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Vapor-Induced Motion of Two Pure Liquid Droplets
Yanqing Wena, Paul Y. Kimb, Shaowei Shi*a, Dong Wangc, Xingkun Man*d, Masao Doid, and Thomas 
P. Russell*a,b,e,f 

The movement of evaporating liquid droplets on a surface can be 
triggered by the Marangoni effect arising from heterogeneities in 
the surface tension or a gradient in the surface energy of the 
substrate. Here, we show that, on a high energy surface that 
remains uniform, the motion of two pure liquid droplets can be 
induced by a gradient in the liquid vapor resulting from 
evaporation. The droplets always attract each other, moving from 
the high evaporation side to the low evaporation side, to reduce 
energy dissipation. By varying the volume of the droplets or the 
distance between droplets, the motion of the droplets can be 
effectively controlled. 

Inducing and controlling the movement of droplets in a 
prescribed manner on a solid substrate has important 
ramifications for technical applications, ranging from coatings 
to microfluidics to heat transfer devices, but also can aid in our 
understanding of phenomena observed in nature where the 
motion of water droplets, for example, is critical for survival. 
Usually droplet motion can be achieved by an imbalance in the 
interfacial tension of the droplet with the substrate and the 
surface energies of the droplet and the substrate. This can be 
produced by gradients in temperature1-3 or composition4, 5 of a 
liquid surface, which is the well-known Marangoni effect,6 for 
example the “tears of wine” phenomenon observed in a wine 

glass. Variations in the surface tension of a solid substrate, e.g. 
a surface with a gradient in the surface energy7 or wettability,8-

14 that give rise to a hysteresis in the contact angle, can also 
induce such a directed motion. Here, liquid droplets that have a 
surface energy lower than that of the substrate, will move 
towards the area with higher surface energy to reduce the free 
energy of the system. Much experimental and theoretical 
attention has been given to these two mechanisms and various 
strategies to manipulate surface wettability and the motion of 
droplets, as seen with light-driven motion7 and the fast motion 
of liquid droplets10, 11 have been realized. 
  Recently, by using mixtures of two miscible liquids, specifically 
propylene glycol (PG) and water, Cira et al found that, on a high 
energy substrate where the wettability is uniform and 
unchanged, the mixtures do not spread but rather form stable 
droplets, which is explained by an evaporation-induced 
Marangoni effect.5 They also demonstrated that these droplets 
can move in response to the vapor emitted by neighboring 
droplets and fascinating droplet motion, including attraction, 
repulsion and “chasing” can be achieved. The increased vapor 
concentration between the droplets leads to less evaporation, 
causing an inhomogeneous local surface tension. Such a 
nonuniformity in the surface tension causes a Marangoni flow, 
leading to the droplet motion. Based on this study, the question 
arises as to the behavior of two droplets of same pure liquid and 
whether the motion of the droplets can be induced and, if so, 
what is the mechanism inducing the motion? Here, the 
mechanism described by Cira et al is not applicable, since there 
should be no Marangoni effect. 5 
  Using the Onsager principle, Man et al theoretically predicted 
the motion of two pure liquid droplets on an inert substrate and 
proposed a new mechanism for the droplet motion.15-19 They 
showed that, even in the absence of the Marangoni effect, 
droplet motion can be induced by a gradient in the evaporation 
rate of the droplets.20-27 The non-uniform evaporation rate 
drives droplet move from the high evaporation side to low 
evaporation side to reduce the energy dissipation associated 
with the inherent fluid flow induced by evaporation. Here, we 
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experimentally prove this mechanism and realize effective 
control of droplet motion.
  High energy substrates were achieved by cleaning glass 
microscope slides in a 7:3 (v/v) mixture of concentrated sulfuric 
acid and 30% hydrogen peroxide (piranha solution). After 
removal from the acid bath, the substrates were thoroughly 
washed in de-ionized water and then dried under a nitrogen gas 
flow. The substrates were used immediately after cleaning or 
stored in an inert atmosphere until use. All experiments were 
performed in a controlled humidity chamber at room 
temperature. n-hexane is used as the model droplet in this 
study, due to its vapor pressure (150.9 ± 0.1 mmHg at 25°C, γLV 
= 17.9 mN/m) and, importantly, it can form stable droplets on a 
high energy substrate with a contact angle of 6.5°, 
consequently the curvature of the droplets is very low. This 
conforms to the conditions used in the theoretical model with 
R >> H, where R and H are the radius and height of the droplet. 
PG and water are not suitable candidates because they spread 
completely when deposited on the substrate, where the 
spreading parameter S = γSV - (γLV + γSL) > 0, here γSV, γLV, and γSL 
are the interfacial tensions between solid/vapor, liquid/vapor, 
and solid/liquid (Video S1). In this case, no gradient in the 
evaporation rate is formed across the droplets and, as a result, 
no droplet motion is observed.
  Figure 1 and Video S2 show the motions of two 5 L n-hexane 
droplets on the substrate with homogenous surface energy. No 
movement was observed when a single droplet is placed on the 
substrate. However, in the presence of another droplet of the 
same liquid in close proximity (< 3 mm apart), by a long-range 
interaction, the two droplets move toward each other,  induced 
by the evaporation of the n-hexane, and then coalescence into 
one droplet. In addition to n-hexane, we also found liquids, such 
as cyclohexane (97.6 mmHg at 25°C, γLV = 24.7 mN/m) and ethyl 
acetate (94.7 mmHg at 25°C, γLV = 29.2 mN/m), that formed 
stable droplets and attracted each other (Video S3). This result 
provides experimental evidence that vapor gradients from 
solvent evaporation can induce the motion of pure droplets. For 
the case presented, each droplet lies in the vapor gradient 
produced by the other, causing a local increase in the vapor 
concentration and, therefore, a decrease in the evaporation on 
the adjacent portions of the droplets, breaking evaporation 
symmetry. The non-uniform evaporation rate moves the 
droplet from the high evaporation side to the low evaporation 
side, which can be understood by the minimum energy 
dissipation principle in Stokes hydrodynamics.19

 Fig. 1 The motion behavior of two 5 L n-hexane droplets on a 
high energy substrate. These two droplets are deposited from 
left to right in a short time, with an initial shortest edge-to-edge 
distance L0 of ~2.7 mm.

  To further support this argument, we passed a uniform, gentle 
flow of nitrogen onto the droplets to remove or significantly 
reduce the vapor gradient between the droplets and found that 
the motion could be completely arrested. When the nitrogen 
flow was stopped, the two droplets again moved toward each 
other due to the recovered vapor gradient (Video S4). Also, this 
vapor-induced motion of two pure liquid droplets can be 
realized when there is a physical break in the substrate between 
the droplets. Here, two glass slides were used and were placed 
next to one another, but not touching, and droplets of n-hexane 
were placed on each (Video S5). As in the continuous substrate 
case, the droplets moved toward each other, then stopped at 
the edge of the substrates, clearly showing that droplet motion 
is not due to a thin, wetting-layer film between the two 
droplets. Furthermore, we showed two droplets approaching 
each other even on two glass slides with slight height difference 
(0.13-0.17 mm, Video S6).
  We also observed a deformation of the droplet during the 
motion process where the droplets shape changed from the 
initial circular shapes to an egg-like shape pointed toward each 
other. In the analysis we assume the shape to be elliptical with 
a major (long) and minor (short) axis. To quantify the motion 
behavior of the droplets, including the velocity and the 
deformation, a custom-made Matlab code was used. By plotting 
L/L0 as a function of  - t, where L is the shortest edge-to-edge 
distance between droplets, L0 is the initial shortest edge-to-
edge distance between droplets (~2.7 mm), and  is the time of 
droplet contact, we observed that the speed of two droplets 
increased as they approached each other. Our theoretical 
model shows that the velocity of the droplet induced by the 
gradient of evaporation rate is,19

                                                                          (1)
𝑑𝑥𝑐(𝑡)

𝑑𝑡 = ―
𝑅
𝜃𝛽𝐽

where, xc(t) is the center of the droplet contact line, θ is the 
apparent contact angle, and βJ is a constant parameter to 
describe the gradient of the evaporation rate. Equation (1) is 
solved using the full expansions of R(t), V(t) and θ(t). All 
variables are time dependent, so:
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where V0 and R0 are the initial droplet volume and contact line 
radius, θe is the equilibrium contact angle, τev is the 
characteristic time for the droplet to fully evaporate, and C is a 
constant. This full model has two fitting parameters Kev (the 
evaporation rate) and βJ. As the two droplets are initially 
separated by a distance that is smaller than the droplet size in 
the experiments, we assume that both parameters are constant 
during the evaporation. Using the assumption, we can calculate 
the shape evolution and the center velocity of the droplet for 
given Kev  and βJ. We set the value of these parameters by fitting 
the result with experimental data. Then, we calculated the 
edge-to-edge distance L(t) via L(t) = L0 - . The comparison x𝑡
between theoretical and experimental results of L/L0 as a 
function of  - t is shown in Figure 2a, which shows that good 
agreement was obtained. 
  By plotting a/b as a function of  - t, where a and b are the long 
and the short axes of the droplet, respectively, we observed 
that the degree of deformation also increased as the two 
droplets approached each other (Figure 2b). The droplet 
deformation arises mainly from the contact angle hysteresis.28-

31 To move, the contact angle at the moving front must be larger 
than the advanced contact angle θA, while it has to be smaller 
than the receding contact angle θR on the other side. The 
asymmetry between θA-θe  and θe-θR  leads to different moving 
velocities for the advancing and receding contact lines, 
respectively, causing the droplet deformation. It should be 
noted that the theoretical model is for an ideal situation 
without contact angle hysteresis.19 

Fig. 2 Velocity and deformation for two freely moving 5 L n-
hexane droplets. (a) Normalized distance L/L0 between two 
droplets as a function of  - t (L0 ~ 2.7 mm; blue curve: 
experimental result; black curve: average experimental result; 
red curve: theoretical result). (b) The degree of deformation 
(a/b) of the left droplet as a function of  - t. (c) Normalized 

distance L/L0 between two droplets as a function of  - t with 
different L0.

  Further support of the evaporation-induced droplet motion is 
found when two droplets were sequentially deposited onto the 
substrate surface, the second droplet that was deposited 
(termed as D2) always moved initially and moved a longer 
distance than the droplet deposited initially (termed as D1). 
When D1 is placed on the substrate, the uniform evaporation 
rate produces a vapor gradient around the droplet. When D2 is 
deposited close to D1, the pre-existing vapor gradient of D1 will 
immediately influence the evaporation rate of D2, giving rise to 
a non-uniform evaporation rate across the droplet, driving the 
movement of D2 toward D1. As D2 evaporates and approaches, 
the gradient of vapor produced by D2 will in turn affect the 
evaporation of D1, inducing a hysteretic motion of D1 toward D2.
 If the distance between D1 and D2 is too large (> 3 mm), the 
effect of the vapor gradient of D1 on D2 is significantly weakened 
and no movement of the droplets is observed. Within a critical 
distance (termed the longest distance that droplets can move), 
we found that the velocity of the droplets decreased (a 
reduction in slope) as the distance between the droplets 
increased (Figure 2c). This is understandable because, at a 
greater distance, the heterogeneity in the evaporation rate 
across the droplets is smaller, releasing a weak vapor signal to 
droplets, leading to reduced motion. 
  We further investigated the motion of large-small droplet pairs 
with L0 of ~2.7 mm. The volume of the larger droplet (deposited 
initially) varies from 5 L to 60 L, while the volume of the 
smaller droplet (deposited secondly) is kept constant at 1 L. 
Unlike the results of two droplets with the same volume, for the 
large-small pair, the larger droplet did not move, while the 
smaller droplet always moved toward the larger droplet (Video 
S7). The larger droplet provides a stronger vapor gradient 
environment than the smaller one and has a greater effect on 
the evaporation rate of the smaller droplet. The vapor gradient 
produced by the small droplet is weak and, in comparison, can 
even be ignored, if the volume difference between the droplets 
is sufficiently large. Also, it is possible that contact angle 
hysteresis plays a role here in inhibiting the large droplet from 
moving. In the presence of contact angle hysteresis, the 
threshold force to activate the droplet motion increases with 
the length of contact line. For a large droplet, this threshold 
cannot be met by the capillary force induced by the vapor 
gradient produced by the small droplet. By varying the volume 
of the larger droplet, the velocity of the smaller droplet can be 
tuned. As shown in Figure 3a, we observed that the greater the 
volume of the larger droplet, the faster is the velocity of the 
smaller droplet motion, which can also be explained by the 
degree of the heterogeneity in the evaporation rate across the 
small droplet. The deformation of the smaller droplet is shown 
in Figure 3b, which shows that the higher the velocity of the 
droplet, the greater is the deformation during the motion 
process (Video S7).
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Fig. 3 Velocity comparison of a big-small droplet pair and the 
deformation of small droplet. (a) Normalized distance L/L0 
between two droplets as a function of  - t. (b) The degree of 
deformation a/b of the left droplet as a function of  - t.

  As we discussed above, for the droplet pair with equal droplet 
volumes, the droplet deposited second always moves initially, 
followed by the movement of the droplet deposited initially. For 
the large-small droplet pair with relatively large volume 
differences, the smaller droplet that is deposited secondly 
moves toward the larger droplet, while the larger droplet does 
not move. However, for the large-small droplet pair, if we 
change the deposition order of the droplets and deposit the 
smaller droplet first, will the larger droplet in response to the 
gradient established by the initial smaller droplet? Figure 4 
shows a comparison using two droplets, the larger with a 
volume of 5 L and the smaller with a volume of 1 L. It is 
evident that the larger droplet can move toward the smaller 
droplet, but the smaller droplet moves also. It was difficult to 
determine which droplet moves initially. In repeated 
experiments, three results were observed (the smaller droplet 
moves initially, the larger droplet moves initially, and both 
droplets move simultaneously). These results show that there is 
a delicate balance between the existing vapor gradient from the 
smaller droplet and subsequently produced vapor gradient 
from the larger droplet, and the motion order of the two 
droplets is a result of the interaction between these two vapor 
gradients, which was difficult to control under the experimental 
conditions, since the placement of the second larger droplet 
takes a finite amount of time to complete. Similar results were 
observed when using larger droplets with even greater volumes 
(Video S8).

Fig. 4 Motions of large-small droplet pair by changing the 
deposition order of droplets. The vertical dashed lines are the 
initial positions of the centers of the droplets (left: the big 
droplet was deposited first; right: the small droplet was 
deposited first).

Conclusions
In summary, we show proof for a new droplet motion 
mechanism where the gradient of evaporation rate can induce 
the motion of droplets from the high evaporation side to the 
low evaporation side. The experimental data of the motion of 
two identical pure liquid droplets is in good agreement with 
theoretical predictions. The vapor gradient produced by one 
droplet plays an important role in controlling the evaporation 
rate of a second droplet, resulting in a movement of the 
droplets toward each other. The movement can be induced, 
stopped, and accelerated by tuning parameters such as the 
volume of the droplets and the separation distance between 
the droplets. 

The mechanism of the droplet motion we proposed in this 
paper is based on our macroscopic observations. The droplet 
motion may be affected by the local structures, such as a 
precursor film that may form around droplets. If the film has a 
gradient in surface tension or disjoining pressures due to the 
gradient in the vapor density, it may generate a force to drive 
droplet motion. However, the effects of the asymmetric vapor 
density on the surface tension and the disjoining pressure are 
not known. A preliminary consideration, assuming that the 
surface tension and the disjoining pressure (i.e., the inverse of 
the film thickness) decreases with an increase of the vapor 
density, indicates that the two droplets will move away from 
rather than approach each other. We therefore stayed within 
our macroscopic model and left this issue for future studies. 
Understanding the mechanism underpinning such motion will 
be of great interest coatings, microfluidics and self-cleaning 
surfaces.
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