droplet �1 �l� of the suspension as demonstrated in Fig.
5. A bright ring initially formed at the edge with large par-
ticles partly moves toward the center by the capillary force as
marked by the arrow. A new deposit ring is formed when the
reverse motion is stopped by rupture. This event repeatedly
occurs and multiple rings are thus generated by the compe-
tition between the normal coffee-ring and the reverse effects.
The same mechanism may explain the multiple-ring forma-
tion in DNA and colloidal droplets �7,9,10�.

In conclusion, we show a mechanism of reverse particle
motion that repels the coffee-ring effect because of the cap-
illary force near the contact line. From real-time monitoring
of particle motion and contact line in drying droplets with
optical, x-ray, and confocal microscopes, we suggest the geo-
metric constraints for this phenomenon. The reverse motion
by the capillary force may find interesting applications be-
sides the separation of particles with different sizes. In com-
bination with the normal coffee-ring effect, such reversal
phenomena may play an important role in pure science and
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FIG. 4. �Color online� Correlation of the moving distance and
the contact angle. The distance L�t� �open squares� and the angle
��t� �solid circles� were measured from the real-time optical �Fig.
2�a�� and x-ray �Fig. 2�b�� micrographs, respectively. The capillary
force is predicted to lead to an inverse power-law increase in the
moving distance L�t� from the edge. The measured contact angle
��t� that decreases with time �t→ t0� follows a power-law depen-
dence as ��t���0�t0− t�� �dotted line�. The measured moving dis-
tance in fact follows the inverse power law L�t��L0�t0− t�−�

��2r /�0��t0− t�−� �solid line�. The inverse power law L�t� applies
even for different droplet sizes, as shown by the dashed lines in the
left inset, reporting results for �from left to right� 1.5-, 2.0-, 2.5-,
and 4.0-mm-diameter drops. The power law L�t��0�2r�t0− t�−1 is
rescaled for different drop sizes with different �0 values in the right
inset.

FIG. 5. �Color online� Confocal micrographs of multiple-ring
formation. Multiple rings were formed from a mixture of 3.6- and
0.2-�m-diameter fluorescently labeled PMMA particles in decalin
on a clean cover glass. Sequential confocal images �18� taken for an
evaporating droplet of the suspension show that the reverse motion
�marked by the arrow and revealed by the bright ring of large par-
ticles� sweeps the particles toward the center and stops by rupture.
The repeated events result in the multiple-ring formation.
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in emerging technologies such as the deposition of DNA and
RNA microarrays, spotting methods for gene mapping, drug
discovery, and manufacturing of novel electronic and optical
architectures, including thin films and coatings �16�.
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on the early manuscript. This research was supported by the
Creative Research Initiatives �Functional X-ray Imaging� of
MEST/NRF.
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