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W
hen

 a drop of liquid dries on
 a solid surface, its suspen

ded par-
ticulate m

atter is deposited in
 rin

g-like fashion
. T

his phen
om

en
on

, 
kn

ow
n

 as the coffee-rin
g effect

1
–

3, is fam
iliar to an

yon
e w

ho has 
observed a drop of coffee dry. D

urin
g the dryin

g process, drop 
edges becom

e pin
n

ed to the substrate, an
d capillary flow

 outw
ard 

from
 the cen

tre of the drop brin
gs suspen

ded particles to the edge 
as evaporation

 proceeds. A
fter evaporation

, suspen
ded particles 

are left highly con
cen

trated alon
g the origin

al drop edge. T
he 

coffee-ring effect is m
an

ifested in
 system

s w
ith diverse constituen

ts, 
ranging from

 large colloids
1

,4,5
 to n

anoparticles
6

 an
d in

dividual 
m

olecules
7. In

 fact—
despite the m

any practical applications for 
un

iform
 coatings in

 printin
g

8, biology
9

,1
0

 an
d com

plex assem
-

bly
1

1—
the ubiquitous n

ature of the effect has m
ade it difficult to 

avoid
6

,12
–

1
6. H

ere w
e show

 experim
en

tally that the shape of the sus-
pended particles is im

portan
t an

d can
 be used to elim

in
ate the 

coffee-ring effect: ellipsoidal particles are deposited un
iform

ly 
durin

g evaporation. T
he an

isotropic shape of the particles signifi-
can

tly deform
s in

terfaces, producin
g stron

g in
terparticle capillary 

in
teraction

s
1

7
–

23
 . T

hu
s, after the ellipsoids are carried to the air– 

w
ater in

terface by the sam
e outw

ard flow
 that causes the coffee-ring 

effect for spheres, strong long-ran
ged in

terparticle attraction
s 

betw
een

 ellipsoids lead to the form
ation

 of loosely packed or 
arrested structures on

 the air–w
ater in

terface
1

7
,18

,21
,2

4. T
hese struc-

tures preven
t the suspended particles from

 reachin
g the drop edge 

an
d en

sure uniform
 deposition

. In
terestin

gly, un
der appropriate 

condition
s, suspension

s of spheres m
ixed w

ith a sm
all n

um
ber of 

ellipsoids also produce uniform
 deposition

. T
hus, particle shape 

provides a convenient param
eter to control the deposition

 of 

ratios (a), including spheres (a 5
 1.0), slightly deform

ed spheres 
(a 5

 1.05, 1.1, 1.2, 1.5) and ellipsoids (a 5
 2.5, 3.5); w

e study volum
e 

fractions (w) that vary from
 10

2
4 to 2 3

 10
2

1. 
D

uring the drying process, the droplet contact line rem
ains pinned 

in all suspensions, and fluid (carrying particles) flow
s outw

ard from
 the 

drop centre to replenish the edges. Spherical particles are efficiently 
transported to the edge, either in the bulk or along the air–w

ater inter-
face, leaving a ring after evaporation is com

plete (Supplem
entary 
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A
ir 

W
ater 

S
ub

strate 

particles, w
ithout m

odification
 of particle or solven

t chem
istry. 

A
 drop of evaporating w

ater is a com
plex, difficult-to-control, non-

equilibrium
 system

. A
long w

ith capillary flow
, the evaporating drop 

features an air–w
ater interface shaped like a spherical cap and also 

M
arangoni flow

s induced by sm
all tem

perature differences betw
een 

the top of the drop and the contact line
4. A

ttem
pts to reverse or 

am
eliorate the coffee-ring effect have thus far focused on m

anipulating 
capillary flow

s
6,12–

16. In this contribution, w
e show

 that uniform
 coat-

ings during drying can be obtained sim
ply by changing particle shape. 

T
he uniform

 deposition of ellipsoids after evaporation (Fig. 1a) is 
readily apparent, and stands in stark contrast to the uneven ‘coffee 
ring’ deposition of spheres (Fig. 1b) in the sam

e solvent, w
ith the sam

e 
chem

ical com
position, and experiencing the sam

e capillary flow
s 

(Fig. 1c). 
M

uch of the physics of the coffee-ring effect has been dem
onstrated 

w
ith m

icrom
etre-sized polystyrene particles

1. H
ere w

e also utilize such 
particles and sim

ply m
odify their shape. O

ur experim
ents use w

ater 
drops 

containing 
a 

suspension 
of 

m
icrom

etre-sized 
polystyrene 

spheres stretched asym
m

etrically to different aspect ratios
25,26.

W
e

 
note that sim

ilar results w
ere obtained for hydrophilic ellipsoids and 

other anisotropic particles (see Supplem
entary Fig. 4). W

e evaporate 
the drops on glass slides and study suspensions containing particles of 
the sam

e com
position, but w

ith different m
ajor-axis/m

inor-axis aspect 
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Figure 1 | D
eposition

 of spheres an
d ellipsoids. a, b, Im

ages of the final 
distributions of ellipsoids (a) and spheres (b) after evaporation. Insets, particle 
shape. c, Schem

atic diagram
 of the evaporation process, depicting capillary flow

 
induced by pinned edges. E

vaporation occurs over the entire drop surface (blue 
arrow

s), so if the contact line w
ere free to recede, the drop profile w

ould be 
preserved during evaporation (dashed line). H

ow
ever, the contact line rem

ains 
pinned, so the contact angle decreases (solid line). T

hus, a capillary flow
 (black 

arrow
s), from

 the drop’s centre to its edges, is induced to replenish fluid at the 
contact line. d, D

roplet-norm
alized particle num

ber density, r/N
, plotted as 

function of radial distance from
 centre of drop for ellipsoids w

ith various 
m

ajor–m
inor axis aspect ratios (a). e, T

he m
axim

um
 local density, r

m
ax , 

norm
alized by the density in the m

iddle of the drop, r
m

id , plotted for all a.R
ed

 
lines guide the eye. 
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b c d 

0.5 mm 

Movies 1, 3 and 5). Anisotropic particles (a . 1.0), however, are only a 
transported towards the edge until they reach the air–water interface 
(Supplementary Movies 2, 4 and 6). Once at that interface, ellipsoids 
experience strong long-ranged attractions to other ellipsoids17–22, lead-
ing to the formation of loosely packed quasi-static or arrested structures 

t/tfnal = 0.25 t/tfnal = 0.75t/tfnal = 0 t/tfnal = 1at the interface24. On the interface, the interparticle attraction between 
anisotropic particles is more than two orders of magnitude stronger e 
than the attraction between spheres23. Thus, anisotropic particles in 
these ‘open’ structures are strongly bound to each other and to the 
interface, so the energy cost of deforming, moving or breaking up these 
clusters is very large. As a result, ellipsoid mobility is markedly reduced, 
and they resist the radially outward flow (Supplementary Information). 
Thus, when evaporation is complete, anisotropic particles are much 

f g h 

0.5 mm 

0.0 0.5 1.0 
t/tfnal 

10 μm k 

m 

Figure 2 | Transportation of particles over time. a–h, Experimental 
snapshots at different times t/tfinal during the evaporation of a drop of particle 
suspension; shown are data for spherical particles (left inset: a–d) and for 
ellipsoidal particles with aspect ratio a 5 3.5 (left inset: e–h). i, The areal particle 
density, rR, located within 20 mm of the contact line (that is, the drop edge) as a 
function of time during evaporation for ellipsoidal particles. j–m, Images of the 
assembly of ellipsoids at the air–water interface over the same time intervals 
during evaporation. Loosely packed structures form on the air–water interface, 
preventing ellipsoids from reaching the edge. The three-phase contact line is at 
the bottom left corner of these snapshots. 

the air–water interface before they reach the contact line (see below). 
This capillary attraction has been characterized in prior experiments as 
long-ranged and very strong17,18,23,27–29. The loosely packed configura-
tions formed by ellipsoids on the interface are structurally similar to 
those seen in previous experiments on ellipsoids at flat air–water and 
water–oil interfaces17,18,21 . They produce a surface viscosity that is 
much larger than the bulk viscosity, facilitating ellipsoid resistance 
to radially outward flows (Supplementary Information). We note that 
spheres also adsorb onto the interface during evaporation. However, 
spheres do not strongly deform the interface17 and they experience a 
much weaker interparticle attraction than ellipsoids23; thus, radially 
outward fluid flows push spheres to the drop’s edge4. 

Snapshots of the region within 40 mm of the drop contact line con-
firm that whereas spheres pack closely at the edge (Fig. 3a), ellipsoids 
form loosely packed structures (Fig. 3b), which prevent particles from 
reaching the contact line (Supplementary Movies 5 and 6). Particles 
with a 5 1.2 and 1.5 pack at higher area fractions than ellipsoids with 
a . 1.5, resulting in larger values of rmax/rmid for a 5 1.2 and 1.5 and 
producing the small peak in r(r) at  r/R 5 0.7 for a 5 1.2. The struc-
tures on the air–water interface appear to be locally arrested or 
‘jammed’24, that is, particles do not rearrange. Once an ellipsoid joins 
a collective structure, its position relative to other ellipsoids changes by 
less than 20 nm (the lower limit of our resolution), and the structure 
only rearranges when new particles become attached to the interface. 
In order to quantify the ability of interfacial aggregates of ellipsoids to 
resist bulk flow, we calculated the Boussinesq number for our experi-
mental system (see Supplementary Information for details), that is, the 
ratio of the surface drag to bulk drag for ellipsoids with a 5 3.5. The 
calculated Boussinesq number is much greater than 1, and grows 
exponentially with time (Supplementary Fig. 3). This behaviour is 
expected, as shear stress grows linearly with particle velocity, but elastic 
modulus grows exponentially with ellipsoid area fraction21, and dom-
inates the ratio. As might be anticipated, the Boussinesq number for 
spheres was much smaller than for ellipsoids, that is, it is less than 1. 

ji 0.6 α = 3.5 

α = 1.0 
more uniformly deposited on the glass surface than spheres. Although 
spheres also adsorb onto the interface during evaporation, they do not 
significantly deform the interface17. Therefore, the radially outward 
fluid flow continues to push them to the drop’s edge4. Figure 1 shows 
the final deposition, after evaporation on glass slides at 23 uC, of sus-
pensions of particles (w 5 0.005, 1 ml) with different aspect ratios. 
Spherical particles are primarily deposited at the original perimeter 
of the droplet (Fig. 1b). Ellipsoidal particles are distributed much more 
uniformly (Fig. 1a). 

To quantify the behaviour shown qualitatively in Fig. 1a and b, we 
determined the areal number fraction, r(r), of particles deposited as a 
function of radial distance (r) from the drop centre, normalized by the 
number of particles, N (Fig. 1d). For spheres (a 5 1.0), r/N is ,70 
times larger at r/R < 1 than in the middle of the drop (here R is the 
drop radius). Conversely, the density profile of ellipsoidal particles is 
fairly uniform as a function of r/R. As aspect ratio is increased from 
unity, the peak at large r/R decreases. A clear coffee-ring effect persists 
for particles only marginally distorted from their original spherical 
shape (a 5 1.05 and 1.1), but particles slightly more anisotropic 
(a 5 1.2) are deposited uniformly. This behaviour is summarized by 
calculating rmax/rmid (Fig. 1e), where rmax is the maximum value of r 
(typically located at r/R < 1) and rmid is the average value of r in the 
middle of the drop (r/R , 0.25). (See Supplementary Information and 
Supplementary Fig. 6.) 

Quantification of the spatio-temporal evaporation profile of the 
suspensions provides a first step towards understanding why ellipsoids 
are deposited uniformly. We measure drop mass of different suspen-
sions during evaporation (Supplementary Fig. 1). The drop mass 

21)decreases linearly in time, and the mass rate-of-change (10.0 mg s  
is the same for drops of sphere suspension, drops of ellipsoid suspen-
sion, and drops of pure water1,5. 

To confirm that the contact line remains pinned until the final stage 
of evaporation, we used video microscopy to measure drop radius 
during evaporation (Supplementary Fig. 2). Using these data, the time 
at which evaporation finishes, tfinal, is readily identified as the time 
when the drop radius shrinks to zero. Interestingly, we find that the 
radius decreases by less than 10% until t 5 0.8tfinal; that is, the contact 
line is pinned for the vast majority of the evaporation time period in all 
samples. For suspensions of ellipsoids, the contact line becomes par-
tially depinned around t 5 0.7tfinal, but does not become completely 
depinned until t 5 0.8tfinal. The experiments thus demonstrate that 
despite similar contact line behaviour, capillary flow, and evaporation 
rates, the deposition of spheres and ellipsoids differs significantly. 

Experimental images clearly reveal that whereas spheres are carried to 
the drop’s edge (Fig. 2a–d), ellipsoids are carried there to far lesser degree 
(Fig. 2e–h) (Supplementary Movies 2 and 4). We measured the average 
areal particle density close to the contact line, rR ~ 

Ð r~R 
rð Þr dr, as  r~R{20mm 

a function of time (Fig. 2i), and thereby demonstrated that ellipsoid 
density grows at a slower rate than sphere density (Supplementary 
Information.) 

Images of particles near the drop’s contact line (Fig. 2j–m) reveal 
that unlike spheres, which are carried from the bulk all the way to the 
contact line, most ellipsoids adhere to the loosely packed structures at 
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Figure 4 | Behaviour of spheres, ellipsoids, and mixtures of spheres and 
ellipsoids in drying liquid drops. For all cartoons, the leftmost and rightmost 
panels are side views at early and late times, respectively, and the centre panel is 
a top view showing particle trajectories (arrows) linking those times (original 

Contact line positions indicated with dashed lines, final positions indicated with solid lines). 
a–f, Cartoons depicting capillary flow that carries spheres (a–c) and ellipsoids 

Figure 3 | High-magnification images of particles near the drop contact (d–f) to the drop’s edge. Spheres leave a ring-like formation, whereas ellipsoids 
line. a–c, Top, microscope images of a region within 40 mm of the drop contact form loosely packed structures on the air–water interface. g, The deposition of 
line, taken at time t/tfinal 5 0.5, for suspensions of spheres (a), ellipsoids (a 5 3.5) mixtures of spheres and ellipsoids is characterized by the ratio r9 5 rmax/rmid 
(b), and ellipsoids (a 5 3.5) mixed with surfactant (SDS; 0.2 wt%) (c). Spheres (where rmax is the maximum local density and rmid is the density in the middle 
pack closely at the contact line. Ellipsoids form loosely packed structures. of the drop) as a function of ellipsoid volume fraction, wE. Two sizes of particles 
Surfactant lowers the drop surface tension, making ellipsoids pack closely at the are studied: d 5 5.0 mm (black squares) and d 5 0.7 mm (red circles), where d is 
contact line. For a and b, pictures of the entire drop after evaporation are shown 0the particle diameter. r9 is normalized by r0, the value of r9 when there are no 
(bottom) and the magnified region is boxed. d, e, Confocal projections of ellipsoids present, that is, when wE 5 0. The dashed line represents no change in 
suspensions of ellipsoids (a 5 2.5) (d) and  spheres  (e) onto the  z–r plane in the distribution of particles. The coffee-ring effect persists for mixtures of small 
cylindrical coordinates. This z-direction is indicated below b. 

To confirm that deformations of the interface are responsible for the 

spheres and ellipsoids, but is destroyed for mixtures of large spheres and 
ellipsoids. Error bars represent the uncertainty that results from finite bin sizes. 
h–j, Cartoons depicting capillary flow that carries suspensions of spheres and 

uniform deposition of ellipsoids, we added a small amount of surfact-
ant (sodium dodecyl sulphate, SDS, 0.2% by weight) to a suspension of 
ellipsoids with a 5 3.5. Surfactant lowers the surface tension of the 
drop, thus making interfacial deformations less energetically costly 
and shorter-range. This restores the coffee-ring effect; ellipsoids pack 
closely at the contact line (Fig. 3c), in a manner similar to spheres 
(Supplementary Movie 7). The ellipsoids no longer strongly deform 
the air–water interface and their interactions with other ellipsoids are 
correspondingly reduced; as a result, they move more easily along and 
on-and-off the interface and are able to pack close to the contact line. 
(We note that, without added surfactant, ellipsoids increase the air– 
water surface tension, as evidenced by an increase in contact angle 
from ,15u for spheres to ,35u for ellipsoids with a 5 3.5; Sup-
plementary Fig. 5). 

We obtained direct evidence that the ellipsoids sit at the air–water 
interface, using three-dimensional confocal microscopy. Confocal 
snapshots, projected onto a side view of the drop, clearly confirm that 
ellipsoids sit at the air–water interface (Fig. 3d), whereas spheres do not 
and are carried all the way to the contact line (Fig. 3e, summarized in 
Fig. 4a–f). 

Finally, we showed that the addition of small numbers of ellipsoids 
to sphere suspensions can also destroy the coffee-ring effect. If the 
diameter of the spheres is smaller than the minor axis of the ellipsoids, 
then the coffee ring persists; if the diameter is larger than that axis, then 
the coffee ring is destroyed. To observe this effect, we evaporated drops 
of suspensions containing both ellipsoids and spheres. 

Each suspension contains ellipsoids with a 5 3.5, stretched from 
particles of diameter d 5 1.3 mm, and spheres suspended at a volume 
fraction w 5 0.02. Evaporative deposits are characterized as a function 
of ellipsoid volume fraction wE via r9(wE) 5 rmax/rmid (Fig. 4g). First, 
we evaporated suspensions containing smaller spheres with 
d 5 0.7 mm, along with the ellipsoids at volume fractions ranging from 
wE 5 0 to 1.5  3 1024. After evaporation, the spheres displayed a clear 
coffee ring, and this coffee ring persists even if more ellipsoids are 
added to the initial suspension (Fig. 4g). The coffee-ring effect is unin-
hibited because spheres that are smaller than the ellipsoids are easily 
able to move under or through the loosely packed particle structures 
and reach the drop’s edge (Fig. 4h–j). 

If, instead, we evaporate suspensions containing larger spheres 
with d 5 5.0 mm, along with the same ellipsoids at the same volume 

ellipsoids to the drop’s edge. 

fractions used previously, then different phenomena emerge. When 
the ellipsoid volume fraction is very small (wE # 2.5 3 1025), the sus-
pensions still exhibit a clear coffee-ring effect. However, at larger wE, the  
coffee ring is diminished, and it eventually disappears at sufficiently 
large wE, that  is,  wE < 1.5 3 1024 (Fig. 4g). In this case, the larger spheres 
adsorb onto the air–water interface farther from the drop edge than do 
the ellipsoids. In the absence of ellipsoids, the spherical particles form 
closely packed aggregates, but in the presence of ellipsoids they instead 
join the loosely packed aggregates, eliminating the coffee-ring effect 
(Fig. 4h–j). Thus, uniform depositions can potentially be made with 
existing suspensions, simply by adding ellipsoids. 

Looking forward, we note that the ability to deposit particles uniformly 
is desirable in many applications8. Unfortunately, most proposed 
methods for avoiding the coffee-ring effect require long multistage 
processes, which can be costly in manufacturing or require use of 
organic solvents which are sometimes flammable and toxic6,12. Here 
we have shown that by exploiting a particle’s shape, a uniform deposit 
can be easily derived from an evaporating aqueous solution. These 
results further suggest that other methods of inducing strong capillary 
interactions, for example, surface roughness30, may also produce uni-
form deposits. 

METHODS SUMMARY 
To create ellipsoidal particles, 1.3-mm-diameter polystyrene particles (Invitrogen) 
are suspended in a polyvinyl alcohol (PVA) gel and are heated above the polystyrene 
melting point (,100 uC), but below the PVA melting point (,180 uC)25,26. 
Polystyrene melts in the process, but the PVA gel only softens. The PVA gel is then 
pulled so that the spherical cavities containing liquid polystyrene are stretched into 
ellipsoidal cavities. When the PVA gel cools, polystyrene solidifies in the distorted 
cavities and becomes frozen into an ellipsoidal shape. The hardened gel is dissolved 
in water, and the PVA is removed via centrifugation (see Supplementary 
Information for more details about PVA removal). Each iteration of this process 
creates ,109 ellipsoidal particles in ,50-ml suspensions. The particles are charge-
stabilized, and the resultant suspensions are surfactant-free. Snapshots of experi-
mental particles are shown in Fig. 1a and b insets. The aspect ratio polydispersity is 
,10%. To ensure the preparation process does not affect particle deposition, our 
spheres undergo the same procedure, without stretching. In our experiments, sus-
pensions of particles are placed on glass slides (Fisher Scientific) and evaporated. 

Confocal snapshots are shown in Fig. 3d and e. By integrating the brightness of 
each pixel over a period of 0.05 s, only particles that are roughly stationary during 
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this time period appear in the images. Snapshots are then projected onto a side-
view of the drop. 
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