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ABSTRACT: A droplet could spread on a solid substrate within several milliseconds, and be
divided into two stages: a fast inertial stage and a subsequent slow viscous stage. The effects of
inertia and viscosity on spreading are presented with Ohnesorge number. A small Ohnesorge
number corresponds to an initial inertial spreading. In this study, spreading experiments were
carried out with a time resolution of 1 μs. Results disclose that the viscous force could retard
droplet spreading at the beginning of liquid/solid surface contact, even with an Ohnesorge
number smaller than 0.1. According to simulation results, the viscous retardation could be
ascribed to the real high local shear rate along the contact line at the spreading front. These
results provide a new insight on droplet spreading dynamics and proposes, where exists a third
viscous-inertial stage during the initial droplets spreading process.

1. INTRODUCTION

Spreading of liquid droplets on a rigid flat surface, such as in
raining,1 spin coatings,2 painting,3 liquid adhesion4 and inkjet
printing,5,6 is universal and usually happens in a time scaled
from milliseconds to seconds. During a spreading process, the
droplet meniscus near the contact front is usually a circle. The
surface energy differences among the liquid/solid, solid/air, and
liquid/air interfaces supply the driving force of liquid spreading.
The inertial force and the viscous force act as resistance forces
during spreading. Plenty studies have been carried out on the
spreading dynamics of liquid due to its importance in science
and engineering applications.7−20

During the process of liquid droplets spreading on a solid
surface, an initial fast stage and a subsequent slow stage have
been found.7−10 The spreading radius r(t) increases as t1/2 in
the fast stage7 and as t1/10 (known as Tanner’s law8−10) in the
slow stage, where t denotes time. The duration time of fast
stage is expressed as7
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where η,γ,ρ,R are the viscosity, surface tension, density and
radius of the pendant droplet, respectively. Equation 1 shows
that the duration time of fast stage is mainly dependent on the
droplet size. The ratio of inertial and viscous velocity,
Ohnesorge number Oh = η/ γρR , indicates that a smaller
Oh induces a longer time of fast stage.7

The fast stage is dominated by the inertia effect, whereas the
slow stage is dominated by the viscosity of liquid.11,12

Researchers have experimentally investigated the effects of
droplet size, viscosity of liquid, and wettability of solid surface
on spreading dynamics.7,13−16 The droplet size is also
important in the fast stage, whereas the fluid viscosity is not.

The spreading velocity increases as the droplet size increases. In
the fast stage, the spreading is mainly resisted by the inertial
force.7,13,14 The wettability of a partial wetting solid surface has
a minor effect on the initial fast spreading. However, the
spreading velocity decreases with the increase of liquid/solid
contact angle at later stage of fast spreading.13,15,16 During the
slow spreading, the viscous friction hinders the liquid droplet
spreading until the spreading radius reaches an equilibrium
value.9,17 In this paper, the fast and slow stage are described as
inertial stage and viscous stage, respectively.
In previous studies on the spreading dynamics, the

geometrical evolution of liquid droplet was usually captured
by a high-speed camera.18−20 However, it is very expensive to
achieve a time resolution of 1 μs. Recently, an electrical method
with a high temporal and spatial resolution has been proposed
to characterize the spreading process of conductive droplets.
Some new phenomena about the coalescence process of two
conductive droplets have been disclosed.21−25 Case et al.
obtained the spreading velocity of bridge radius at t ≪ 10 μs,
and proposed an earlier stage in which the two liquids coalesce
with a slightly deformed cylindrical interface, and found the
spreading velocity at t ≪ 10 μs is contradictory to previous
reports of viscous stage.21,22 Early studies have identified the
coalescence process of liquid drops has similar stages in liquid
spreading.13,15,21 However, Paulsen et al. captured the
coalescence shapes of two silicone-oil drops by electrical
measurements and found an earlier viscous-inertial stage ahead
of the inertial stage and viscous stage. During the viscous-
inertial stage, the viscous force, surface tension, and inertial
force are equally important in the coalescence process.23,24
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However, such an important stage during droplets spreading
has not been reported yet. The aim of this study is to
characterize the effect of viscous force on the process of
droplets spreading, especially on the beginning several
milliseconds, with an electrical measurement and a finite
element simulation. In this study, an equivalent circuit was
proposed and selected a suitable frequency of AC power supply
of the electrical method by analyzing the electrochemical
impedance spectroscopy (EIS) of the liquid/solid interface
system. By analyzing the high-frequency electrical signals, a
relationship between the spreading radius and the resistance of
liquid meniscus was deduced. By comparing the spreading
velocity of liquids with same conductivity, the viscous force
retarded droplet spreading was disclosed at the initial spreading
time. In former researches, Eddi et al. showed the variation of
the spreading velocity for different viscosity droplets by
recording images of pendent drops spreading on flat substrates.
However, the spreading velocity only decreased slightly when
the viscosity was larger than 220 mPa·s, corresponding to an
Ohnesorge number larger than 1.16 Moreover, to further
understand the effect of viscous force on the dynamic wetting
process, a finite element analysis using a level set method
(COMSOL Multiphysics) was carried out to explain the
phenomenon.

2. EXPERIMENTAL SECTION
2.1. Experimental Apparatus. The conductive liquids

used in the experiment were mixtures of potassium chloride
(KCl) solution and glycerin. Properties of these mixtures are
listed in Table S1 of the Supporting Information (SI Section
S1). The Oh of the liquids are much smaller than 0.1. Figure 1

shows the schematic of the experiment. Two parallel glass
plates coated with a conductive indium tin oxide (ITO) thin
film (yellow layers) were used. A TopPette Pipettors (Dragon

Lab) was used to manually put one droplet (with volume of 5
μL) on the lower ITO plate. The droplet radius (R) on the
glass plate is ∼1.7 mm, which is smaller than the capillary
length,26 therefore to neglect the gravity effect. Then the upper
ITO glass plate was moved downward at a velocity of ∼3 μm/s
to contact with the droplet. Once the upper plate contacted
with the droplet, the motion was stopped.
The two ITO electrodes were connected in series with a

resistor (R0 = 1000Ω) and a signal generator (Agilent
Corporation) supplying sinusoidal AC power. The minimum
voltage for water electrolysis to take place is up to 1.23 V at
room temperature.27 To avoid electrolyzing, the amplitude of
the AC power was set to 300 mV. During experiments, the
voltage on R0 and the AC power were recorded simultaneously
with a PCI data acquisition (DAQ) card (Art Technology
Development Corporation). The maximum acquisition rate is
80 million points per second. A high-speed camera (Optronis
Camera) with a long-range working distance lens recorded the
images of droplets at a rate of 1922 frames/s.

2.2. Simulation. A two-dimensional axisymmetric model
and a level set method were used to simulate the dynamic
wetting process of a droplet. More details on the level set
method and the simulation model are presented in Section S2
of the SI. By considering that the dynamic contact angle may
vary with contact line velocity during droplet spreading, the
correlation of dynamic contact angle and contact line velocity
with the effect of viscosity of liquid is expressed as28,29
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where kB is the Boltzmann’s constant, T is the absolute
temperature, l is the average length of each molecular
displacement, h is the Planck’s constant, Vm is the molecular
volume of water, κs

0 is the frequency of the molecular
displacement and vcl is the velocity of contact line.

3. RESULTS AND DISCUSSION

3.1. Equivalent Circuit. An electrochemical workstation
(Autolab) was used to obtain the EIS of the glass−liquid-glass
(GLG) system (Figure 1) after the droplet completely wetted
the upper plate. Figure 2 shows the Bode (Figure 2a) and
Nyquist (Figure 2b) plots of liquids with different viscosity and
conductivity. Z represents the total resistance of GLG system,
and Phase means the degree difference between electrical
resistance (Z′) and capacitive impedance (−Z″). According to
Bard, the Bode and Nyquist plots prove that the GLG system

Figure 1. Schematic of the test system. The upper plate was moved
down at a velocity ∼3 μ m/s. Once it touched the liquid drop, it was
stopped.

Figure 2. Bode (a) and Nyquist (b) plots of liquids with different viscosity and conductivity. Inset of panel b is a simplified circuit when the AC
signal frequency is above 104 Hz.
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consists of a resistor and a capacitor in series, because Z
maintains a constant and Z′ becomes the dominant factor at
high frequency.30 When the frequency is above 104 Hz, the
phase angle is below 20 degrees and the electrical resistance
keeps a stable value. It indicates that the frequency of AC
power should be larger than about 104 Hz to make the droplets
electrical resistance be dominant during the dynamic spreading
process. On this condition, we proposed a simplified circuit as
shown in the inset of Figure 2b. Rs, Cp, and RITO denote the
droplet electrical resistance, the total capacitance of GLG
system and the resistance of one ITO plate, respectively. The
droplet electrical resistance is expressed as

θ
=

−
−R

U U
R

cos
2

R
U

R

S
m

ITOR

0

0

0 (3)

where Um is the amplitude of sine wave power, UR0
is the

maximum voltage on R0 in each cycle, and θ represents the
phase difference between Um and UR0

. When the AC power
frequency is 1 MHz, the time resolution could be up to 1 μs.
3.2. Relationship of Spreading Radius and Droplets

Electrical Resistance. Typical side and top views of droplets
during the first 4 ms of spreading are shown in Figure 3a. The
spreading radius could be achieved from the top view images as
shown in Figure 3b (hollow symbols). The droplet began to
deform at the top position and the capillary wave passed to the
bottom rapidly as the spreading radius increasing. During the
spreading process, the geometry of droplets turned from a
sphere into a cone. The droplet electrical resistance, Rs, could
be expressed as

∫ ∫σ σπ
= =R

S
y

x y
y

1
d
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d
h h
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0 0 2

(4)

where h is the height of liquid droplet, S and x(y) are the
section area and radius of the dashed circle shown in Figure 3c.
Equation 4 indicates that the electrical resistance is mainly
dependent on the minimal section area. Figure 3d shows the
relationship between the droplet electrical resistance multiplied
by conductivity (σRs) and the reciprocal of the spreading radius

(1/rmin) obtained from images. Figure 3d indicates that σRs is
linearly proportional to 1/rmin, and Rs could be described as

ξ
σ

ξ
σ

= −R
r Rs

1

min

2

co (5)

where Rco = 1 mn is a fitting radius. The values of ξ1 and ξ2 of
droplets with different conductivities are used to calculate the
spreading radius as shown in Table S2 (SI Section S3).
Based on the above electrical method, the spreading radius

was calculated by eq 3 and (5). Comparison of spreading radius
got by the electrical method and images is shown Figure 3b.
The log−log inset of Figure 3b shows the spreading radius (1
mPa·s, 11.7 mS/cm) obtained from the electrical method agree
well with that from the high speed camera (pure water
spreading on a completely wetting surface) within 1 ms.15,16

3.3. The Effect of Liquid Conductivity on the Electrical
Method. The spreading radius of liquids with viscosity of 1
mPa·s and different conductivity are shown in Figure 4. When

the conductivity is very low, the spreading radius tend to level
off during the beginning 10 μs. The inset of Figure S3 (SI
Section S3) proves that the electrical force does not affect the
spreading radius at such low voltage. Through fitting the data in
the Nyquist plot (Figure S4a in SI Section S4) obtained by the
electrochemical workstation, the solution resistance (Rsl) and
the effective double-layer capacitance (Cd) could be obtained as

Figure 3. Typical experimental results. (a) Typical side view and top view of droplets with different viscosity during spreading. The white scale bar
represents 1 mm. rmin represents the spreading radius. (b) Evolution of spreading radius of liquid bridge as a function of time. The open symbols and
solid ones represent data from pictures and calculated with resistance, respectively. (c) Geometry of one liquid droplet during spreading process. (d)
Droplets electrical resistance multiplied by conductivity (σRs) versus reciprocal of spreading radius (1/rmin).

Figure 4. Spreading radius of liquids with a same viscosity of ∼1 mPa·s
and various conductivity in a range of 1.4−52.6 mS/cm.
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shown in Figure 5a. The effective double-layer capacitance can
be expressed as31

= +− − −C Q R R( )n n n
d

1/
sl

1
p

1 ( 1)/
(6)

π
=Z

Q j f
1

( 2 )nCPE
(7)

where Rp is the polarization resistance, f represents the
frequency of power supply. The value of the parameters in
eqs 6 and (7) are shown in Table S3 (SI Section S4). The
effective double-layer capacitance is almost the same for liquid
with different conductivity and the solution resistance is
inversely proportional to the liquid conductivity. The time
constant (τ0) for the RC circuit is expressed as

τ ∼ R C0 sl d (8)

The time constant is proportional to the solution resistance
as shown in Figure 5a. When the liquid conductivity is larger
than about 10 mS/cm, the time constant will contain a very low
value.

Circuit simulation was carried out by MATLLAB to reveal
how the time constant affects the electrical method during the
droplet spreading process. The simulation circuit is shown in
Figure S5 (SI Section S4). Rm decreasing as tαm, represents the
droplet resistance during the wetting process. The inset of
Figure 5b shows the simulation time constant for liquids with
different conductivity. The rapid discharge time of capacitance
decreases with the decrease of the simulation time constant as
shown in Figure 5b. The voltage on R0 would not change with
the law of spreading radius increasing during the capacitance
rapid discharge time. That is the reason that when the
conductivity is very low, the spreading radius tend to level off at
early time as shown in Figure 4. As the spreading radius
increases, the time constant will decrease and the spreading
radius will be independent of liquid conductivity. Figure S4b
(SI Section S4) shows that when conductivity is about 10−20
mS/cm, the values of C and α in eq S10 (SI Section S3) are
close to 1.2 and 0.5, which are in agreement with previous study
results.15

3.4. The Effect of Liquids Viscosity on the Initial
Spreading. To understand the role of liquid viscosity on the
initial spreading, the spreading radii of liquids with conductivity

Figure 5. Simulation results. (a) The evolution of solution resistance (Rsl) and time constant (τ0) of RC circuit as a function of solution conductivity.
The circuit in the inset is the equivalent circuits used to fit impedance data. (b) Simulation voltage of the capacitance varying with time.

Figure 6. Comparison of spreading velocity and simulation viscous force for liquids with different viscosity. (a) Spreading radius of liquids with the
same conductivity of ∼15 mS/cm and various viscosities. Panel a is the enlarged view of the dashed line area in the inset. (b) The value of C and α
versus viscosity. C and α are obtained from the data in (a) during the first 10 μs. (c) Evolution of shear rate contour of different viscosity liquids as a
function of spreading time. The results are the region encircled by the red dashed line in Figure S1a (SI Section S2). (d) Comparison of qualitative
viscous force for liquids with different viscosity.
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in the range of 10−20 mS/cm and different viscosity are shown
in Figure 6a. The values of C and α obtained from the data in
Figure 6a within the initial 10 μs are shown in Figure 6b. Figure
6b indicates that the spreading velocity decreases significantly
as the increase of liquid viscosity. It seems to be inconsistent
with the general description of the inertial force-dominated
initial spreading for Oh < 1.7

To explain the effect of viscosity on the initial spreading of
droplets, simulation of the shear rate distribution of droplets at
the spreading front was carried out. The simulation results
showed that the viscous force is high at the beginning of
spreading even for low-viscosity liquids due to the high local
shear rate at the spreading front.
Close-up images of the shear rate contour are shown in

Figure 6c. The local shear rate along the contact line is much
higher than other areas. For low-viscosity liquids (1, 10 mPa·s),
the shear rate distributed on the upper plate decreases with
time. For high-viscosity liquids (100, 1000 mPa·s), the shear
rate distribution does not change significantly as the spreading
radius increases. The viscous force is defined as

ηγ= ̇F Lvs ave (9)

where γȧve is the average shear rate distributed on the upper
plate, L is the length of the upper boundary in the simulation
model. Using eq 9, the viscous force during the dynamic
wetting process was shown in Figure 6d. For low-viscosity
liquids, the viscous force kept a high value during the initial 20
μs, and then decreased sharply. For high-viscosity liquids, the
viscous force kept a high value during all the initial spreading.
Base on the simulation, the viscous force could not be
neglected during the initial spreading, even for low-viscosity
liquids and macroscopic Oh < 1.
3.5. Viscous-Inertial Stage. Based on the results, we

propose that there exists a viscous-inertial stage at the
beginning of spreading before the inertial dominating stage as
sketched in Figure 7. Once the distance between the surfaces of

solid and liquid (d) is smaller than about 10 nm, the liquid
surface jumps into contacting with the solid surface due to the
attractive van der Waals force as shown in Figure 7a,32,33

= −F
A R

d6vdw
sal

2 (10)

where Asal is the Hamaker constant of the solid and liquid
surfaces across air. The spreading radius varies from zero to
several nanometers.
After the droplet contacts with the solid surface, the

spreading radius increases rapidly from several nanometers to
several micrometers as shown in Figure 7b. There is a meniscus
on the liquid surface near the contact area. The curvature of the
meniscus could be expressed as7,34

∼r
R
rm 2 (11)

So the driven force FL caused by the Laplace pressure (PL) is
7
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2
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The inertial force FI, which is proportional to the mass of
liquid m entrained by the capillary force, is expressed as7

ρ∼ ∼F m
r

RI

4

(13)

When the spreading radius is very small, the inertial force
could be ignored. The locally viscous force is

ηγ η= ̇ ∼F
r

r t
d
dv (14)

where γ ̇ is the shear rate. The simulation results have showed
that the real local shear rate distribution near the contact line at
the spreading front is very large during the very beginning of
spreading. Within the initial 10 μs, the dominant resistant force
would be the viscous force, and the spreading velocity decreases
with the increase of liquid viscosity as shown in Figure 6a and
Figure 6b. After this period, the viscous force for low-viscosity
liquid could decrease due to a lower shear rate near the contact
line, as shown in Figure 7c. The inertial force, which is
proportional to r,4 starts to be considerably larger than the
viscous force, as sketched in Figure 7c.

4. CONCLUSIONS
In summary, an electrical method was used to reveal the role of
viscous force on the process of liquid droplets spreading on a
solid substrate. Spreading dynamics of a conductive droplet on
an upper plate was investigated by measuring its electrical
resistance with a time resolution of 1 μs. This fast electrical
method discloses that the spreading velocity decreases as liquid
viscosity increases at the beginning, spreading even for low-
viscosity liquids, which indicates a viscous-inertial stage might
exist before inertial stage during droplets spreading.
A finite element simulation using a level set method was

carried out to obtain more dynamic flow details. The simulation
results show that the local shear rate near the contact line is
much higher than other regions, particularly at the beginning of
spreading. This is the reason that the viscous force is the major
resistant force during the initial spreading time. This study
provides new insight on the transient behaviors of liquid
spreading.
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Wetting Phenomena: Drops, Bubbles, Pearls, Waves; Springer: New York,
2013.
(27) Ursua, A.; Gandia, L. M.; Sanchis, P. Hydrogen Production from
Water Electrolysis: Current Status and Future Trends. Proc. IEEE
2012, 100, 410−426.
(28) Blake, T. D.; De Coninck, J. The Influence of Solid-Liquid
Interactions on Dynamic Wetting. Adv. Colloid Interface Sci. 2002, 96,
21−36.
(29) Chen, J.; Zhang, Z.; Xu, R.; Ouyang, X.; Jiang, P. Numerical
Investigation of the Flow Dynamics and Evaporative Cooling of Water
Droplets Impinging onto Heated Surfaces: An Effective Approach to
Identify Spray Cooling Mechanisms. Langmuir 2016, 32, 9135−9155.
(30) Bard, A. J.; Faulkner, L. R. Electrochemical Methods:
Fundamentals and Applications; Wiley: New York, 1980.
(31) Harrington, S. P.; Devine, T. M. Relation between the
Semiconducting Properties of a Passive Film and Reduction Reaction
Rates. J. Electrochem. Soc. 2009, 156, C154−C159.
(32) Zeng, H.; Tian, Y.; Zhao, B.; Tirrell, M.; Israelachvili, J.
Transient Interfacial Patterns and Instabilities Associated with Liquid
Film Adhesion and Spreading. Langmuir 2007, 23, 6126−6135.
(33) Zeng, H.; Zhao, B.; Tian, Y.; Tirrell, M.; Leal, L. G.; Israelachvili,
J. N. Transient Surface Patterns during Adhesion and Coalescence of
Thin Liquid Films. Soft Matter 2007, 3, 88−93.
(34) Eggers, J.; Lister, J. R.; Stone, H. A. Coalescence of Liquid
Drops. J. Fluid Mech. 1999, 401, 293−310.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b06124
J. Phys. Chem. C 2017, 121, 22054−22059

22059

http://orcid.org/0000-0001-7742-5611
http://dx.doi.org/10.1021/acs.jpcc.7b06124

