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coating,[1] inkjet printing,[2] deposition of 
pesticides,[3] and anti-icing applications.[4] 
Since the pioneering work of Worthington 
on rapid droplet impact,[5] the underlying 
dynamics of the interplay among liquid 
droplet, ambient gas, and substrate have 
been investigated by many researchers.[6–8] 
Experimental investigations of droplet 
impact on solid substrate revealed six 
identical modes, including deposition, 
partial bouncing, complete bouncing, 
receding breakup, prompt splash, and 
corona splash.[9] The outcome of droplet 
collision depends on various factors, 
such as droplet properties,[10] surface 
conditions,[11,12] ambient pressure,[13] and 
impacting angle and velocity.[14]

Dimensionless numbers are used to 
characterize the droplet impact dynamics, 

with Weber number We
v D

( )
2ρ

γ
= , Reynolds number (Re

vD
)

ρ
µ= ,  

and Ohnesorge number (Oh
D

)
µ

ρ γ
=  being the most widely 

used parameters (where ρ is the liquid density; v is the impact 
velocity; D is the droplet original diameter; γ is the surface 
tension, and µ is the liquid dynamic viscosity). In addition, 
the maximum spreading factor ( D

D
maxβ = , where Dmax is the 

maximum droplet diameter during spreading), defined as the 
ratio of the maximum diameter to the initial one, is another 
important parameter to quantify the droplet impinging pro-
cess on solid substrate. The droplet maximum spreading factor 
can be predicted by estimating the inertial, viscous, and cap-
illary forces at droplet-surface collision, and various models 
correlating β with We, Re, and Oh have been proposed under 
different impacting regimes.[15–17] For instance, in the viscous 
regime where the maximum spreading of a droplet is deter-
mined by the balance of kinetic energy and viscous dissipation, 
β can be described as: β ∝ Re1/5.[18] While in the inertial regime, 
the spreading factor is dominated by the balance of inertial and 
capillary force, and β follows a simplified relation of β ∝ We1/4 
based on a mass conservation argument.[19]

In order to achieve high surface water-repellency, hydro-
phobic coating and roughness design are often applied.[12,20] 
However, surface water-repellency could be undermined when 
the Weber number of an impacting droplet exceeds a threshold, 
where the impact outcome transits from bouncing to wetting 
due to the Cassie–Wenzel transition.[21,22] The Cassie state 
refers to the scenario that air is trapped in the micro-structure 
beneath the droplet. For Wenzel state, the liquid penetrates 
the rough grooves, resulting in a fully wetted surface. The 

In this work, the effects of surface properties on bouncing–wetting transi-
tion of water droplet impacting rough surfaces in the Weber number (We) 
range from 18 to 221 are experimentally investigated. The correlation between 
impact outcomes and We is examined with an empirical function, and an 
impact outcome transition from bouncing to no bouncing is identified with 
the increase of We. The results suggest that a higher surface area ratio pro-
motes the bouncing to no bouncing transition on sample surfaces used in 
this study. To quantify the effects of surface wetting area on the transitions 
of droplet impact regimes, a modified Weber number, We*, is proposed by 
taking the actual surface area into account. Results show that the regime 
transitions of droplet impact on samples of different surface area ratios can 
be unified by the We*. This study reveals the significance of actual surface 
area and the resultant adhesion force on the droplet impact dynamics on 
random rough surfaces.
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1. Introduction

Impact dynamics of liquid droplet is of high significance to 
a variety of technological and scientific fields, such as spray 
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bouncing–wetting transition is of particular importance to 
understand the liquid impact dynamics on rough hydrophobic 
surface. This transition has been extensively investigated 
through experimental studies, especially on manufactured pat-
terned surfaces with micro-pillars, where the equilibrium con-
tact angle of surface,[23] droplet impact velocity,[24,25] size and 
spacing of the pillar,[26,27] and surface temperature[28] are found 
to influence the droplet impact outcomes. A generalized tran-
sition criterion based on the force balance of water hammer 
pressure PWH, dynamic pressure PD, and capillary pressure PC 
is proposed to account for the bouncing–wetting transition on 
micro-structured surfaces, and the liquid penetration typically 
occurs when wetting force (PWH and PD) is larger than anti-wet-
ting force (PC).[21,25–27,29] For example, Bartolo et al. presented a 
semi-quantitative model to characterize the bouncing–wetting 
transition of droplet impacting on solid substrate by consid-
ering the force balance of inertial and surface tension.[21] The 
model proposed two impalement scenarios, i.e., “touch down” 
and “sliding,” and the results suggest that the transition arises 
when PD is larger than PC. Malla et al. investigated the effects of 
pitch size and We on the droplet impact dynamics. A critical We 
for wetting transition was calculated based on the force balance 
of PWH, PD, and PC, with droplet depinning found to be the 
main mechanism of wetting transition.[26] Droplet impact on 
soft solids,[30] porous surface,[31] and surface with liquid film[32] 
were also examined, and the corresponding transition mecha-
nisms were investigated. 

Other than micro-pillared surfaces, the investigations of 
droplet impact on rough heterogeneous substrate have also 
attracted the rising attention of researchers. It has been sug-
gested by several studies that increasing surface roughness 
promotes prompt splashing and suppresses corona splashing 
under various conditions.[33–35] Rioboo et  al. and Range and 
Feuillebois observed that the prompt splashing of droplet was 
promoted by increasing the surface roughness amplitude.[9,36] 
Range and Feuillebois experimentally examined droplet impact 
outcomes considering various liquids and surfaces.[36] The 
results suggested a critical Weber number for droplet splashing 
by correlating the ratio of the droplet size to the surface rough-
ness coefficient. Latka et  al. demonstrated that surface rough-
ness suppressed corona splashing and promoted prompt 
splashing, and prompt splashing on rough surfaces can be 
suppressed by decreasing the ambient pressure.[35] On the con-
trary, some studies argue that the length scale of surface rough-
ness alone does not influence the splashing threshold.[18,37] 
Roisman et al. investigated droplet splashing on rough surface 
and porous surface.[18] The results revealed that the droplet 
splashing was not affected by absolute length scales of the sub-
strate roughness such as average roughness amplitude, and the 
splashing threshold was mainly influenced by Weber number 
and roughness slope of the substrate. Quetzeri-Santiago 
et  al. studied the surface roughness effects on droplet impact 
dynamics.[37] It was concluded that micrometer-scale roughness 
had little impact on the droplet spreading dynamics, and the 
droplet splashing behaviors were dominated by a combined 
effect of roughness ratio, dynamic contact angle, and splashing 
ratio.

In existing publications, tremendous efforts have been 
devoted to investigating the bouncing–wetting transition on 

patterned surfaces and the splashing threshold of impacting 
droplet on rough surfaces. However, discussions on the droplet 
bouncing–wetting transition behaviors on random rough sur-
faces are scarce. The bouncing–wetting transition criterion 
based on wetting and non-wetting force balance analysis only 
apply to micro-structured surfaces, and it is challenging to 
understand the transition behaviors of droplet colliding with 
heterogeneous rough surfaces, i.e., engineered and natural sur-
faces with random roughness features.

In this work, we experimentally study the droplet impact 
dynamics and bouncing–wetting transition on random rough 
surfaces with various surface properties. The surfaces are char-
acterized in terms of surface area ratio, RMS roughness, rough-
ness slope, and fractal dimension calculated using Triangula-
tion and Cube methods. The droplet impact outcomes covering 
a wide Weber number range from 18 to 221 are presented and 
categorized based on the droplet morphological evolution. The 
correlation between the droplet maximum spreading factor 
and We/Re is analysed. We further aim to understand the 
influence of surface properties on the droplet impact modes 
in the bouncing–wetting transitional region. The empirical 
logistic function is employed to evaluate the dependence of 
bouncing-no bouncing transition on We and surface proper-
ties. The effects of surface area ratio on each category of droplet 
impact outcomes are discussed, and a modified Weber number 
that incorporates a combined effect of droplet kinetic energy, 
surface energy, as well as droplet adhesion force is proposed 
to highlight the significance of the actual wetted area for the 
droplet impact dynamics.

2. Experimental Section and Sample 
Characterization
Deionized water drops were dispensed on the sample surface 
with experimental setup as shown in Figure 1. The setup con-
sists of a high-speed CCD camera (Photron FASTCAM SA5), a 
100 mm lens (VENUS LAOWA with 2× magnification), a single 
channel syringe pump (Suzhou Zede), an 18-gauge steel blunt 
needle, and an external LED light source. Surface samples are 
5 different types of hydrophobic PTFE membrane filters pur-
chased from Sterlitech, named as surface #1 to #5, and used 
as received. The sample was placed on the central region of an 
adjustable stage in which the height can be altered in the ver-
tical direction.

During experiments, deionized water was pushed through 
the syringe pump to the vertically suspended needle, and the 
microliter water droplet was generated at the tip of needle. The 
water droplet detached from the needle tip due to gravity and 
then impacted the sample surface vertically. The diameter of 
the detached droplet was calculated as 3.2 ± 0.03 mm by con-
trolling the flow rate and detaching interval. The droplet impact 
velocities ranging from 0.63 to 2.21  m  s−1 were achieved by 
adjusting the height of needle stage. The sample surface was 
cleaned each time after the droplet impact and dried completely 
using an air pump before next impact. The droplet impact 
images were captured at framerate of 3000 s−1 and the captured 
images have a spatial resolution of 20 µm per pixel. The static 
contact angle was measured by placing the droplet gently on 
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the sample surface, and 5 measurements were conducted for  
each type of sample surfaces. The static advancing contact 
angle (θa) of the PTFE membrane samples was measured with 
the syringe-needle method. The needle was placed 2 mm above  
the substrate, and the liquid was injected from the syringe 
needle with flow rate of 2 mL min−1. The static advancing con-
tact angle was obtained as droplet expanding on the substrate 
with stable expansion rate, and 5 measurements were conducted 
for each sample. The static contact angle θs and static advancing 
contact angle θa for all five types of samples are listed in Table 1. 
The results show no significant difference between the meas-
ured contact angles across the five rough surfaces adopted in this 
study. Note that though surfaces #1–#5 have manufactured pore 
size from 0.2 to 10 µm, these samples have been tested imper-
meable for the deionised water used in this work.

Figure  2 shows surface and 3D topographic images for 
sample #2 and #4, as an example. The surface images were 
captured using 3D digital microscopy Hirox HRX-01 with MXB-
2500REZ lens at magnification of 500. 3D topographic images 
were acquired from the LEXT OLS5100 3D Laser Scanning 
Microscope. As the interaction between liquid droplet and solid 
substrate is significantly influenced by the surface morphology, 
the following surface topological parameters are characterized, 
including (1) surface area ratio (Aratio); (2) RMS roughness (Rq); 
(3) RMS slope (Rs); (4) Fractal dimension (Df). Here, Aratio is 
defined as the ratio of actual surface area (As) to the projected 
area (Ap), i.e., A A

Aratio
s

p
= . The actual surface area can be larger 

than the projected surface area, due to the heterogeneity and 

roughness nature of sample surfaces. Therefore, Aratio serves 
as an important parameter to quantify the contact and adhe-
sion phenomena between droplet and varied surface samples. 
RMS roughness is often considered to describe the roughness 
feature of the surface, and RMS slope can be used as a higher 
order surface descriptor to characterize surface in terms of 
optical and tribological properties.[38,39] In addition, the fractal 
dimension has been successfully employed to quantify rough 
surface features across a wide range of length scales.[40,41] The 
values of measured surface properties are listed in Table  2, 
where 8 measurements were conducted for each surface type. 
Sample #1 and #2 have Aratio of around 1.04, and Aratio ranges 
between 1.1 and 1.12 for sample #3, #4, and #5. For the RMS 
roughness, sample #1 and #2 have a lower value compared to 
sample #3, #4, and #5. All five types of samples have similar 
level of RMS slope and fractal dimension, though sample #1 
and #2 have larger fluctuation for RMS slope. In addition, there 
is no significant difference observed for all five samples in 
terms of roughness kurtosis and roughness skewness.

The impact velocities, v, and non-dimensional numbers, We, 
Re, and Oh, used for droplet impact experiments are listed in 
Table 3. For each We, 32 experiments are conducted for sample 
#2 and #4 due to the distinct surface properties in surface area 
ratio and RMS roughness. Additional 32 sets of experiments 
are conducted at We = 109, 131, 152, and 174 for sample #1, #3, 
and #5 to further evaluate the droplet bouncing–wetting transi-
tion behaviors.

3. Results and Discussions

3.1. Droplet Impact Modes

Six droplet impact modes were identified from the experi-
mental observations at different Weber numbers, including 
splitting–bouncing, bouncing–splitting, complete bouncing, 
partial bouncing, no bouncing, and receding breakup. Figure 3 
shows the temporal evolution of water droplet impacting on 
PTFE membrane sample #4 with different outcomes presented. 
The difference between splitting–bouncing and bouncing–split-
ting lies in the occurrence sequence of splitting or bouncing 
during the impact. At relatively low We (e.g., We = 44), the split-
ting of droplet was observed before the droplet fully bounced 
from the substrate. With the increase of We (e.g., We = 109), the 
droplet first fully bounces from the substrate, then splits into 
two or more isolated droplets during the lifting process. Partial 
bouncing refers to the scenario that part of the droplet sepa-
rates from the initial droplet at the time of impact, while the 
bottom part of the separated droplet remains on the substrate 
during the whole impacting process. The complete bouncing 
and no bouncing scenarios describe the impact outcomes 
that the droplet either totally bounces from the surface or 
sticks on the substrate after collision with the sample surface.  
The receding breakup occurs at relatively high We (We ≥ 131), 
where the droplet breaks into several parts during the retracting 
stage due to the reduced contact angle of lamella region. The 
Supporting Information contains the videos showing these 
typical impact modes. It should be noted that the different 
outcomes presented here are selected from 5 different We, 

Figure 1. Schematic of the droplet impact experiment setup.

Table 1. Static contact angle and advancing contact angle for all sample 
surfaces.

Sample surface type Static contact  
angle, θs [○]

Static advancing  
contact angle, θa [○]

#1 134.5 ±  1.8 149.3 ±  2.1

#2 134.4 ±  2.9 154.1 ±  1.7

#3 134.4 ±  2.2 153.4 ±  1.4

#4 137.2 ±  1.9 148.0 ±  2.2

#5 137.7 ±  1.6 151.6 ±  1.9

Adv. Mater. Interfaces 2023, 2201873

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201873 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [06/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2201873 (4 of 10)

www.advmatinterfaces.de

while the same impact outcome can be observed on different 
samples under varied We close to the transition regime between 
modes. More details are discussed in Section 3.3.

3.2. Maximum Spreading Factor β as Function of We and Re

The correlation between the maximum spreading factor β and 
dimensionless number We and Re is examined in this sec-
tion. As the droplet contacts the substrate, the droplet diam-
eter is found to increase as the increase of impact velocity. The 
maximum diameter of a droplet is measured by identifying 
the maximum droplet expansion during the impact process 
through image processing. Spreading factor at We ranging 
from 18 to 174 can then be analyzed. The droplet breaks up 
before reaching the maximum spreading when We is higher 
than 174. The maximum spreading factor as function of We and 
Re for all five sample surfaces are presented in Figure 4. The 
correlation between β and We is calculated as β  =  0.58We0.37, 
and the correlation for β and Re is β  =  0.006Re0.73. The derived 
correlation between β and We is comparable to the result 

reported in Huang’s work where β  =  0.47We0.4.[42] The results 
suggest that the kinetic energy of the impinging droplet on 
sample surfaces is consumed by droplet surface energy as well 
as viscous dissipation at the shear boundary layer. It is also 
observed that the maximum spreading factor is similar for all 
surfaces at the same We, suggesting that β is not noticeably 
influenced by surface area ratio and RMS roughness in the 
reported value range. The relation between droplet maximum 
spreading factor β and ReWe1/2 is also examined, where a cor-
relation of β  =  0.06Re(We1/2)0.37 is identified for all five dif-
ferent samples surfaces. The results suggest that the spreading 
factor is dominated by the kinetic energy and insensitive to the 
surface properties. On the other words, the observed different 
impact outcomes are likely the results of droplet retracting and 
detaching stages.

3.3. Bouncing–Wetting Transition

In this section, the effects of surface topological parameters on 
the bouncing–wetting transition are investigated. For the con-

Figure 2. Surface image and microscopic 3D scan of sample surface #2 and #4.

Table 2. Surface properties for 5 different samples.

Sample Surface area/projected  
area

RMS roughness Rq  
[µm]

RMS slope Rs Roughness  
kurtosis [Rku]

Roughness  
skewness [Rsk]

Fractal dimension 
Df1 (triangulation)

Fractal dimension 
Df2 [cube]

#1 1.037 ±  0.0241 19.207 ±  2.934 0.153 ±  0.0322 5.69 ±  0.148 −1.471 ±  0.014 2.155 ±  0.0126 2.0962 ±  0.00692

#2 1.041 ±  0.0235 20.457 ±  2.881 0.152 ±  0.0354 5.72 ±  0.181 −1.423 ±  0.022 2.155 ±  0.0239 2.0997 ±  0.0134

#3 1.104 ±  0.0369 24.862 ±  2.190 0.162 ±  0.0233 5.83 ±  0.166 −1.516 ±  0.031 2.144 ±  0.0217 2.0916 ±  0.00957

#4 1.114 ±  0.0171 24.157 ±  1.802 0.166 ±  0.0156 5.71 ±  0.151 −1.522 ±  0.017 2.146 ±  0.0168 2.0919 ±  0.00798

#5 1.120 ±  0.0246 23.321 ±  2.600 0.157 ±  0.0114 5.87 ±  0.156 −1.453 ±  0.028 2.146 ±  0.0170 2.0955 ±  0.0069
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venience of discussing different impact outcomes mentioned 
above, the bouncing–splitting and splitting–bouncing scenarios 
are incorporated into the complete bouncing category, as the 
droplet is totally lifted up during the impact process regard-
less of the droplet being a complete one or separating into a 
few parts. As a result, the above-mentioned six impact out-
comes regrouped into four impact outcomes, including com-
plete bouncing, partial bouncing, no bouncing, and receding 
breakup. For 18 ≤ We  ≤ 109, the droplet impact outcomes for 

all cases are complete bouncing. It is expected that no-bouncing 
will occur due to smaller kinetic energy at even lower We, as 
observed in previous studies.[43,44] For We ≥ 174, all the droplet 
impact outcomes are receding breakup. The droplet impact out-
comes are dominated by We at low and high Weber number 
range despite of the heterogeneity of rough surfaces. The 
droplet bouncing–wetting transition behaviours in the We 
range from 109 to 174 are mainly discussed, and the occur-
rence proportion for all droplet impact outcomes is presented 
in Figure  5. Occurrence proportion is defined as the ratio of 
counts in a single outcome category to the total case number 
(32).

A transition from bouncing to no bouncing is observed on 
both sample #2 and #4, where the droplet becomes less likely 
to completely bounce off from the substrate as We increases. 
In this transition regime, the complete bouncing and partial 
bouncing are perceived as bouncing category where droplet 
bouncing is identified, and no bouncing and receding breakup 
are considered as no bouncing category as the whole droplet 
stick on the substrate surface during the impact process. 
Figure 6a describes the bouncing to no bouncing transition on 
surface sample #2 and #4. The results suggest that the occur-
rence of bouncing decreases with the increase of We, and the 
occurrence of no bouncing increases with the increase of We for 
both surfaces. The correlation between bouncing/no bouncing 
outcome and We is analysed empirically by the logistic function:

e

e

We We

We We

1
1

1
bouncing

1

1
no bouncing

k

k

c

c

ϕ
( )

( )
=

−
−

−










( )

( )

− −

− −

 (1)

where ϕ is the occurrence proportion; Wec is the We value at 
the sigmoid’s midpoint that leading ϕ  =  0.5; k is the steepness 
of the fitted curve representing the logistic growth rate. The 
goodness-of-fit for the logistic function on outcome data points 
is evaluated by R2, the coefficient of determination. It should be 
noted Wec is an estimated value from data interpolation to char-
acterise the bouncing to no bouncing transition. It is observed 
that the occurrence of both bouncing and no bouncing out-
comes in Figure  6a can be described by the logistic function 
with R2 > 0.97, which shows a solid monotonic relation between 
impact outcomes and We. The steepness of transition is similar 
for sample #2 (k = 0.144) and #4 (k = 0.115). In addition, a second 
transition regime from complete bouncing to partial bouncing 
is identified, as shown in Figure  6b. For surface sample #2 
and #4, the occurrence of complete bouncing decreases with 
the increase of We with R2 > 0.97, showing a high correlation 
between the occurrence proportion of complete bouncing and 
We. The occurrence of partial bouncing first increases with the 
increase of We, then decreases with the increase of We when 
We is higher than 142 for sample #2 and 152 for sample #4. 
The non-monotonic trend of partial bouncing occurrence arises 
from the transition of partial bouncing to no bouncing or 
receding breakup when We is higher than 142 (for sample #2) 
or 152 (for sample #4).

The above-mentioned two regimes describe the droplet 
impact outcome transition from bouncing to wetting with 
the increase of We, and we firstly attempt to understand the 

Table 3. Droplet impact velocity, We, Re, and Oh employed in 
experiments.

Impact speed,  
v [m s−1]

Weber number,  
We

Reynolds number, 
Re

Ohnesorge number, 
Oh

0.63 18 2004

0.99 44 3168

1.40 87 4480

1.57 109a) 5009

1.64 120 5248

1.71 131a) 5487 0.0021

1.79 142 5728

1.85 152a) 5926

1.92 163 6144

1.98 174a) 6336

2.21 218 7084

a)32 sets of experiments only conducted on sample #1, #3, and #5 at We =  109, 
131, 152, and 174.

Figure 3. Droplet impact modes on PTFE membrane sample #4 at varied 
We.
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transition mechanism based on contact angle hysteresis effects 
of the impacting droplet. The contact angle hysteresis and 
contact line speed play a significant role in understanding the 
droplet impact dynamics on heterogeneous surface.[45–48] The 
dynamic contact angle θ and the non-dimensional contact 
line speed v*of an impacting droplet are presented as func-
tion of the non-dimensional time t* at We  =  18, as shown in 
Figure 7a,b. Here, v* is characterised as the ratio between the 
contact line speed vc and non-dimensional factor (ρD3/γ)1/2, 
and t* is defined as (t − to)/T, where t, to, and T refers to the 
current, initial, and total duration of contact line moving on 
the substrate, respectively. The contact angle and contact line 
speed are averaged value based on 5 measurements on each 
sample surface. The results suggest that the effects of contact 
angle hysteresis are neglectable, as both samples have similar 
contact angle and contact line moving speed during the droplet 
impact process. It should be noted that fingering instabilities 
have been observed for cases with We > 100, departing from the 
axisymmetric condition for image processing.[49] Therefore, the 
contact angle and contact line speed of an impacting droplet is 
only derived at We  =  18 in this work to access the information 
of contact angle hysteresis and contact line speed.

Since the contact angle hysteresis effects have neglectable 
effects on the bouncing to no bouncing transition, another 
approach to illustrating the underlying mechanism for the 

transition phenomenon arises from the perspective of energy 
transfer, i.e., kinetic energy to surface energy. With the increase 
of We, more kinetic energy can be potentially converted to the 
surface energy during spreading, leading to an increased max-
imum spreading factor of the impacting droplet. Therefore, 
the contact area between the droplet and substrate during the 
impact process also increases with We, which further results in 
the increase of adhesion force between substrate and droplet. 
When the droplet kinetic energy for bouncing is consumed by 
the surface energy to the degree below detaching threshold, 
the impact outcome transition from bouncing to wetting is 
observed.

In the following, the correlation between surface properties 
and droplet impact outcomes is examined. The bouncing–wet-
ting transition is mainly attributed to the increased adhesion 
force between the droplet and substrate, where the adhesion 
force is further affected by the droplet contact area on the sub-
strate. Weber number relates the inertial force to the surface 
tension force, and the transfer from kinetic energy to surface 
energy during the impact process is described by We. How-
ever, the original We does not account for the effects of actual 
wetted surface area when a droplet collides with rough hetero-
geneous surfaces. For sample #2 and #4, there is no difference 
in the apparent wetted area as the maximum spreading factor 
is identical at the same We, as shown in Figure  4, while the  

Figure 4. Spreading factor as function of a) We and b) Re.

Figure 5. Droplet impact outcomes on PTFE membrane sample #2 and #4.
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occurrence proportion in the same impact outcome category 
is different. We propose the difference in the impact outcome 
stems from actual wetted surface area that significantly influ-
ences the adhesion between droplet and substrate. Therefore, 
to quantify the bouncing–wetting transition mechanism on 
samples with different surface area ratios, a modified Weber 
number (We*) can be proposed by multiplying the original 
Weber number to the surface area ratio of the sample surface 
in the form as:

We We A
v D A

A
ratio

2
s

p

ρ
γ

= × = ×∗  
(2)

We* considers the combined effects of inertial force, sur-
face tension force, and adhesion force. In Figure 8, the droplet 
impact outcomes in the range of 109 ≤ We  ≤ 174 are plotted 
as function of We*, and the resulted We* ranges from 113 to 
181 for sample #2, and 121 to 193 for sample #4. The logistic 
function is applied to correlate the occurrence proportion with 
We* in each outcome category except for partial bouncing. 
It is observed that the outcome occurrence of bouncing, no 
bouncing, and complete bouncing as function of We* for 

sample #2 and sample #4 can be described by a single curve 
based on the logistic function fitting with R2 > 0.97. For impact 
outcome of partial bouncing, the deviation between sample #2 
and #4 in occurrence proportion is also significantly reduced 
when plotted against We* compared to We.

In order to further validate the effectiveness of We* on 
describing impact outcomes with different surface properties, 
extra experiments have been conducted on sample #1, #3, and 
#5 as presented in Table 3. Four different impact outcome cat-
egories from sample #1, #3, and #5 are plotted as function of 
We* in the bouncing–wetting transition regime as shown in 
Figure 9. The correlation between impact outcome and We* is 
validated by the logistic function derived from sample #2 and 
#4. It is observed that the occurrence proportion for sample 
#1, #3, and #5 can be predicted by the logistic function in each 
impact outcome category with R2 > 0.95 for bouncing and no 
bouncing category and R2  > 0.96 for the complete bouncing 
category. The partial bouncing case number on five samples 
are scattered without a clear trend when plotted as function of 
We*, as most impact outcome occurrences for partial bouncing 
are smaller than 10 which results in a fluctuation in the out-
come occurrence. The results suggest that the bouncing and no 

Figure 6. a) Occurrence proportion of bouncing and no bouncing outcomes for sample #2 and #4; b) Occurrence proportion of complete bouncing 
and partial bouncing outcomes for sample #2 and #4. The data points representing occurrence proportion are fitting by the logistic function, with 
fitting parameter (k, Wec) and coefficient of determination (R2) provided.

Figure 7. a) Contact angle and b) non-dimensional contact line speed as function of non-dimensional time throughout the droplet impact process. 
Shaded area refers to standard deviation.
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bouncing impact outcomes on random rough surfaces can be 
unified by We* that incorporating the surface area ratio into the 
original Weber number. The results also further proves that a 
higher surface area ratio promotes the impact outcome transi-
tion from bouncing to no bouncing owning to increased actual 
surface contact area at the same We.

We further analyze the correlation between β and We* 
for sample #2 and #4, which give β  =  0.57(We*)0.37 and  

β  =  0.53(We*)0.38, respectively. The results are comparable to 
the relations derived from Section  3.2, suggesting the effects 
surface area ratio is neglectable for the droplet spreading 
factor. In addition to the surface area ratio, RMS roughness 
is also found to be related to the bouncing–wetting transition 
behaviors. The surfaces with higher Rq (sample #4) results in 
a decreased occurrence of bouncing or complete bouncing out-
comes compared with surfaces having smaller Rq (sample #2). 

Figure 8. a) Occurrence of bouncing and no bouncing for sample #2 and #4; b) Occurrence of complete bouncing and partial bouncing for sample #2 
and #4. All data points are plotted as function of We*. The error bar derives from the deviation of surface area ratio of different samples.

Figure 9. Occurrence proportion on sample #1, #3, and #5 for a) bouncing; b) no bouncing; c) complete bouncing; d) partial bouncing as function 
of We*. The logistic function derived from sample #2 and #4 as in Figure 8 is plotted here for comparing additional data except for partial bouncing.
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For rough surfaces with random features, various morpholog-
ical indices can correlate with different measures, e.g., surface 
area ratio and RMS slope.[50,51] The results qualitatively reported 
the effects of Rq on droplet bouncing–wetting transition, where 
higher RMS roughness promotes the transition from bouncing 
to wetting of impacting droplet. For the roughness slope and 
fractal dimension, as all five samples have similar roughness 
slope and fractal dimension, the corresponding effects are not 
revealed in this study.

4. Conclusion

In this work, we experimentally examined the droplet impact 
dynamics on PTFE membrane filters, focusing on the influ-
ence of surface properties on the droplet bouncing–wetting 
transition. The surface properties are characterized in terms 
of surface area, RMS roughness, roughness slope, and fractal 
dimension. The correlation between maximum spreading 
factor and We/Re is presented, showing that kinetic energy is 
mainly converted to surface energy and viscous dissipation. Six 
different droplet impact outcomes are revealed, and a transition 
from bouncing to no bouncing outcome is observed between 
We from 109 to 174. The bouncing–wetting transition is trig-
gered as the increase of We, where the adhesion force increases 
with the droplet maximum spreading factor. In addition, a mod-
ified Weber number that considering a combined effect of iner-
tial force, surface tension force, and adhesion force is proposed 
for the first time to account for the influence of actual surface 
area on the droplet impact outcomes. We found that the occur-
rence of droplet impact outcomes in the category of bouncing, 
no bouncing, and complete bouncing can be described by a 
single curve as function of We* with high levels of goodness of 
fitting. The results suggest that the actual wetted area between 
droplet and substrate plays an important role in determining 
the droplet impact outcome on heterogeneous rough surfaces, 
and a higher surface area ratio promotes the impact outcome 
transition from bouncing to wetting. RMS roughness of sur-
face is also found to affect the droplet bouncing–wetting tran-
sition behaviors, where surfaces with higher RMS roughness 
have more occurrence of no bouncing outcome. This study pro-
vides insights into the effects of surface topological parameters 
on the droplet impact dynamics, and the results can be served 
as guidance on surface design for facilitating the droplet non-
adhesion feature in varies applications.
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