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The experimental and theoretical studies are reported in this paper for the head-on collisions of a liquid
droplet with another of the same fluid resting on a solid substrate. The droplet on the hydrophobic
polydimethylsiloxane (PDMS) substrate remains in a shape of an approximately spherical segment and
is isometric to an incoming droplet. The colliding process of the binary droplets was recorded with
high-speed photography. Head-on collisions saw four different types of response in our experiments:
complete rebound, coalescence, partial rebound with conglutination, and coalescence accompanied by
conglutination. For a complete rebound, both droplets exhibited remarkable elasticity and the contact
time of the two colliding droplets was found to be in the range of 10–20 ms. With both droplets
approximately considered as elastic bodies, Hertz contact theory was introduced to estimate the contact
time for the complete rebound case. The estimated result was found to be on the same order of
magnitude as the experimental data, which indicates that the present model is reasonable.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Considerable attention has been focused on droplet collision
dynamics over a very wide time span due to its fundamental im-
portance and industrial applications. Pioneering work in droplet
collisions dates back to 1879, when Lord Rayleigh noted that small
droplets can rebound in collisions with a large pool of water [1,2],
and it was pointed out that the failure to achieve coalescence in
such circumstances is due to a layer of air trapped between the
two colliding surfaces to prevent a true contact. As is well known,
droplet collision and coagulation in clouds are helpful for the for-
mation of precipitation of rainfalls. Since the presence of feeble
electric forces can enhance the coalescence and formation of larger
drops during such collisions, electrical charges in clouds aid in the
coalescence of droplets and thus may initiate a rainfall.

Droplet impingement plays an important role in many indus-
trial applications, including ink-jet printing, spray painting and
coating, rapid spray cooling of hot surfaces. Recently, raindrops
have been used to harvest electric energy for microelectrome-
chanical systems (MEMS) from a piezoelectric system [3]. More
recently, the application of droplets has been expanded to the field
of biotechnology [4], such as to refill the evaporating droplets and
to inject nutrients or biochemical molecules contained in a droplet
into another one containing the cells. Comprehensive reviews on
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the droplet collision dynamics can be found in [5,6]. The collision
of a single droplet on a solid surface was studied to understand a
fundamental mechanism of the complex problem [7]. Experiments
show that when a droplet impacts on a solid surface, it may splash,
spread, rebound, partially rebound and so on, due to different wet-
ting properties of the surface and various impact velocities [8]. On
a super-hydrophobic surface, the droplet can fully rebound with re-
markable elasticity [9–11]. The contact time of a bouncing droplet
with different parameters was discussed [12,13].

The collisions of free droplets were investigated as another sit-
uation [14]. The Weber number, We = ρv2 R/γ , and the impact
parameter, B = χ/R , are the key parameters that determine the
behavior of collision of two liquid droplets, where ρ is the liquid
density, v is the relative velocity, R is the droplet radius, γ is the
surface tension, and χ is the projection of the separation distance
between the droplet centers in the direction normal to that of v .
Many available experiments suggest that the collision behavior
of hydrocarbon drops may differ significantly from that of water
drops. Qian and Law [14] obtained a regime map with respect to
the Weber number and the impact parameter. Three regimes were
observed in the collisions of water droplets: coalescence, off-center
separation, and near head-on separation. A single droplet impact
on films of the same liquid was also studied. The impact can in-
duce coalescence, splashing, bouncing, and droplet floating on the
liquid surface [15–17]. Experiments of droplets colliding onto a liq-
uid layer supported by a solid surface show that bouncing, partial
absorption, and total absorption may occur with different Weber
numbers [18].
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Polydimethylsiloxane (PDMS) elastomer has been widely used
as a versatile material in the fabrication of microfluidic devices,
rapid prototyping and nanolithography. The well-known advan-
tages of PDMS include its optical transparency, chemical inertness
and non-flammable property [19–21]. Motivated by such practi-
cal applications in microfluidics, the head-on collision of a droplet
with another one resting on a horizontal PDMS substrate is stud-
ied both experimentally and theoretically in the present paper. The
colliding process of the two droplets was captured with high-speed
photography. Different responses after collision were observed in
our experiments. Hertz contact theory was applied in a colliding
model and the contact time was estimated for the complete re-
bound case. The influence of the various impact velocities was also
discussed.

2. Materials and methods

2.1. PDMS substrate preparation

Two kinds of solid substrates were adopted in our experiments:
PDMS membrane (Sylgard 184, Dow Corning, USA; ratio of the base
to curing agent = 10:1) of 1.82 mm in thickness, vacuumed for an
hour to remove the trapped air-bubbles; and PDMS films fabricated
directly on the indium-tin-oxide (ITO) glass plate of 40 mm ×
40 mm × 1.1 mm, cleaned thoroughly by the sonicleaning method.
PDMS films were spread onto the ITO glass with spin coating by
spin coater (KW-4A). The relationship between the spin speed and
thickness of the PDMS film was obtained in our previous research
[22]. The thickness of the PDMS film was 7.6 μm, as measured with
the Surface Profiler (Dektek II A).

2.2. Experimental details

In our experiment, the droplet was placed on the solid sub-
strate and remained as a drop with a definite contact angle θ

between the liquid and solid phases, which was measured with the
OCA20 system (precision ±0.1◦) from Dataphysics, Germany, us-
ing a sessile drop method. Droplets were dropped to the substrate
with a dispense unit containing a syringe needle of the system.
When droplet 1 was deposited to the substrate, it kept vibrat-
ing for a while before reaching a steady state, and then droplet 2
was dropped and collided with droplet 1 (Fig. 1). The distance be-
tween the needle and the solid substrate was denoted by H . In the
collision experiments, H varied from 3.8 mm to 18.2 mm, the max-
imum range obtainable in our experiment. Two kinds of droplets
(pure water and soapy water with concentration of 2�) were
tested. The contact angle, which was denoted by θ in Fig. 1, was
recorded before each collision. For the pure water droplet, the con-
tact angle is 101.7 ± 2.1◦; for the soapy water droplet, 67.3 ± 1.4◦ .
The entire colliding process was recorded with high-speed photog-
raphy of 400 FPS (frame per second), under the temperature of
23.0 ◦C and the relative humidity of 31.0%.

3. Results

Four different types of response after collisions were observed:

(i) Complete rebound: Droplet 2 rebounded completely like an
elastic ball.

(ii) Coalescence: The two droplets coalesced directly without re-
bound, permanently merging into one drop.

(iii) Partial rebound with conglutination: Conglutination occurred
when droplet 2 rebounded and the two droplets separated
successfully.

(iv) Coalescence accompanied by conglutination: Droplet 2 re-
bounded and then coalesced with droplet 1 due to the con-
glutination.

Fig. 1. Schematic diagram of the collision of two droplets.

The governing parameters for the head-on collision of droplets
include: the impact velocity v , the droplet radius R , the droplet
density ρ , the gravitational acceleration g , the contact angle of
droplet 1 with the substrate θ , the surface tension γ and the co-
efficient of kinetic viscosity μ of the droplets, therefore, for a type
of the collision, we will have:

f (v,ρ, R,μ,γ , g, θ) = 0. (1)

For the collision of unequal sized drops the ratio of the sizes be-
comes an important parameter, and for off-center collisions an
impact angle must also be considered [23]. In the present paper,
we only consider the head-on collision of two isometric droplets
of the same fluid.

It is known from Buckingham’s Π theorem that there are
four independent dimensionless parameters: the Weber number,
the Capillary number, the Bond number and the contact angle of
droplet 1 with the substrate,

f1(We,Ca,Bo, θ) = 0. (2)

The Weber number, We = ρv2 R/γ , represents the ratio of the
inertial force to the surface tension force; the Capillary number,
Ca = μv/γ , compares the viscosity force and the surface tension
force; the Bond number, Bo = ρg R2/γ , is used to for the effect
of gravity of the droplet and is the ratio between the gravity force
and the surface tension force. A critical scale of the droplet, namely
the capillary length, can be reached when Bo = 1. The gravity
is neglected in this study because the droplet diameter (taking
droplet 2 for instance, the diameter is about 1.3 mm for pure wa-
ter and 1.1 mm for soapy water) is much smaller than the capillary
length (2.7 mm for pure water and 2.0 mm for soapy water). For a
certain droplet, the Bond number and the contact angle are essen-
tially fixed; hence the Weber number and the Capillary number
are the most important dimensionless parameters, which play a
governing role in the response of the collision.

It should be noted that there are some other dimensionless pa-
rameters for the wetting behavior, namely, the Ohnesorge number
On = μ/

√
ρRγ , the Reynolds number Re = ρv R/μ and the Froude

number Fr = v/
√

gl. But, they are not independent. For example,
the relation among the Capillary number, the Weber number and
the Ohnesorge number can be established as: On = Ca/

√
We; and

we also have: Re = √
We/On and Fr = √

We/Bo.
Complete rebounds were observed when a pure water droplet

collided with another one resting on the PDMS film coated on ITO
glass. The video sequence of this process is displayed in Fig. 2. The
impact velocity of droplet 2 was about 0.283 m/s, and We = 1.47.
In this case, both droplets exhibited remarkable elasticity. A theo-
retical model will be developed to estimate the contact time in the
next section of this paper.

Coalescences (Fig. 3) occurred much more frequently than re-
bounds. A capillary wave might be generated because of the un-
balanced surface tension force. A new droplet might be formed
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