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Abstract
The coffee ring effect is a common manifestation of evaporative self-organization. Conventional strategies to control this effect, such as particle 
modification or surfactant addition, can be effective but often compromise the intrinsic physicochemical properties of substrates, solvents, or 
particles, thereby limiting their applicability. This study demonstrates a versatile route for modulating coffee-ring deposition, providing a 
complementary strategy for controlling evaporative self-organization in functional coatings and droplet-based material processing.
Keywords: coffee-ring, evaporative self-organization, marangoni effects.

Graphical abstract

Self-organization is a hallmark of nonequilibrium systems, 
where macroscopic structures spontaneously emerge from in
teractions of microscopic components under continuous en
ergy dissipation. Such pattern-forming processes are 
ubiquitous in nature, for example, Turing patterns,1,2 the 
Belousov–Zhabotinsky reaction,3,4 Bénard convection,5,6

Liesegang patterns,7,8 and chemical gardens.9,10 These exam
ples illustrate how nonequilibrium transport and reaction 
processes can drive spatial ordering on length scales far ex
ceeding those of the constituent molecules or particles. 
Among these manifestations of dissipative self-organization, 
the coffee-ring effect represents a familiar phenomenon ob
servable in everyday life, while simultaneously attracting sig
nificant fundamental and technological interest.11–19 In 
particular, it has been explored in applications such as DNA 
chips,20 solar cells,21 surface-enhanced Raman scattering de
vices,22,23 biosensing materials,16,24 display technologies,25,26

printed electronics,27 laser-induced breakdown spectros
copy,28 and organic solvent nanofiltration,29 where the ring- 
like deposition of colloidal particles formed along the contact 
line of an evaporating droplet can either be exploited or must 
be carefully controlled. To realize such diverse functionalities, 

a wide variety of building blocks have been employed, includ
ing metallic nanoparticles,16,23,30 quantum dots,25,26 carbon 
nanomaterials,27,31 MoS2 nanosheets,24 polymer par
ticles,32–34 silica particles,35–37 coffee particles,38 bacteria,39

liquid crystals,40 and salts,41 all of which have been reported 
to form coffee-ring deposits under appropriate conditions.

The formation of a coffee ring is a simple process; when a 
solution dries on a solid surface, the solutes or particles in 
the solution deposit and form a ring-like deposit at the droplet 
periphery or along the contact line. The driving force for the 
accumulation of colloidal particles into a ring-like structure 
is an outward capillary flow that continuously transports sus
pended particles from the droplet center to the pinned contact 
line.11,42 This flow is induced by the faster solvent evaporation 
at the edge compared to that at the apex due to the geometry of 
the liquid–air interface. Thus, contact-line pinning plays a cru
cial role in maintaining the radial flow throughout evapor
ation. The interplay among the evaporation profile, capillary 
circulation, contact-line dynamics, and Marangoni stresses ul
timately determines the deposition morphology.

As noted above, a variety of applications have been ex
plored, and depending on the context, coffee-ring formation 
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may need to be suppressed, while in other cases it can be ad
vantageously exploited. Accordingly, numerous strategies 
have been developed to control coffee-ring deposition on the 
basis of its underlying formation mechanisms, including ap
proaches based on substrate modification,28,30,38 particle 
modification,27,31,33,34,36,37 and the addition of chemical addi
tives to solutions.32,43,44 Although these approaches can ef
fectively control coffee-ring formation, they may also 
compromise the intrinsic properties of the particles themselves 
or alter the characteristics of the resulting deposits, thereby re
stricting their applicability in practical applications. This chal
lenge has motivated strategies that avoid the direct 
modification of system components—such as substrates, par
ticles, or solution compositions—and instead employ indirect 
external interventions to control coffee-ring formation, for ex
ample, experiments with reduced gravity41 and focused green- 
laser irradiation.35

Herein, we endeavored to establish a simpler and more ver
satile indirect approach. Specifically, we investigate the effect 
of applying a vertical thermal gradient by positioning 2 oppos
ing thermo-plates, one above and one below an evaporating 
droplet. The imposed temperature gradient modified the va
por pressure distribution and surface tension at the liquid– 
air interface, thereby altering the balance of the capillary 
and Marangoni flows responsible for coffee-ring formation. 
Rather than targeting comprehensive control, this work sug
gests a new pathway toward modulating coffee-ring depos
ition, which can be combined with other strategies as a 
complementary element for controlling evaporative self- 
organization without perturbing the intrinsic properties of 
the substrate, solvent, or colloidal particles.

The configuration and other experimental and analytical 
protocols are described in the Supplementary Information. 
When the lower plate was held at 20 °C and the upper plate 
was not heated, the droplet height monotonically decreased 
with time while the footprint diameter remained essentially 
constant (Fig. 1a). By 360 min, only a very thin residual film 
remained visible. This observation indicates that drying pro
ceeded in constant contact radius (CCR) mode, consistent 
with strong contact-line pinning.35,38,44 In this mode, the 
droplet footprint remains fixed while evaporation progressive
ly reduces the droplet height. As the solvent is lost, suspended 
particles are continuously advected toward the pinned contact 
line by an outward capillary flow, eventually accumulating to 
form a peripheral ring known as the coffee ring, as shown in 
Supplementary Fig. S1. When the lower plate was kept at 
20 °C, and the upper plate was set to 40 °C, the droplet 

exhibited the same CCR mode (Fig. 1b); the footprint diam
eter remained constant, while the height decreased. This indi
cates that applying an upper hot plate did not alter the 
underlying drying mechanism. However, the drying kinetics 
accelerated, and near-complete evaporation was reached by 
240 min, substantially earlier than that in the nonheated case.

To further confirm that the accelerated drying originates 
from thermal effects due to the upper plate, we performed fi
nite element simulations using μ-EXCEL (Mutec Co., Ltd., 
Tokyo, Japan). Figure 2a shows the calculated temperature 
distribution for D = 5 mm, taken 5 min after the onset of heat
ing. A clear vertical gradient is established above the droplet, 
with the air temperature near the droplet apex (red circle) ele
vated relative to that at the droplet side (blue circle). The tem
poral evolution of the local gas-phase temperature at these 
positions is shown in Fig. 2b. While the temperature near 
the side (blue) remains essentially constant at the lower plate 
temperature (20 °C), the temperature at the apex position 
(red) rapidly increases within the first 30 s and reaches an ele
vation of ∼2.5 K above the baseline. This localized heating of 
the gas layer above the droplet is expected to enhance the va
por pressure gradient and thereby accelerate solvent evapor
ation. This interpretation is consistent with the experimental 
acceleration of drying observed in Fig. 1b. These simulation 
results support the conclusion that the reduced drying time ob
served in Fig. 1 arises from a heating-induced modification of 
the surrounding thermal environment.

Because the droplet in these experiments was confined be
tween 2 plates, both vapor diffusion into the surrounding at
mosphere and heat transfer from the upper plate were 
expected to be sensitive to the inter-plate spacing. This raised 
the possibility that the drying kinetics and deposition morph
ology would strongly depend on the inter-plate distance D. To 
examine these effects, we systematically varied D (5, 11, 15, 
and 30 mm) and quantified the drying time τdry and relative 
ring width Wring. When the upper plate was not heated, τdry 

significantly decreased as D increased (Fig. 3a). At the smallest 
D of 5 mm, evaporation was significantly delayed, with the 
average τdry = 855.9 min. In contrast, at D > 11 mm, τdry de
creased to 200 to 400 min. As shown in Fig. 3b, a narrow 

Fig. 2 Thermal simulations of confined droplet environments at lower 
plate at 20 °C and upper plate at 40 °C. a) Calculated temperature 
distribution above a droplet with D = 5 mm, 5 min after the onset of 
heating. The apex (red circle) shows an elevated gas-phase temperature 
relative to that of the side (blue circle). b) Temporal evolution of 
gas-phase temperature at the apex (red) and side (blue).

Fig. 1 Time evolution of sessile droplets confined between 2 plates. 
a) Lower plate at 20 °C and upper plate unheated. b) Lower plate at 20 °C 
and upper plate at 40 °C. The initial height of the droplet was 
approximately 3 mm; thus, the distance between the droplet apex and 
the top plate was 2 mm at the minimum inter-plate distance of 5 mm.
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spacing (D = 5 mm) yielded the thickest rings, with the 
average Wring = 0.090. As D increased, the rings became pro
gressively thinner, with average Wring values of 0.066, 0.064, 
and 0.060 for D = 11, 15, and 30 mm, respectively. This 
correlation between longer drying times and broader ring de
posits is consistent with previous studies,31 which have shown 
that extended evaporation provides more time for capillary- 
driven flows to transport suspended particles toward the 
pinned contact line. As a result, a greater number of particles 
accumulate at the droplet edge, leading to wider coffee-ring 
structures. Thus, the enlarged ring width observed at smaller 
D values can be attributed to the prolonged lifetime of out
ward flows under slow-drying conditions.

Heating the upper plate to 40 °C led to a slight reduction in 
τdry compared with the nonheated condition, with τdry = 200 
to 300 min for D = 11 to 30 mm (Fig. 3c). In contrast, for 
D = 5 mm, the average τdry significantly decreased from 
855.9 min (nonheated condition) to 573.5 min. This pro
nounced acceleration is likely attributable to the enhanced 
thermal conduction through a confined air layer, which be
comes significant when the upper plate is placed close to the 
droplet. However, the behavior of Wring under heating dif
fered from that of τdry (Fig. 3d). At D = 5 mm, Wring remained 
essentially unchanged relative to that with no upper heating 
(average Wring = 0.090), despite a significant decrease in τdry. 
Furthermore, for D = 11, 15, and 30 mm, the average Wring in
creased to 0.075, 0.072, and 0.066, respectively, despite only a 
slight decrease in τdry. As noted above, according to the CCR 
mechanism, shorter drying times should result in fewer par
ticles being transported to the contact line, leading to thinner 
rings. Nevertheless, at D = 5 mm, Wring remained constant al
though τdry was significantly shortened, and for D = 11 to 
30 mm, Wring increased despite τdry being slightly shortened. 
Taken together, these findings indicate that in all cases heating 

promoted particle transport to the contact line, resulting in 
thicker rings than expected from CCR-driven dynamics alone. 
This clear deviation from the CCR-based trend strongly sug
gests the involvement of an additional heating-induced 
mechanism.

In this study, we discuss 2 possible heating-induced path
ways that can account for the observed behavior. The first 
mechanism is related to vapor pressure differences (Fig. 4a). 
Under normal conditions without heating, the Gibbs– 
Thomson effect leads to enhanced evaporation at the droplet 

Fig. 3 Dependence of drying time τdry and relative ring width Wring on the inter-plate distance D. a, b) No upper heating. c, d) With upper heating at 40 °C.

Fig. 4 Schematic of the 2 proposed heating-induced mechanisms. a) 
Effect of temperature-dependent vapor pressure. b) Effect of 
temperature-dependent surface tension.
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edge compared to that at the apex, establishing a vapor pres
sure gradient that drives outward capillary flows and particle 
transport toward the periphery. However, when heating is ap
plied, simulations (Fig. 2) showed that the apex temperature 
rises above that at the edge, which increases the vapor pressure 
at the top of the droplet (right side of Fig. 4a). This can reduce 
the edge-to-apex vapor pressure difference and thus weaken 
the convective driving force. Consequently, if this mechanism 
dominated, heating will suppress ring formation rather than 
enhance it. Because our experiments reveal thicker rings under 
heating, this pathway is unlikely to play the primary role in the 
present system.

The second mechanism involves surface tension-driven 
Marangoni circulation (Fig. 4b). The surface tension of water 
decreases with increasing temperature. Therefore, the higher 
temperature at the droplet apex (Fig. 2) results in a relatively 
lower surface tension compared to that at the cooler periph
ery. Marangoni flow generally drives liquid motion from re
gions of lower surface tension to regions of higher surface 
tension, which in this case corresponds to circulation directed 
outward toward the cooler contact line. It should be noted 
that the CCR framework itself primarily accounts for the 
geometry-constrained capillary flow that transports particles 
to the pinned contact line. However, Marangoni circulation 
can concurrently act as an additional driving force, reinforcing 
the capillary transport dictated by the CCR drying. This mech
anism is fully consistent with our observations that heating 
produces thicker rings even when drying times are reduced, 
as enhanced outward Marangoni transport compensates for 
the shortened evaporation period.

Taken together, these considerations suggest that enhanced 
surface tension-driven Marangoni flow is the primary origin of 
the heating-induced deviations from CCR dynamics observed 
for this system. While the vapor pressure effect may still play a 
secondary role, the predominance of interfacial tension gra
dients under our conditions highlights a new pathway for ex
ternally modulating evaporative self-organization. Further 
validation through particle tracking and localized flow field 
measurements is crucial and may provide a foundation for in
tegrating this mechanism with other control strategies in prac
tical applications. While vertical thermal gradients drive 
outward Marangoni flow here, extreme confinement or larger 
thermal gradients may flatten the vapor pressure profile, sup
pressing capillary flow. This interplay between Marangoni en
hancement and vapor-driven suppression warrants further 
investigation to map deposition regimes.

We introduced a new indirect strategy for controlling 
coffee-ring formation by confining evaporating colloidal 
droplets between 2 thermo-plates. Systematic variation of 
the inter-plate distance D revealed that narrower gaps prolong 
drying and lead to thicker rings, consistent with the CCR 
mechanism. However, when the upper plate was heated, a 
clear deviation from CCR dynamics was observed; the ring 
widths increased, although the drying times decreased. Finite 
element simulations indicated that localized heating of the 
gas phase above the droplet accelerates evaporation, while a 
mechanistic analysis pointed to an enhanced surface tension- 
driven Marangoni flow as the dominant factor responsible 
for the observed thickening of rings. While the quantitative re
lationship between the Marangoni number and the evapor
ation rate remains to be fully elucidated, further studies 
using advanced techniques will provide more detailed insights. 
Further, although we attempted to visualize the internal flow 

in the current study, further quantification was limited by 
the resolution of our existing setup. However, our findings in
dicate that externally applied thermal fields can modulate par
ticle transport independent of the intrinsic properties of the 
substrate, solvent, or particles, where the interfacial tension- 
driven Marangoni circulation plays a key role for tuning 
evaporative self-organization. This mechanism can serve as a 
complementary element to existing strategies, offering new 
opportunities for versatile control over coffee-ring deposition 
in practical applications.

Supplementary material
Supplementary material is available at Chemistry Letters
online.
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