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The evaporation of suspension droplets is the underlying mech-
anism in many surface-coating and surface-patterning applica-
tions. However, the uniformity of the final deposit suffers from
the coffee-stain effect caused by contact line pinning. Here,
we show that control over particle deposition can be achieved
through droplet evaporation on oil-wetted hydrophilic surfaces.
We demonstrate by flow visualization, theory, and numerics that
the final deposit of the particles is governed by the coupling of
the flow field in the evaporating droplet, the movement of its
contact line, and the wetting state of the thin film surrounding
the droplet. We show that the dynamics of the contact line can be
tuned through the addition of a surfactant, thereby controlling
the surface energies, which then leads to control over the final
particle deposit. We also obtain an analytical expression for the
radial velocity profile which reflects the hindering of the evapo-
ration at the rim of the droplet by the nonvolatile oil meniscus,
preventing flow toward the contact line, thus suppressing the
coffee-stain effect. Finally, we confirm our physical interpretation
by numerical simulations that are in qualitative agreement with
the experiment.

evaporation | coffee-stain effect | oil-wetted surface | contact line
dynamics

A coffee drop drying on a table top leaves a ring-like stain
behind, a mechanism which is well known as the “coffee-

stain effect” (1). It works as follows: When a coffee drop is
evaporating with a pinned contact line, suspended particles are
carried from the droplet interior toward its edge and are left
concentrated along the original drop edge. The reason lies
in the fact that to maintain a pinned contact line, the evap-
orated liquid at the contact line needs to be replenished by
liquid from the droplet’s interior, thereby transporting parti-
cles to the contact line. The ubiquitousness of the coffee-stain
effect makes it paradigmatic for scientific research, but for
many practical applications it is a hinderance hard to over-
come due to self-pinning caused by the suspended colloids (2).
However, in a wide variety of modern applications involving
the evaporation of colloidal drops, such as in inkjet printing
(3, 4), surface patterning (5, 6), and 3D printing technologies
(7), the uniformity of the final deposit is key. Therefore, ever
since the coffee-stain effect was revealed more than 20 y ago,
extensive research has been dedicated, and is still dedicated,
to controlling the phenomenon with the ultimate goal of its
prevention to homogeneously deposit particles through droplet
evaporation.

Within the studies that aim for control over particle depo-
sition by droplet evaporation, the approaches mainly focus
on internal flow manipulation (8–12) and particle–solid inter-
actions (13, 14). In particular, Marangoni effects in evapo-
rative multicomponent systems, either solutal (4, 15–19) or
thermal (20), have been suggested as an effective way to sup-
press outward capillary flow by continuously mixing the sus-
pended particles during the evaporation process. However,
recent experimental observations on the evaporation of mul-

ticomponent drops show complex physicochemical dynamics
that can be triggered by selective evaporation such as phase
separation (21–23) and crystallization (24). These systems are
typically far from equilibrium, i.e., with gradients in concen-
tration, which may bring uncertainties in the final deposition
pattern. Notably, in very recent studies, the segregation in binary
droplets even causes gravity-dominated flow (25, 26), which may
further complicate uniform particle deposition through droplet
evaporation.

In a parallel line of research, lubricated surfaces have recently
attracted a lot of attention due to their robust wetting prop-
erties for droplets deposited on their top (27–33), as on such
lubricated surfaces contact line pinning is reduced and the mobil-
ity of the droplets is strongly increased with respect to that
of the noncoated surface. Although there are many studies on
the mechanism of the extreme liquid repellency of lubricated
surfaces (34, 35), the drying behavior of a droplet on them
has barely been touched upon, let alone fully understood. Only
recently, Guan et al. (36) reported a study on the evaporation
of sessile droplets on slippery liquid-infused porous surfaces,
in which they mainly focused on the evaporation modes of
droplets on such lubricated surfaces. Even more recently, Gao
et al. (37) studied the flow behavior and particle deposition in
evaporating colloidal droplets on oil-coated surfaces. Through
varying oil-film parameters such as thickness and viscosity as well
as the hydrophilicity of substrates, they achieved an improved
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control on supraparticle formation and on uniform particle
deposition.

Here, we approach the problem in a different manner, that
is, by controlling particle deposition through the surface energy
of the droplet. We reveal the key characteristics of the evap-
oration of suspension droplets on oil-wetted surfaces through
experiments, theory, and numerics by which we show that the oil-
wetted surface allows for suppression of the coffee-stain effect
and that due to the controllability either a “coffee-eye” (12) or a
uniform particle coating can be achieved in the very same system,
simply by tuning a single parameter: the surface energy of the
droplet. The present work therefore opens up more application
perspectives for surface coatings, particle patterning, and self-
assembly. Furthermore, it is of great interest for industrial inkjet
printing, specifically to control the final deposit of colloidal pig-
ment particles that are typically destabilized by salts in a primer
layer printed prior to ink deposition (33).

The essence of our physical model system is shown in Fig. 1
A1: A water droplet (MilliQ; Millipore Corporation) sits on an
immiscible silicone oil film (Sigma-Aldrich; viscosity µ0 ≈ 1 Pa·s)
with a thickness h0 of 18± 1 µm that was spin coated on a solid
glass substrate (Gerhard Menzel GmbH; 76 × 26 mm). The glass
slide is hydrophilic with which water has an equilibrium contact
angle θw = 9± 1◦. Note that this oil-wetted substrate is different
from liquid-infused surfaces (LIS) (38), lubricated impregnated
surfaces (LIS) (31), or slippery liquid-infused porous surfaces
(SLIPS) (27), which are typically constructed by infusing rough
or porous materials with lyophilic oils. The water droplet was
then left to evaporate at ambient conditions. An oil meniscus
(“wetting ridge”) rapidly forms around the deposited droplet
to balance its three-phase contact line, as shown in Fig. 1 B1
with ~γoa +~γdo +~γda = 0 (28), where ~γ is the directional interfa-
cial tension, and the subscripts a, o, and d indicate the air and oil
phases and the droplet, respectively. When the spreading coef-
ficient, Sow(a) = γwa − γwo − γoa (31) is larger than zero, the oil
engulfs the droplet (Fig. 1 A1) to minimize its surface energy.
On the other hand, when Sow(a) < 0, the main part of the water

droplet remains uncovered by the oil (Fig. 1 B1). Note that in the
schematic in Fig. 1 A1 and B1, the droplets are in direct contact
with the substrate, meaning that no intercalated oil film between
the droplet and the substrate is present. This was confirmed by
interferometry measurements as detailed in SI Appendix.

Experimental Results
Flow Visualization. As a reference, we start our experiments
by quantifying the temporal evolution of both an evaporating
oil-engulfed particle-laden (2× 10−2 vol%, 0.52 µm particle
diameter; Fluoro-Max, red fluorescent polymer microspheres)
water droplet and that of a nonengulfed particle-laden water
droplet. The engulfed droplet comprised water (γoa ≈ 21 mN/m,
γwo ≈ 42 mN/m, γaw ≈ 72 mN/m) with a resulting spreading coef-
ficient Sow(a) of 9 mN/m. The nonengulfed state was reached by
lowering the surface energies of the air–water and the water–
oil interface to γaw(s) ≈ 33 mN/m (39) and γwo(s) ≈ 20 mN/m (40),
respectively, through the addition of a surfactant (sodium dode-
cyl sulfate [SDS]) at a concentration of two times the critical
micelle concentration (CMC) (1 CMC ≈ 2.36 g/L) (41). The
resulting spreading coefficient is negative (−8 mN/m), corre-
sponding to a nonengulfed state (Fig. 1 B1). The temporal evolu-
tion of the height profiles taken from a side-view recording of the
evaporating droplets (Fig. 1 A2 and B2) is shown in Fig. 1 A3 and
B3. The apparent contact angle θapp as defined by Guan et al. (36)
can be measured from the profiles. We use the theory suggested
by Semprebon et al. (32) to approximate the initial apparent con-
tact angle for both cases in our study: cosθapp = γoa−γds

γeff
, where

γds is the interfacial tension between droplet and solid substrate,
and γeff is the effective interfacial tension, which is given by
γeff = γaw when Sow(a) < 0 or γeff = γwo + γoa when Sow(a) > 0 (42).
Hence, for the first case (the water droplet on the oil-wetted sur-
faces, Sow(a) > 0), cosθapp = γoa−γds

γwo+γoa
≈ 0.33, where γds ≈ 0 due to

the almost complete wetting of water on the glass slide. Then
θapp = arccos(0.33)≈ 70.7◦. For the second case (the surfactant-
laden water droplet on the oil-wetted surfaces, Sow(a) < 0),

A1

BA pure water droplet surfactant-laden water droplet

B1

B2

0.1
0.2
0.3
0.4
0.5

0

mm

0 0.4 0.8-0.4-0.8 0 0.4 0.8-0.4-0.8 mmmm

mm 0 s 150 s 300 s 450 s 600 s 700 s 0 s 50 s 100 s 150 s 200 s 250 s
A3 B3

A2

0.1
0.2
0.3
0.4
0.5

0

θapp θapp(s)

θapp θapp(s)

Fig. 1. (A1 and B1) Schematic of a water droplet (A1) and a surfactant-laden water droplet (B1) sitting on an oil-wetted surface. B1, Inset illustrates the
surface tensions at the three-phase contact line and the thickness of the film (18 µm). (A2 and B2) Side-view images of both droplets at the start of the
evaporation process. (A3 and B3) Temporal evolution of the side-view profiles of both droplets. The length scales in A3 and B3 are identical.
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cosθapp(s) = γoa−γds
γaw(s)

≈ 0.64. Then θapp(s) = arccos(0.64)≈ 50.2◦.
From the experiment, we measure that θapp ≈ 70◦ and θapp(s) ≈
48◦, which are close to the prediction by the theory (32, 42). Note
that an annular wetting ridge was present for both droplets and
that the engulfed water droplet (Fig. 1 A2) had a much larger
apparent contact angle than the nonengulfed droplet (Fig. 1 B2).
Also note that the engulfed droplet evaporated with a mov-
ing contact line whereas that of the nonengulfed droplet was
pinned.

To further investigate the contact line behavior of both the
edge of the droplet and that of the oil meniscus, bottom-view
thin-film interferometry experiments were performed using a
confocal microscope. Therefore, monochromatic light with a
wavelength of 561 nm was focused on the upper surface of the
oil film and the reflected light was captured by a complemen-
tary metal-oxide semiconductor (CMOS) camera (details in SI
Appendix, Fig. S1). The results for the evaporating droplets are
shown in Fig. 2 A1–A3 and B1–B3. Here, the fringes are due to
interference between the light reflected from the solid/oil and the
oil/air interfaces whereas the dark ring results from the curved
meniscus reflecting the light away from the aperture of the imag-
ing lens. Note that the pure water droplet evaporated with a
moving contact line (Fig. 2 A1 and A2) (Movie S4) and that after
its evaporation, the suspended particles were left behind over a
small area as compared to the initial droplet size. The fringes in
Fig. 2 A3 show that the silicone oil film slowly filled the dimple
left behind by the evaporated droplet. On the other hand, the
surfactant-laden droplet evaporated with a pinned contact line
(Fig. 2 B1 and B2) (Movie S5). In the final stage of its lifetime,
the ring-shaped oil meniscus touched on the substrate after the
water underneath dried out (area between the red dashed ring
and the yellow dashed ring) and it did not retract to the original

contact line. The inner region of the substrate uncovered by the
oil meniscus (yellow dashed ring) was directly exposed to the air
with only particles left on the substrate. Thus, the area over which
particles are deposited is controlled by the contact line behavior
during the evaporation process.

The observed contact line pinning of the surfactant-laden
droplet results from surface energy minimization; i.e., the inter-
facial energy between the droplet and the substrate is lower than
that between the oil and the substrate. Hence, the interfacial area
remains unchanged to maintain the minimal surface energy of
the system. When the initial SDS concentration was lower than
0.17 CMC (0.4 g/L), a “slide–stick” regime was observed with
both a free moving and a pinned contact line, as shown schemat-
ically in Fig. 2C: The contact line first slides and then sticks due
to the decreased surface energy resulting from the evaporation-
driven increase in SDS concentration. This suggests that the area
over which particles are deposited can be controlled by the initial
surfactant concentration. The evaporation state, i.e., slide–stick
versus pinned, of surfactant-laden droplets is indicated by the
blue and yellow regimes in Fig. 2C, respectively. We quantify the
degree of contact line pinning by calculating the ratio of the final
particle deposit area Af and the initial contact area Ao. In the
stick–slide regime, it shows that the increasing initial concentra-
tion of SDS enlarges the ratio Af/Ao. It clearly indicates that by
tuning the surface energy of the droplet, the contact line behavior
of the droplet on an oil-wetted surface can be controlled which
in turn manipulates the size of final particle deposit.

We now further demonstrate that the coupling of the motion
of the oil meniscus and that of the contact line determines the
flow field inside the droplet and thereby the final deposition
pattern of the suspended colloidal particles. The flow field and
the final particle deposit were quantified by microparticle image

500 μm

A1 A2 A3

B1 B2 B3

500 μm

particle
deposit

0 0.2 0.4

Slide-stick

Pinned

Unpinned
Slide-stick
Pinned

Unpinned

C 1

0

0.5
830 s 1021 s0 s

0 s 330 s 640 s

Fig. 2. (A1–A3) Side-view sketch and bottom-view interferometric image of a water droplet evaporated on the oil-wetted substrate with a moving contact
line. (A3) After evaporation a dimple in the silicone oil film is left behind that slowly fills up due to capillary action. (B1–B3) The same for an evaporating
surfactant-laden water droplet (2 CMC) on the substrate with a pinned contact line. (B3) After the droplet fully evaporated, the oil meniscus fell down to
the substrate without retracting. By adding particles, we observed that in the interior (within the yellow dashed line), the substrate was exposed to the
air with only particles covering it, but within the region between the yellow and the red lines, the particles were entrapped by the oil meniscus. (C) The
phase diagram displaying the transition from “unpinned” to “pinned” against SDS concentration in the droplet. Af/Ao represents the area of final particle
deposit compared to the initial contact area.
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Fig. 3. (A and D) Experimental snapshots of the particle distribution in the focal plane ≈2 µm above the substrate at different time instants for a colloidal
water droplet (A) and a surfactant-laden (2 CMC) colloidal water droplet (D), respectively, both evaporating on the oil-wetted surface. The red dashed circle
in D indicates the inner boundary of the ring area, which is the regime covered by the wetting ridge. (B and E) Snapshots of the velocity field for each of
the images in A and D. (C) The evolution of the mean radial velocity Ūr for the water droplet in A and B. The vertical dashed line marks where the contact
line starts to move. (F) The evolution of the local radial velocity Ur at the distance R− r = 80 µm from the contact line for the surfactant-laden droplet
in D and E. The dashed line indicates the beginning of the rush-hour behavior: The radial velocity diverges toward the end of the droplet lifetime. The
red solid line is our model Eq. 3, which well describes the final rush hour. F, Inset displays the mean area averaged radial velocity Ūr of the entire flow
field.

velocimetry (µPIV) (experimental details in SI Appendix). The
flow field was measured at the plane 2.0 ± 0.5 µm above
the substrate. The corresponding fluorescence images for the
pure water droplet showing bright particles against a dark back-
ground are shown in Fig. 3A at different time instants. The
images were processed to obtain the time-resolved velocity fields
(Fig. 3B). The mean radial velocity of the pure water droplet
is shown in Fig. 3C as a function of time (positive values indi-
cate outward flow). In the early stage, t < 620 s, indicated by
the vertical dashed line, the droplet evaporated in the “con-
stant radius mode” with a continuously decreasing contact angle
and with a barely detectable and irregular flow. The typical
mean flow speed was Ū ≈ 1 µm/s, so that the Reynolds number
Re = Ū h0/ν≈ 10−3, with the kinematic viscosity ν≈ 10−6 m2/s.
After 620 s, the contact line started to recede, which led to
an increase of the mean flow velocity with a flow speed at
Ū ≈ 2 µm/s. When the droplet reached the end of its lifetime,
the flow slowed down and a coffee-eye deposit was left behind
on the substrate.

When the surfactant was added to the evaporating droplet at
a concentration of 2 CMC (4.73 g/L), the flow field changed dra-
matically. Fig. 3D shows the fluorescence images from which the
time-resolved velocity field was determined (Fig. 3E). In Fig 3F,
the local radial velocity Ur at the distance R− r = 80 µm from
the contact line and the mean radial velocity Ūr of the entire
flow field are shown. During the first phase of the evaporation
process (t . 130 s), the local gradient in surfactant concentra-
tion resulted in a Marangoni-driven flow, with a larger magnitude

(Ū ≈ 4 µm/s) than the flow in the evaporating pure water droplet
(Ū ≈ 1 µm/s). Note that the flow was still chaotic rather than
radially toward the edge of the droplet, which suppresses the
coffee-stain effect. At a later stage, radially outward streaming
patterns appeared but instead of flowing all of the way to the
edge of the droplet, the outward flow stopped at the location
indicated by the red dashed lines in Fig. 3D. Before t = 271 s, Ūr
was always negative, showing inward flow from the edge toward
the interior of the droplet. After t = 271 s, toward the end of the
droplet’s lifetime when its profile became very flat, flow reversal
occurred and the flow velocity dramatically increased, a phe-
nomenon known as “rush hour” (43). Nevertheless, despite the
strong radially outward flow in the final stage of the evaporation
process, the particle deposition pattern (Fig. 3D at t = 304 s) is
nearly homogeneous.

Quantification of Final Deposit. We now quantify the final parti-
cle deposits for the three different cases presented in Fig. 4:
(Fig. 4 A1) a colloidal water droplet on a glass slide, (Fig. 4 B1) a
colloidal water droplet on an oil-wetted surface, and (Fig. 4 C1)
a colloidal surfactant-laden water droplet on an oil-wetted sur-
face. The initial particle distribution at the beginning of the
evaporation process was homogeneous as can be observed from
Fig. 4 A2–C2. However, the final deposition patterns after the
droplets had fully evaporated were very different (Fig. 4 A3–
C3). The water droplet in absence of an oil film left behind a
cascading coffee-ring structure on the glass slide due to con-
tact line pinning caused by heterogeneous surface roughness

Li et al. PNAS | July 21, 2020 | vol. 117 | no. 29 | 16759
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Fig. 4. (A1–C1) Schematics of the droplets on the substrates under different conditions: (A1) a colloidal water droplet on the glass slide, (B1) a colloidal
water droplet on the oil-wetted surface, and (C1) a colloidal water droplet seeded with surfactant SDS at a concentration of 2 CMC on the oil-wetted
surface. (A2–C2) The particle distribution after the deposition of each droplet in A1, B1, and C1, respectively. (A3–C3) Comparison of the final deposition
patterns after full evaporation of the droplets in three cases. The red dashed lines indicate the original contact line positions. (A4–C4) Deposition profiles
along the radius r from the center to the original droplet edge are plotted for each of the images in A3, B3, and C3, respectively. R is the average radius of
the original contact area. The intensity profile Φ(r) is normalized with the maximum of Φ(r), where Φ(r) = (1/2π)

∫ 2π
0 I(r, θ)dθ and I(r, θ) is the local light

intensity.

and contact line interaction with particles. On the other hand,
the oil film dramatically changed the contact line mobility
such that during evaporation, the contact line moved inward,
thereby taking the particles along toward the droplet center, a
phenomenon which is often called “self-lubrication” (44, 45).
Note that the droplet was in direct contact with the glass sub-
strate such that the oil film was forced to slide inward with
the contact line. For the surfactant-laden droplet, the con-
tact line was pinned for most of the droplet’s lifetime, thereby
forming a nearly uniform deposition pattern. Indeed, for the
final deposits, starting at their center, the fluorescent inten-
sity was averaged over all angles to obtain the particle num-
ber density, and it was nearly uniform for the surfactant-laden
droplet on the oil-wetted substrate, which can be appreciated
from Fig. 4 A4–C4.

Hydrodynamic Model. We now theoretically analyze the observed
suppressed coffee-stain effect for the surfactant-laden droplet
evaporating on an oil-wetted surface. The mechanism that sup-
presses radial flow toward the edge can be interpreted from
mass-balance considerations (43). In contrast to the conventional
coffee-stain effect, evaporation at the droplet edge is hindered
by the nonvolatile oil meniscus. Hence, the evaporative flux

diverges at the oil–water–air three-phase contact line, instead of
the edge of the droplet. In the limit of small contact angles, the
flux profile is given by refs. 46 and 47,

J (r , t) =

{
j0[1− (r/Rin)2]−1/2+θ(t)/π (r <Rin),

0 (r ≥Rin),
[1]

with j0 = 2
π

D∆c
Rin

, D = 24× 10−6 m2/s the diffusion coefficient
for vapor in air, ∆c = 1.2× 10−2 kg/m3 the vapor concentration
difference between the drop surface and the surroundings, and
Rin the radius of the area uncovered by the meniscus (the area
within the red dashed circle in Fig. 3D). The temporal depen-
dence of the height-averaged radial velocity ū(r , t) at a distance
r from the drop center is expressed as (SI Appendix)

ū(r , t) =


− j0
ρ

πR2
in

(π+2θ)R3
2(R2−r2)

θr

+ j0
ρ

πR2
in

π+2θ
2R

θ(R2−r2)r
(1− r2

R2
in

)1/2+θ/π (r <Rin),

− j0
ρ

πR2
in

(π+2θ)R3
2(R2−r2)

θr
(r ≥Rin).

[2]
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For r ≥R, the velocity ū(r)≤ 0, which indicates that the liquid
flows from the edge toward the center within the contact line
regime, hence avoiding the coffee-stain effect. To compare this
simple model with the µPIV measurements, we note that those
are performed at a focal plane 2.0± 0.5 µm above the glass slide,
where the measured velocity differs from the height-averaged
velocity. Therefore we must also calculate the local radial veloc-
ity Ur(r , z , t) at distance z = 2 µm from the substrate, which
within the lubrication approximation of ref. 43 is given as

Ur(r , z , t) =

{
3

h2(r ,t)
ū(r , t)

(
h(r , t)z − 1

2
z 2
)

(r <Rin),
6

h2(r ,t)
ū(r , t)

(
h(r , t)z − z 2

)
(r ≥Rin),

[3]

with the local height of the droplet h(r , t) = θ(t)(R2 −
r2)/(2R). In Fig. 3F, we quantitatively compare the model with
the measured radial velocity at distance R− r = 80 µm from the
contact line (within the regime covered by the wetting ridge,
r >Rin). For the plot of the radial velocity predicted by Eq. 3
we took z = 2 µm, Rin = 380 µm, and R = 475 µm. The contact
angle θ(t) is calculated based on the droplet’s lifetime te , which
is determined from experiment (SI Appendix). The model shows
quantitative agreement with the experimental data, except for
the small period (t = 230 to 265 s) in the early stage of the rush-
hour behavior. The strong outward flow at the radial position
close to r =Rin explains the increase of the radial velocity in the
early stage of the rush hour. In the experiment, the flow reversal
does not always perfectly occur at r =Rin. This is also due to the
unpinning of the contact line. When the droplet becomes very
flat due to evaporation, the contact line detaches from one side
and the contact area shrinks toward the other side. Because of
this, the liquid tends to flow toward the pinning side, as shown in

Fig. 3D, Center Right. This mechanism is also the reason for the
uneven distribution of the particles in the very late stage of the
droplet’s lifetime.

Numerical Investigation. To substantiate our interpretation
regarding the suppression of the coffee-stain effect in the
surfactant-laden droplet on the oil-wetted substrate, we took
advantage of numerical simulations. In Fig. 5A, a snapshot
of the simulation of a pure water droplet on a glass substrate
with an advancing contact angle of θa = 20◦ and a receding
contact angle of θr = 10◦ is shown. The slip velocity can be
controlled by the choice of the slip length, which has been
set to ls = 5× 10−14 m here to match approximately the slip
duration in the experiments. As expected, the coffee-stain
effect transports the particles toward the rim during the pinned
phases in the evolution, whereas the contact lines move rather
quickly in the short intermediate slip regimes. The resulting
deposition pattern, as shown in Fig. 5C, reproduces the features
of the experimentally obtained pattern (cf. Fig. 4 A4), namely
sharp concentric deposition rings stemming from the pinned
evaporation phases.

The very thin engulfing oil layer on the pure water droplet
on the oil-wetted substrate, as depicted in Fig. 4 B1, is difficult
to incorporate into a simulation. Moreover, the exact evapora-
tion rate through this thin oil layer has not yet been quantified.
To that end, we present only a simulation of the third case, i.e.,
the surfactant-laden water droplet on an oil-wetted substrate (cf.
Fig. 4 C1). In that simulation, instead of considering the presence
of the surfactants directly, the surface tension of the droplet–
gas interface has been artificially reduced to γad = 33 mN/m. A
snapshot of the simulation is shown in Fig. 5B. It is clearly visi-
ble that there is still a singularity of the evaporation rate at the

B

A

C D

Fig. 5. (A and B) Numerical simulation of a water droplet on a glass substrate (A) and a water droplet with reduced surface tension on an oil-wetted
substrate (B). The images show the vapor concentration in the gas phase and the particle concentration (left) as well as the velocity (right) and the
evaporation rate at the interface. (C) Final deposition pattern of the stick–slide contact line dynamics (48–50) from simulation (A). (D) Almost uniform
final deposition pattern from simulation (B) as a consequence of the suppression of the coffee-stain effect via the oil film. Movies S9 and S10 show the
simulations.
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rim of the water–air interface. However, since it is not in con-
tact with the substrate but with the oil meniscus, the enhanced
particles at this position are not transported toward the rim of
the droplet, i.e., to the pinned contact line between water, oil,
and the substrate. Instead, as already predicted in the analytical
considerations (Eq. 2), the flow in the part of the droplet cov-
ered by the oil is directed inward. This indeed leads to a rather
homogeneous deposition pattern despite the pinned contact line
throughout the entire drying process, as shown in Fig. 5D.

Conclusions
In summary, we have systematically studied particle-laden
droplet evaporation on oil-wetted hydrophilic surfaces by exper-
iment, theory, and numerics. It is shown that the interfacial
energies between the droplet, the oil film, and the solid sub-
strate determine the wetting state and, moreover, influence the
flow structure. We have demonstrated that by tuning the sur-
face energy of droplets through the addition of surfactants, the
contact line dynamics can be controlled such that either the
coffee-stain effect can be suppressed to obtain a uniform depo-
sition or a size-controlled coffee-eye pattern can be formed.
Numerically, we simulate the evaporation of a water droplet on
a glass substrate and that of a surfactant-laden droplet evaporat-
ing with a meniscus arising from the oil film, showing a cascading
coffee-ring pattern and a uniform deposition, respectively. The
results are in qualitative agreement with the experimental obser-
vations. This work therefore offers a useful and robust method
to accomplish controlled particle deposition, which may open
further application perspectives for surface coating, particle pat-
terning, and self-assembly. Moreover, our study focuses on the
case that oil is coated on a hydrophilic substrate. It is definitely
worthwhile to further explore the particle deposition modes on
other lubricated surfaces such as LIS or SLIPS, which have more
complicated surface features. The knowledge on particle depo-
sition from evaporating particle-laden droplets on lubricated
surfaces is also very relevant for disease transmission or in the
agricultural context, where droplets are sprayed on leaves.

Materials and Methods
Experimental Methods. The evaporation process was recorded simultane-
ously from the side and the bottom (SI Appendix, Fig. S1): The side view
was used to characterize the geometrical parameters and the bottom view
was used to implement the µPIV measurement. For the side view, the
droplet was illuminated by an LED light source (MWWHL4 Warm White
Mounted LED; THORLABS) from one side and recorded from the other side
by a microscope (12× Ultrazoom; NAVITAR) connected to a CMOS cam-
era (MQ013MG-E2; XiQ). For the bottom view, a laser was used to excite

the fluorescent particles (Fluoro-Max; red fluorescent polymer microspheres:
excitation/emission 530/607 nm, diameter 0.52 µm) and a camera connected
to a microlens was used to capture the fluorescent signal emitted by the
particles. The two cameras were synchronized by a BNC pulse/delay gen-
erator. The typical frame rate for the measurement was 10 fps. The relative
humidity in the laboratory was measured with a standard hygrometer (±3%
relative humidity [RH] for 35 ∼ 70% RH at 20 ◦C). The temperature of
each experiment was between 21 and 22 ◦C. The relative humidity was
around 40%.

The silicone oil films were spin coated, resulting in uniform thickness over
the entire substrates. We controlled the film thickness by the spinning time
and the rotation speed. The spinning time and rotation speed were fixed
at 100 s and 25 rps. The thickness of the film was measured by a spectrom-
eter (OceanOptics HR2000+ with HL-2000-FHSA halogen light source) to be
18 ± 1 µm (51).

Numerical Model. A sharp-interface finite-element method combined with
an arbitrary Lagrangian–Eulerian approach has been developed and imple-
mented via the finite-element library OOMPH-LIB (object-oriented multi-
physics finite element library) (52). Within this method, the droplet is
considered to be axisymmetric. In the gas phase, the diffusion equation of
water vapor is solved, in that the local evaporation rate at the interface
is obtained. In the liquid, the Navier–Stokes equation determines the flow.
The presence of multiple interfaces, even with a three-phase contact line
between the three free interfaces (water–gas, oil–gas, water–oil), can easily
be treated with this approach, as the contributions of the individual sur-
face tensions to the stress are directly calculated at the sharp interfaces. The
numerical method, which generalizes the method described in ref. 53 by the
possibility of having arbitrarily shaped interfaces, has been successfully used
to reproduce experimental measurements on droplet evaporation (26), sub-
merged droplets with competing buoyancy, and Marangoni effects (54) and
Leidenfrost droplets (55). Since here we are also interested in deposition
patterns predicted by the numerics, a convection–diffusion equation for the
mass fraction of particles has been included and the most simple deposition
model has been used, namely a deposition rate proportional to the mass
fraction of particles in the liquid. Effects of particles on the fluid and on
the contact line dynamics, as well as particle–particle interactions and ther-
mal effects, have been disregarded for simplicity. The deposition profile is
given as an effective height based on the assumption of completely densely
packed particles.

Data Availability. All data discussed in this paper are available in the main
text and SI Appendix.
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