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	 In this research, we aim to investigate the dynamic contact angle between water droplets 
and three different surfaces from the hydrophilic (<90°) to the superhydrophobic region (≅150° 
in ambient air.  The dynamic contact angle and the triple line velocity were experimentally 
determined from a two-dimensional projection recorded with a high-speed camera in a 
backlighting setup.  The findings from the experiment were used to determine the model 
parameters of an empirical dynamic contact angle model, which was subsequently used in 
three-dimensional (3D) numerical simulations.  The focus of this work is on the advancing and 
receding contact angles over the triple line velocity, which is approximated by the model used.  
The behaviors on the different surfaces were analyzed in detail using the capillary number, 
and different regimes were identified.  It was demonstrated that with the adjusted model, the 
simulation results regarding the droplet diameter were improved compared with the simulations 
using static (equilibrium) contact angle models.  Thus, it was clarified that the contact angle 
at the reversal point should be taken and not the static contact angle.  Additionally, it was 
concluded that only one contact angle is needed for a super-hydrophobic system.

1.	 Introduction

	 The rapid dynamics of the impact process have been studied with the aim of unraveling the 
underlying physics, which are characterized by the delicate interplay of liquid inertia, viscosity, 
and surface tension.(1)  Droplet impact has many practical applications such as inkjet printing,(2) 
forensic science,(3) and bioanalysis in the medical field.(4)  In biosensors, surface modification 
by applying a surfactant or a hydrophobic coating agent is common and effective method to 
prevent non-specific binding.  Thus, improvement of hydrophilicity or hydrophobicity by a 
physical approach can increase the biosensor’s sensitivity and selectivity.(5,6)

	 When no splashing is observed, a droplet on a dry surface simply spreads over the surface 
until it reaches a maximum radius.  Thus, an important outcome of a droplet impact on a solid 
substrate is the maximum spreading droplet radius.  The dynamics are then controlled by subtle 
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balances among the inertia, viscosity, and capillary forces.(7)

	 A number of studies on the numerical simulations of droplet impact based on dynamic 
contact angles have conducted.(8)  Unfortunately, however, there is no fundamental equation for 
the interfacial tension.  The dynamics have generally been considered to be a function of the 
triple-line velocity.  Empirical dynamic contact angle models can be categorized as follows:
(i)	 models based on a step function using advancing and receding angles, which work well for 

situations in which inertia dominates,(9,10)

(ii)	 experimental models that work well when capillary flow is dominant,(11,12) and
(iii)	 models based on Hoffman’s experiments in glass capillary tubes for a wide range of 

capillary numbers.(13,14)

	 Several studies have shown the importance of the velocity of the contact line.  A new 
algorithm for modeling the dynamic contact angle was proposed, in which the dynamic contact 
angle is a function of the instantaneous velocity of the contact line.(15)  To follow the droplet 
spreading over time, a high-speed video camera was used, allowing the precise determination of 
the expansion of the droplet and the profile of the free surface at the contact line.(16)  Elsewhere, 
a dynamic contact angle model based on a step function has been modified and used as a 
semiempirical equation.(17,18)  This model expresses the relationship between the dynamic 
contact angle and the contact line velocity, and has the advantage that it can quantitatively 
reproduce droplet impact behavior from the impact to the steady state, including the spread and 
the recoil.  Several different impact conditions were analyzed, and it was shown that droplets 
spread on hydrophilic and superhydrophobic surfaces with different time scales.(19)  There is 
evidence that a droplet can rebound from a surface when the wettability is low.(20)

	 However, the dynamic contact angle is not well understood and is also difficult to measure.  
Experimentally, Bartolo et al. revealed the influence of different liquid viscosities on the 
dynamic contact angle using the Ohnesorge number.(7)  Another important factor in this class of 
empirical models is the role played by the material of the solid substrate.  Bayer and Megaridis 
presented guidelines for numerical and analytical studies, according to which careful attention 
must be paid to the implementation of boundary conditions for the moving contact line.(21)  It 
remains unclear whether it is possible to precisely simulate the water droplet impact without 
considering the dynamic contact angle.  Additionally, the method of determining the model 
parameters of the empirical model is not sufficiently understood.
	 In this research, we aim to investigate the dynamic contact angle between water droplets 
and three different surfaces from the hydrophilic (<90°) to the superhydrophobic region (≅150°) 
in ambient air.  The focus of this work is on the advancing and receding contact angles over 
the triple-line velocity, which is approximated by the empirical dynamic contact angle model 
used.  Firstly, the relationship between the dynamic contact angle and the contact line velocity 
was measured for each material.  A 3D numerical analysis of water droplet impact based on the 
dynamic contact angle model was then performed.  The dynamic droplet radius was evaluated 
both by numerical analysis and experiment.
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2.	 Materials and Methods

2.1	 Materials

	 Chemical surface modification is not the most suitable method to control the equilibrium 
contact angle because the molecular orientation has a nonlinear effect on the dynamic contact 
angle.  Therefore, to verify the influence of the interfacial tension, three different materials, 
namely, SiO2 (4 inch Si wafer with a native oxide, Electronics and Materials Co. Ltd., Japan), 
Ag, and polytetrafluoroethylene (PTFE, Chukoh Chemical Industries Ltd., Japan), which 
have different equilibrium contact angles, were used as the solid substrates.  The equilibrium 
contact angles of these materials were measured using a commercial contact angle analyzer 
(DM-701, Kyowa Interface Science Co. Ltd., Japan) and 1 µL of distilled water dropped onto 
the surfaces.  The measurements were repeated 5 times in different areas.  The mean values of 
the measurements were defined as the equilibrium contact angles.  The measured equilibrium 
contact angles θe of SiO2, Ag, and PTFE were 62.9, 102.8, and 149.1°, respectively.
	 Also, the arithmetic average roughness Ra of the three materials was measured using a 
surface roughness meter (Surfcom 480A-12, Tokyo Seimitsu Co. Ltd., Japan) because it is well 
known that roughness plays an important role in water droplet impact.(22)  The roughnesses of 
SiO2, Ag, and PTFE were <0.01, 0.02, and 0.22 µm, respectively.

2.2	 Experiment of water droplet impact

	 Figure 1 shows the measurement system for water droplet impact based on a high-speed 
camera.  This system consisted of a digital high-speed camera (α: MEMERCAM HX-6, Nac 
Image Technology Inc., Japan), an xyz-stage (β: TSD-805s, Sigmakoki Co. Ltd., Japan), a static 
eliminator (γ: SJ-M400, Keyence Co. Ltd., Japan), a noncontact-type capacitive voltmeter (δ: 
SK-035/200, Keyence Co. Ltd., Japan), a 10 µL syringe with a 32G needle (ζ: Kyowa Interface 
Science Co. Ltd., Japan), and a light-emitting diode (LED)-type light source (ε: LA-HDF5010, 
Hayashi Watch-Works Co. Ltd., Japan).  Apart from the high-speed camera, all the other 
components of the system were placed in a windproof case 1 [(W) × 0.5 (L) × 0.75 (H) m3] to 
prevent the influence of dust and wind.  The time resolution of the high-speed camera was in 
the range between 20 ms/frame and 1.54 μs/frame [equivalent to 50 and 650000 frames per 
second (fps)].  The maximum spatial resolution of the high-speed camera was 2560 × 1920 
pixels (x × y axis).
	 Time-dependent images of water droplet impact were recorded using the high-speed camera.  
There is a trade-off between the time resolution and the spatial resolution.  In order to realize 
a time resolution of 10 μs/frame (100000 fps), the number of pixels was set to 512 × 72 (36864 
pixels in total), while the spatial resolution was set to 10 × 10 µm (x × y axis).  As a result, the 
distance between the high-speed camera and the droplet was 250 mm.
	 Prior to the experiment, the solid substrates were cleaned in distilled water using an 
ultrasonic cleaning machine (1510J-MT, Emerson Japan Ltd., Japan) for 10 min.  After that, the 
remaining distilled water on the surface of the solid substrates was dried with nitrogen gas.
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	 The solid substrate was placed in a horizontal position on the xyz-stage, and then neutralized 
with the static eliminator.  Immediately after this, it was confirmed that the surface voltage had 
decreased to ±5 V using the noncontact-type capacitive voltmeter.  A 4.6 µL droplet of distilled 
water was dropped onto the solid substrate from a height of h = 150 mm using the syringe.  
The water droplet was illuminated from the opposite side to the high-speed camera using the 
LED-type light source so as to clearly outline the shape of the water droplet.  Here, direct light 
from the light source was blocked by paper to prevent it reaching the camera.  A stainless steel 
scale was fabricated and placed next to the water droplet.  The width of groove at 0.5 mm was 
used as a standard to measure the diameter of water droplet accurately [Fig. 1(c)].  The room 
temperature was maintained at 25 °C throughout the experiment.
	 Image analysis software (FAMAS, Kyowa Interface Science Co. Ltd., Japan) was used to 
determine the outline of the water droplet from the backlighting image.  As postprocessing of 
the recorded pictures, the tangent method was used to calculate the dynamic contact angle at the 
point of the triple line.(23)  Two sets of experimental data were collected, one for the relationship 
between the dynamic contact angle and the contact line velocity, and the other for the time-
course changes of the dynamic radius of the water droplet.
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Capacitive voltmeter, ζ: Syringe, ε: Light source.) 
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Fig. 1.	 Measurement system of a droplet impact based on a high-speed camera.
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2.3	 3D numerical analysis of water droplet impact

	 Thermo-fluid software (scSTREAM Ver.13, Software Cradle Co., Ltd., Japan) based on the 
continuum surface force (CSF) model using the finite volume method (FVM) and an orthogonal 
grid was used for the 3D computational fluid dynamics of the water droplet impact.  The 
thermo-fluid software was operated on a parallel computer with 16 degrees of parallelism (DOP).  
A workstation (Precision T7810, CPU: Dual Intel® Xeon processor E5-2667 × 2 systems, 3.2 
GHz, OS: Windows 7, HPC Solutions, Inc., Japan) was used for the calculations.
	 A Multi-interface Advection and Reconstruction Solver (MARS) was used for interface 
capturing,(24,25) and a first-order upwind difference scheme was used for calculating the 
convection term.(26,27)  The second-order central difference approximation was used for 
calculating the viscosity term, and a semi-implicit method for pressure-linked equations was 
used to calculate the pressure gradient.(28)

	 Figure 2 shows a deformed 3D mesh model overlaid with a rectangular mesh for the 
numerical analysis (6823604 elements and 6933750 nodes).  A quarter-sized model was created 
on rectangular coordinates in the x–y plane.  In the z-direction, a grid layer was added to 
model the solid substrate with a thickness of 12.5 µm from the origin.  A no-slip boundary 
condition was applied to the solid-fluid boundary.  Also, at the surface of the solid substrate (x–
y plane, z = 12.5 µm), a no-slip boundary condition was applied in the immediate vicinity of the 
moving triple line.  No singularity was produced in this numerical analysis because there was 
no calculation point on the border between no-slip and free-slip.  From the origin to 1/2 of the 
droplet radius, the grid widths were set to 12.5 μm, in order to accurately model the important 
behavior on the solid substrate.  The time step and courant number were set to be 1.0 µs and 0.1, 
respectively.  The density, viscosity, and surface tension of water were set to 997.04 kg/m3, 0.8899 
mPa·s, and 71.972 mN/m, respectively.  The density and viscosity of air were set to 1.19 kg/m3 

and 0.0189 mPa·s, respectively.
	 The dynamic contact angle θv is given by the dynamic contact angle model (Fig. 3) using the 
equilibrium contact angles θe as follows:(17,18)
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Fig. 2.	 Deformed 3D mesh model overlaid with a rectangular mesh (r: droplet radius of 1.03 mm, s: grid layer of 
the solid substrate for a thickness of 12.5 μm).
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	 θv =



Min
[
θe +
(

Ca
ka

)1/3
, θmda

]
if v ≥ 0

Max
[
θe +
(

Ca
kr

)1/3
, θmdr

]
if v < 0

    (°)	 (1)

where	 Ca	 : capillary number,
		  ka	 : material-related parameter for the advancing situation,
		  kr	 : material-related parameter for the receding situation,
		  θmda	 : maximum dynamic advancing angle (°),
		  θmdr	 : minimum dynamic receding angle (°),
		  v	 : triple-line velocity (m/s).
	 In the capillary-inertial force regime, where Ca is relatively high, the model employs the 
constant angles θmda and θmdr for the advancing and receding situations, respectively.(7)  In the 
capillary-viscous force regime, where Ca is relatively low, the model uses empirical equations.  
The parameters ka and kr are determined as the best fit parameters to the measured results of the 
relationship between the dynamic contact angle and the contact line velocity.
	
3.	 Results and Discussion

3.1	 Experiment of water droplet impact

	 Figure 4 shows images of water droplet impact using SiO2, Ag, and PTFE as the solid 
substrate.  The volume of the distilled water droplet, determined from its outline, was 4.6 µL.  
The impact velocity (t = 0 s) of the water droplet was estimated to be 1.67 m/s from the images.  
For each of the three materials, the water droplets falling onto the dry surfaces simply spread 
over the surface until they reached a maximum radius, while no splashing was observed.  The 
water droplet became pancakelike in shape, for example as shown in Fig. 4(a) after 3.0 ms when 
SiO2 was used as the solid substrate (the triple-line velocity of 0.05 m/s).
	 Figure 5 shows the experimental relationship between the dynamic contact angle and the 
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Fig. 3.	 Relationship between the dynamic contact angle and the triple line velocity given by the dynamic contact 
angle model.
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Fig. 5.	 Experimental results for the relationship between the dynamic contact angle and the contact line velocity 
using a 4.6 µL droplet of distilled water. (a) SiO2, (b) Ag, and (3) PTFE.
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contact line velocity using a 4.6 µL droplet of distilled water.  For droplet impact on the PTFE 
solid substrate, the dynamic contact angle was constant in both plus and minuses contact line 
velocities, with a mean of 152.8°.  This results has a meaning that there was no deformation of 
water droplet at the triple line for PTFE after impact.  The PTFE substrate evidently did not fall 
into the capillary-viscous regime, which was attributed to the high equilibrium contact angle of 
PTFE, putting it in the superhydrophobic region.
	 The dynamic contact angles at a contact line velocity of 0 m/s, denoted by θv = 0, for SiO2 

and Ag were 76.4 and 107.7°, respectively.  These measurements were performed under the 
conditions of controlling the surface roughness of the solid substrates, the dust and wind, and 
the static electricity.  The θv = 0 values did not agree with the equilibrium contact angles (θe 
= 62.9 and 102.8°).  These measured equilibrium contact angles of SiO2 and Ag did, however, 
agree reasonably well with those in a previous report.(29)  The discrepancy between the dynamic 
and equilibrium contact angles is to be expected, considering that the geometries of the water 
droplets changed over time, being spherical at θe and pancakelike at θv = 0.  Therefore, in the 
dynamic contact angle model, the values of θv = 0 should be used in place of θe.  From the 
absolute values of the equilibrium contact angle, it was considered that the SiO2 and Ag surfaces 
were in an advanced state of oxidation.
	 Using these experimental results, ka, kr, θmda, and θmdr for the SiO2 solid substrate were 
determined to be 8.2 × 10−7, 2.0 × 10−8, 110°, and 30°, respectively.  ka and kr were obtained 
from approximate curves using Eq. (1).  For SiO2, the values of θmda were set to the asymptotic 
values, while those of θmdr were set to the mean values between –0.1 and –0.2 m/s.  The 
corresponding values for the Ag solid substrate were determined to be 3.3 × 10−5, 2.0 × 10−8, 
116.5°, and 70°, respectively.  For droplet impact on the Ag solid substrate, the experimental 
results of θmdr did not show a stable value, and fluctuated between 70.3 and 42.2°, which was 
attributed to the pinning effect of the surface roughness.  It was considered that the maximum 
value of the measurements should be used θmda.
	 Figure 6 shows the experimental time-course changes of the dynamic radius of the water 
droplet for each solid substrate using a 4.6 µL droplet of distilled water.  For PTFE, it was 
difficult to obtain stable data beyond 4 ms because the edges of the droplets oscillated.  The 
maximum dynamic radii on SiO2, Ag, and PTFE were 3.27, 3.14, and 2.67 mm, respectively.  
The times taken for the radii to reach their maximum values are indicated by the dotted lines.  
These were 3.45, 2.60, and 1.90 ms for SiO2, Ag, and PTFE, respectively.  The maximum 
dynamic radius and the arrival time both decreased as the equilibrium contact angle increased.  
This is consistent with the fact that the capillary force resulting from interfacial tension 
decreases with increasing equilibrium contact angle.

3.2	 Numerical analysis of water droplet dynamics

	 The impact velocity (t = 0 s) of the water droplet was set to 1.67 m/s, which was equivalent 
to the estimated value in the experiment.  The surface thickness of the solid substrate was 
predefined as 12.5 µm, requiring 7 million elements to be generated.  For each model, between 
12 and 28 h of real time was needed to calculate the results.
	 Figure 7 presents experimental and numerical droplet shapes of SiO2 at various times.  In 
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visually, remarkable difference was not observed in the agreements of the shapes between 
numerical simulations and experiments in both conditions until 1.0 ms.  Some minor differences 
can be recognized between numerical simulations and experiments in both conditions, which 
were attributed to the initial oscillations of the droplets before impact, which leads to slightly 
non-axisymmetric shapes.  After that, the agreements of the shapes between numerical 
simulations with model (left half, red) and experiments are quit good; especially at 3.0 ms.
	 Figure 8 compares the time-course changes of the dynamic droplet radius between the 
experimental and calculated results for each solid substrate using a 4.6 µLdroplet of distilled 
water.  The calculation results were obtained from 0 s to twice the time needed to reach the 
maximum dynamic radius.  The capillary numbers obtained from the measured values of SiO2, 
Ag, and PTFE ranged between 0 and 0.026.  For SiO2 [Fig. 7(a)], the radii calculated without the 
dynamic contact angle model were higher than the measured values, while the radii calculated 
with the dynamic contact angle model were lower than the measured values.  This is consistent 
with the fact that the capillary force was calculated to be smaller when the dynamic contact 
angle model was not applied.
	 To evaluate the agreement between the measured and calculated results, the residual sum 
of squares (RSS) was calculated by normalizing with the maximum dynamic radius (Table 
1).  For SiO2 and Ag, the RSS was smaller when the dynamic contact angle model was applied 
than when it was not applied.  In fact, without the model, the RSS for both materials was 
~1.8 times larger than the ±5% error.  It was considered that grid widths of 12.5 μm were 
sufficient to achieve calculation precision with the first-order upwind difference scheme.  It was 
concluded that for materials dominated by the capillary force resulting from interfacial tension, 
including commonly used materials such as silicon and metals, the dynamic contact angle 
model significantly improves the simulation accuracy of the water droplet impact.  For PTFE, 
the RSS calculated without the dynamic contact angle model was less than the ±5% error, 
indicating that even without the model, the calculations agreed well with the experiments for 

Fig. 6.	 Experimental results for the time-course 
changes of the dynamic radius of a water droplet for 
each solid substrate using a 4.6 µL droplet of distilled 
water.
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this superhydrophobic surface (θe = 149.1°).  It was concluded that in a domain where the force 
is dominated by the viscosity, such as on a super-hydrophobic surface, it is not always necessary 
to consider the dynamic contact angle when simulating the water droplet impact in cases where 
this angle remains constant.
	 The calculation error in each case was calculated at the point in time when the measured 
dynamic radius had reached its maximum value (Table 2).  For the hydrophilic surface (θe =  
62.9°) of SiO2, a smaller error was obtained when the dynamic contact angle model was applied 
than when it was not applied.  With the increase in θe to 102.8°, the calculation error with the 
dynamic contact angle model slightly increased from 5.24% (for SiO2) to 8.27% (for Ag).  This 
increase probably reflected the influence of the interfacial tension of the solid substrates.

Table 1
Residual sum of squares between the measured and the calculated results.
Solid substrate With model Without model ±5% error
SiO2 0.017 2.620 1.427
Ag 0.018 1.877 1.029
PTFE — 0.242 0.689
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Fig. 8.	 Comparison of the time-course changes of the dynamic droplet radius between the experimental and the 
calculated results for each substrate. (a) SiO2, (b) Ag, and (3) PTFE.
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4.	 Conclusions

	 The focus of this work is on the advancing and receding contact angles over the triple line 
velocity, which is approximated by the empirical dynamic contact angle model used.  The 
behaviors on the different surfaces were analyzed in detail using the capillary number, and 
different regimes were identified.  It was demonstrated that with the adjusted model, the 
simulation results regarding the droplet diameter are improved compared with simulations 
using static contact angle models.  Thus, it was clarified that the contact angle at the reversal 
point should be taken and not the static contact angle.  Where the capillary force resulting from 
interfacial tension was high, such as for commonly used industrial materials, the measured data 
agreed well with the calculated data when the dynamic contact angle model was applied.  On 
the other hand, it was concluded that only one contact angle is needed when the capillary force 
is low, such as for a material with a high equilibrium contact angle in the superhydrophobic 
system (≅150°).
	 These findings might be useful for numerical simulations of sliding behavior of liquid 
droplets on flat surface and surface with microperiodic structures.(30)
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