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It is well known that surface topography modification can be used to tune and control the surface 
wettability, and femtosecond laser ablation can be applied to modify a surface’s topography with ul-
timate precision. However, it is not so well known how to predict the surface wettability based on the 
surface topography produced by femtosecond laser pulses. In this communication, a simulation tool 
based on previously developed Level Set Method (LSM) model is developed on the commercial mul-
tiphysics software platform, COMSOL, to evaluate the wettability of polished and ultrafast laser-
patterned silicon and germanium surfaces. We demonstrate its capacity for simulation of the liquid 
droplet evolution on various topographies of laser-textured surface. The calculations suggest that to 
achieve more hydrophobic behavior on laser-textured silicon and germanium, more attention should 
be paid to the height of the relief, and caution should be exercised when varying the period of the 
relief during femtosecond laser processing. 

 Keywords: wettability, femtosecond laser, contact angle, silicon, germanium, micro-roughness, 
roughness factor, hydrophobic, superhydrophobic. 

1. Introduction 
In many modern applications, optical windows for vision 

applications require the light entering surface to possess 
multi-functionalities, such as anti-reflection, anti-fogging 
and self-cleaning, etc. Our recent optical simulation suggests 
that it is possible to create anti-reflection surface by ultrafast 
laser patterning of periodic sub-micrometric features [1]. On 
the other hand, tuning the surface topography of a sample 
using an ultrafast laser is known to alter its wettability ren-
dering a surface with various desirable functionalities, such 
as anti-fogging and self-cleaning properties [2, 3]. 

The wettability of ultrafast laser-treated materials has been 
extensively studied. For example, Baldacchini et al. [4] and 
Zorba et al. [5] investigated the use of femtosecond (fs) laser 
irradiation to modify the wettability of silicon (Si) surfaces. 
By adjusting the laser fluence, they were able to control the 
resulting surface roughness using two different length scales 
(micrometre and nanometre-scale) and, consequently, the 
degree of hydrophobicity and superhydrophobicity. The 
contact angle (CA) on the laser-irradiated Si varied rela-
tively from hydrophilic to highly hydrophobic. 

Wang et al. [6] presents a method for fabricating microhole 
structures on germanium (Ge) surfaces using a fs laser ras-
ter-type in situ repetitive direct writing technique. The re-
sulting microstructures exhibit excellent anti-reflective 
properties in the visible and near-infrared range (300-1800 
nm), with an average reflectance of 2.25% compared to 
41.5% for flat Ge. The microhole structures also demon-
strate superhydrophobic behavior with a water contact angle 
of up to 133◦, enabling self-cleaning capabilities. It is well 
established that to achieving a suitable wettability depends 

on both the surface topography and the chemical composi-
tion [7]. 

 In recent decades, the effect of surface roughness on wet-
tability has been explained by two main theories: the Wenzel 
and Cassie-Baxter model [8, 9]. Meanwhile, the role of 
chemical composition on wettability is still under investiga-
tion and it is a hot research topic most especially in the laser 
community [10-13]. The Wenzel model applies when the liq-
uid fully penetrates the surface roughness, leading to en-
hanced wettability for hydrophilic surfaces and decreased 
wettability for hydrophobic surfaces [8]. On the other hand, 
the Cassie-Baxter model describes a scenario where the liq-
uid rests on a composite surface of solid and air pockets, typ-
ically resulting in increased hydrophobicity [9]. 

The Cassie-Baxter model accurately describes surfaces 
that are superhydrophobic. However, these superhydropho-
bic surfaces can become unstable due to factors like vibra-
tion, evaporation, air diffusion, and droplet impact [14-17]. 
These factors can lead to a transition from the Cassie-Baxter 
state to the fully wetted Wenzel state, resulting in the loss of 
superhydrophobicity [14, 16, 18]. Often, there can be a co-
existent between these two states, and this is generally 
known as the metastable state [18-20]. Moreover, the transi-
tion from the Cassie-Baxter to the Wenzel state may not al-
ways be instantaneous and can occur gradually over a varia-
ble time scale [21]. Depending on the nature of the rough 
surface, this transition can lead to dynamic wetting, where 
the contact angle changes as the droplet moves [22]. This 
behavior, known as contact angle hysteresis, occurs when 
the contact angle differs between the advancing and receding 
edges of the droplet [23]. 
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 In addition, the Wenzel and Cassie-Baxter models have 
limitations in accurately predicting the contact angle and be-
havior of liquids on surfaces with extreme roughness. These 
models often fail to account for the detailed variations in sur-
face structure and the dynamic interactions at the micro and 
nanoscale [24, 25]. Hence, numerical modeling serves as a 
viable approach to accurately predict the contact angle and 
wetting dynamics on various surfaces. Numerical simula-
tions can incorporate detailed surface topography and inter-
actions, providing a more comprehensive understanding of 
wetting phenomena on rough surfaces. 

 Various numerical approaches were used in wettability 
studies. For instance, Han et al. [26] investigated the wetta-
bility and numerical modeling of Si surfaces with different 
microstructures using a volume−of−fluid approach. Their 
study highlights the limitations of traditional models like 
Wenzel and Cassie−Baxter in predicting wettability on com-
plex microstructured surfaces. Additionally, the authors em-
phasize the effectiveness of this numerical approach in 
providing accurate predictions of contact angles by incorpo-
rating detailed surface topography and interactions at the mi-
cro and nanoscale. 

 In our recent study [27], we numerically investigated the 
impact of laser-textured surfaces on the wetting dynamics of 
water droplet using the LSM. Our findings show that surface 
patterns significantly influence droplet spreading and CA, 
with complex patterns leading to decreased wettability. We 
also studied the effects of impact velocity and viscosity on 
droplet behavior, revealing that higher velocities increase 
spreading, while higher viscosities decrease it. These find-
ings have important implications for the design of surfaces 
with controlled wettability for different applications. In this 
follow-up study, we aim to extend the modeling tool to nu-
merically evaluate the wettability of laser-patterned surfaces. 
The objective is to predict the wetting performance of vari-
ous surface topography designs from optical simulations, 
with the ultimate goal of designing a multifunctional surface. 

 
Table 1 The laser conditions used for the creation of the topogra-
phies on Si and Ge. 

 
2. Materials and methods 

The experimental part of the study was performed onto 
2 different semiconductors that are commonly used in mi-
croelectronics industry, namely mono-crystalline Si and Ge. 
The characteristics of the materials are as follows: Si wafers 
(1 0 0) of 1 mm thick that were polished on both sides, pure 
Ge wafers (1 0 0) of 1 mm in thickness that were polished in 
both sides also. The initial surface roughness Ra of both ma-
terials is well below 1 nm. The creation of the surface topog-
raphies was realized by using ultrafast laser ablation. We po-
sitioned the samples with respect to the laser processing plat-
form using motorized XYZ translation stages from NewPort, 
Micro-Controle Spectra-Physics S.A.. A commercially 
available ultra-violet (UV) laser system (of Monaco model 
from Coherent Inc.) was used to created surface structures. 

The Monaco UV laser system, operating at 343 nm wave-
length, provides 350 fs pulses at a repetition rate of 10 kHz. 
All pulses were focused through a f/θ with the nominal focal 
length of 100 mm and a spot diameter of 8.5 µm (the diam-
eter was determined experimentally). The laser fluence was 
adjusted using a half-wave plate (λ/2) associated with a po-
larizer. The pulse energy was measured with a thermopile 
power-meter (Gentec Inc.). The laser conditions used for the 
creation of the topographies for this study are summarized 
in Table 1. 

 

 
Fig. 1 A typical surface topography created using femtosecond 

laser pulses. 
 

 For surface geometry evaluation, a confocal microscope 
(Stil, from Altimet) was used for surface topography meas-
urements [28]. A typical surface topography produced on Si 
after UV fs laser irradiation is presented in Fig. 1. Individual 
craters were created on the Si surface and the topographical 
characteristics such as crater diameter, depth, pitch distance 
etc, are related to the laser spot size, laser fluence, number 
of laser pulses, and predefined crater-to-crater spacings. For 
detailed geometrical values of the craters on the Si and Ge 
samples, 2D surface profiles are extracted from the confocal 
measurement. A typical 2D profile of the surface relief 
across the surface patterns is shown in Fig.2(b). The wetta-
bility measurements were carried out with a laboratory-de-
veloped system within the Manutech-USD consortium [29]. 
They were performed in a controlled atmosphere (tempera-
ture (T) being 22.95 ± 0.45◦C, and relative humidity (RH) 
being 40 ± 8 %). A 3 µL droplet of demineralized water was 
deposited on the surface, and the evolution of the droplet 
shape was visualized with a camera and a sample rotation 
stage enabling 360◦ inspection and CA measurements. The 
platform moved at a speed of 0.1 rad/s. The droplet profile 
and especially the CA were extracted from the complete 
droplet 360◦ of rotation leading to approximately 80 meas-
urements per droplet. The first CA measurements were car-
ried out immediately after laser processing and it was shown 
that all the samples exhibiting hydrophilic properties [30]. 
The second step of CA measurements was performed on the 
same samples, a few months after the laser patterning pro-
cess, and more specifically after a thermal treatment proce-
dure in which the samples received an ultrasonic bath clean-
ing (demineralized water for 15 min), and an autoclave treat-

Sample  Number  
of pulses 

Fluence 
(J/cm2) 

Pitch 
(µm) 

Si 20 58 25 
Ge 10 58 25 
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ment at 90◦C for 45 min. The data represent the measure-
ments from 4 consecutive, individuals and contact-less drop-
lets on each surface.  

 
3. Modeling details 

Our present study is based on a model designed to simu-
late the behavior of two-phase flow on flat Si, and Ge sur-
faces, focusing on the interaction between immiscible fluids, 
such as air and a water droplet as shown in Fig. 2 (a). An 
important aspect of our model is the inclusion of surface ten-
sion effects, which play a significant role in governing the 
behavior of fluid interfaces. Surface tension forces are cal-
culated using a specialized expression involving gradient 
terms, a surface tension coefficient, and the Dirac delta func-
tion, allowing us to accurately capture the dynamics at the 
fluid-solid interface. 

 
𝑟𝑟 = 1 + 2ℎ

𝑝𝑝
; 𝑝𝑝 = 𝑤𝑤 + 𝑠𝑠.                         (1) 

 
 To track the interface between the two immiscible fluids, 
we employed the conservative LSM. This method utilizes a 
level-set function, which smoothly transitions between 0 (in-
dicating air) and 1 (indicating water droplet), effectively de-
picting the fluid interface. Implementation of the model was 
carried out using a finite-element solver discretized in COM-
SOL Multiphysics 6.0 software, facilitating precise numeri-
cal computation. Our simulations were conducted in 2D 
axis-symmetry to reduce computational cost while maintain-
ing accuracy.                                   
 

Fig. 2 (a) Asymmetry simulation setup of water droplet with a 
diameter of 1 mm on a flat surface. (b) 2D topography profile  cre-
ated by femtosecond laser. (c) A 2D parametric geometrical pat-
terned displaying both non-irradiated spots and laser-irradiated 
spots with varying heights (h), widths (w), groove widths (s), and 
a period (p) of the relief. 

 
 Boundary conditions were carefully chosen to ensure re-
alistic simulation outcomes. Open boundary conditions with 
zero pressure were applied to all boundaries except the wet-
ted wall, where equilibrium CA was employed to define the 
surface wettability. To prevent singularity problem at the 
wetted wall, we adopted the Navier slip boundary condition, 
supplemented by a frictional force term on the liquid-solid 
interface. This approach ensured numerical stability and ac-
curacy throughout the simulation process. More details 
about the modeling set-up, implementation and validation of 
water droplet on flat surface can be found in [27]. 
 Subsequently a laser-textured pattern, featuring heights 
(h), widths (w), groove widths (s), and a periodicity (p) as 

depicted in Fig. 2 (c), was introduced on the two surfaces 
[31, 32]. The structural parameters h, w, s, and p are adjust-
able based on the topography profile of the laser-patterned 
surfaces. For the sake of simplicity, we have only explored 
the cases where w=s. The adjustable parameters used in the 
prediction of the wettability are shown in Table 2. To facili-
tate the adjustment of these parameters, we use the rough-
ness factor (r) to quantify them, as shown in Eq. 1. The CA 
was then plotted against r. In order to interpret the relation-
ship between r and CA, a simple linear regression analysis 
was performed [33]. The coefficient of determination, R2, 
was used as the goodness of fit to measure how well the lin-
ear regression model explains the variability of the data [34]. 
 The diameter of the water droplet corresponds to that used 
in the experimental setup, which is 1 mm. It is important to 
mention that the density, dynamic viscosity, and surface ten-
sion values for both water and air are sourced from Sikalo et 
al. [35, 36]. Water has a density of 996 kg/m3, a dynamic 
viscosity of 0.001 Pa.s, and the surface tension between air 
and water is 0.073 N/m. In comparison, air has a density of 
1.204 kg/m3 and a dynamic viscosity of 1.814 x 10−5 Pa.s. 
The simulation of water droplets on the two flat surfaces, as 
well as on the laser-patterned surface, was carried out for 
100 microseconds. This duration is sufficient for the water 
droplets to reach an equilibrium state. 
 
Table 2 Values of the adjustable parameters of laser-textured pat-
terned introduced on Si and Ge. 

Si          
 

p (mm) 
 

h (mm) 
 

r 
 

Ge 
 

p (mm) 
 

h (mm) 
 

r 
 

1 
 

25 
 

0 
 

1 
 

1 
 

25 
 

0 
 

1 
 

2 
 

25 
 

2 
 

1.16 
 

2 
 

25 
 

2 
 

1.16 
 

3 
 

25 
 

5 
 

1.40 
 

3 
 

25 
 

5 
 

1.40 
 

4 
 

25 
 

7.3 
 

1.58 
 

4 
 

25 
 

6.5 
 

1.52 
 

5 
 

25 
 

10 
 

1.80 
 

5 
 

25 
 

10 
 

1.80 
 

6 
 

25 
 

13 
 

2.04 
 

6 
 

25 
 

13 
 

2.04 
 

7 
 

25 
 

16 
 

2.28 
 

7 
 

25 
 

16 
 

2.28 
 

8 
 

10 
 

0 
 

1 
 

8 
 

10 
 

0 
 

1 
 

9 
 

10 
 

7.3 
 

1.58 
 

9 
 

10 
 

6.5 
 

1.52 
 

10 
 

15 
 

7.3 
 

1.63 
 

10 
 

15 
 

6.5 
 

1.57 
 

11 
 

18 
 

7.3 
 

1.73 
 

11 
 

18 
 

6.5 
 

1.65 
 

12 
 

20 
 

7.3 
 

1.81 
 

12 
 

20 
 

6.5 
 

1.72 
 

13 
 

23 
 

7.3 
 

1.97 
 

13 
 

23 
 

6.5 
 

1.87 
 

14 
 

25 
 

7.3 
 

2.46 
 

14 
 

25 
 

6.5 
 

2.30 
 

 
 

4. Results and discussion 
In this section we present our results as follows: firstly 

we discuss the initial state of Si and Ge, in terms of surface 
roughness and surface wettability; and then we move on to 
the wettability evolution once the surface topography is pro-
duced onto the Si and Ge surface by fs laser pulses; after that, 
we expand our discussion to the influential factors that gov-
erning the wettability performance; in the end we make com-
ment on the shortcoming of current approach as well as pro-
ject our perspective for future development. 

 
4.1 Equilibrium contact angle on Si and Ge 

Fig. 3 presents snapshots of a 1 mm water droplet on flat 
Si and Ge substrates, compared with the results from both 
simulation and experimental methods. For the flat Si sub-
strate, the simulated equilibrium CA of 29.4◦ is very close to 
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the experimental CA of 28.85◦, with a small difference of 
0.55◦. Similarly, for the Ge substrate, the simulated equilib-
rium CA of 63.72◦ closely matches the experimental CA of 
63.60◦, with an even smaller difference of 0.12◦. The close 
agreement between the simulation and experimental results 
validates the accuracy and reliability of the numerical model 
used in these simulations and as reported in [27]. This vali-
dation implies that the model can be trusted to predict the 
behavior of water droplets on similar surfaces with a high 
degree of precision. 

 

Fig. 3 Comparison of (a) simulation and (b) experimental re-
sults of water droplets with a diameter of 1 mm on flat Si, and Ge 
substrates. 

 
4.2 Equilibrium contact angle on laser patterned Si and 
Ge 

Fig. 4 represents the scale plots of simplified, idealized 
surface profiles based on the experimental μm topography 
measurements for laser-patterned substrates which are used 
as input in the simulation to study the effect of the micro-
structure on the droplet... For Si, the measurements were: p 
= 25 μm, w = 12.5 μm, and h = 7.3 μm as shown in Fig. 4 
(a). For Ge, the measurements were: p = 25 μm, w = 12.5 
μm, and h = 6.5 μm as shown in Fig. 4 
(b). The corresponding r value for Si relief features is 1.58 
and that of Ge is 1.52 respectively.  
 

Fig. 4 Simplified surface profile based on experimental topography 
measurements for laser-patterned substrates. (a) For Si, the meas-
urements were: p = 25 μm, w = 12.5 μm, and h = 7.3 μm. (b) For 
Ge, the measurements were: p = 25 μm, w = 12.5 μm, and h = 6.5 
μm. 
 
 Fig. 5 (a) shows a snapshot of the equilibrium CA of a 
water droplet on micro-relief Si of both simulation and ex-
periment. The simulation results show an equilibrium CA of 
109.55◦, while the experimental measurements indicate a 
slightly lower CA of 104.8◦. This close agreement suggests 
that the simulation model is quite accurate, with only a mi-
nor difference of 4.75◦. Similarly, Fig. 4 (b) presents the 
equilibrium CA of a water droplet on Ge. Here, the simula-
tion predicts an equilibrium CA of 115.62◦, whereas the ex-

perimental value is 104.3◦. The difference between these val-
ues is 11.32◦, which is slightly larger than the discrepancy 
observed for Si. The observed differences between the sim-
ulated and experimental CAs for both Si and Ge can be at-
tributed to the presence of native oxides on the surfaces be-
tween the relief features created by fs laser texturing. These 
native oxides can alter the surface chemistry thus, affecting 
the wettability of the surfaces [6, 37, 38].  
 In addition, the simulations reveal that there is an air gap 
between the water droplet and the relief features for laser-
textured Si and Ge. The water droplet does not fully pene-
trate the micro-relief structure, leading to incomplete wet-
ting of the surface. The introduction of micro-roughness 
through laser patterning transforms the surfaces of both Si 
and Ge from a hydrophilic state, when the surfaces are flat, 
to a hydrophobic state, when the surfaces are textured with 
relief features. This change in wettability is important for 
optical windows applications where controlling the wetting 
properties is essential. 

Fig. 5 Snapshot of (a) simulation and (b) experiment showing a 
water droplet on laser-patterned Si with micro-relief measurements 
of p = 25 μm, w = 12.5 μm, and h = 7.3 μm, and on Ge with meas-
urements of p = 25 μm, w = 12.5 μm, and h = 6.5 μm. The color 
bar in the simulation represents the fluid interface, where a value 
of 0 corresponds to air and a value of 1 corresponds to the water 
droplet, as defined by the LSM.  
  
 The wetting behavior observed on laser-textured Si and 
Ge can be described as a Wenzel-Cassie-Baxter state. In this 
state, the water droplet partially penetrates the micro-relief 
features but does not completely fill them, resulting in the 
trapping of air bubbles between the droplet and the surface. 
The formation of air bubbles at the solid-liquid interface oc-
curs due to the air pressure present in the gaps between the 
micro-relief features [39, 40]. Figure 6 illustrates the air 
pressure distribution between the water droplet and the mi-
cro-reliefs of both Si and Ge surfaces. 
 Additionally, for the laser-patterned Si, the air pressure 
beneath the water droplet is measured at 6260 Pa. In com-
parison, the air pressure for the laser-patterned Ge is slightly 
lower, at 4600 Pa. These high air pressures are a result of the 
trapped air in the micro-reliefs, which significantly influ-
ences the droplet’s behavior on the textured surfaces.  
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Fig. 6 Air pressure in the gaps between the micro-reliefs of Si with 
surface features of p = 25 μm, w = 12.5 μm, h = 7.3 μm and Ge 
with surface features of p = 25 μm, w = 12.5 μm, and h = 6.5 μm. 

 Because of the air pressure beneath the relief features, the 
water droplet is effectively trapped on the micro-reliefs of 
both Si and Ge surfaces. This trapping mechanism causes 
the droplet to reach an equilibrium state more rapidly com-
pared to when it is on a flat surface. The 
presence of air bubbles prevents the water droplet from com-
pletely filling the micro-relief gaps, leading to a change in 
the contact angle. The increased contact angle observed on 
the textured surfaces of Si and Ge is a direct consequence of 
this trapped air. The high air pressure supports the droplet, 
maintaining a larger angle of contact with the surface. This 
phenomenon is indicative of the transition from a hydro-
philic state, observed on flat surfaces, to a hydrophobic state, 
because of the micro-roughness created by laser patterning. 

4.3 Wettability behavior of laser-treated Si and Ge sur-
faces with varying topography 
 Fig. 7 shows the Plot of CA as a function of the r for (a) 
Si with constant micro-relief p of 25 μm, with varied h of 2 
- 16 μm and (b) constant h of 7.3 μm with varied p of 10 - 
25 μm. (c) Ge with surface features of constant p of 25 μm, 
with varied h of 2 - 16 μm, and (d) constant h of 6.5 μm with 
varied p of 10 - 25 μm. A full detail of these adjusted param-
eters is shown in Table 2. 
 In Fig. 7 (a), the CA increases with the r, indicating that 
increased roughness transforms the Si surface from hydro-
philic to hydrophobic state. This trend is evident as the CA 
shows a significant rise from r = 1.8 to r = 2.46. The strong 
correlation between r and CA is highlighted by the R2 of 0.87, 
suggesting that varying the h while keeping the micro-relief 
p constant favors wettability changes. In Fig. 7 (b), the CA 
also shows an increasing trend with r, but the relationship is 
less straightforward compared to Fig. 7 (a). There are more 
fluctuations in the CA values, with the highest CA occurring 
at r = 2.46. Despite the surface transition from hydrophilic 

to hydrophobic, the moderate correlation, indicated by an R2 
value of 0.71, suggests that the trend of wettability is less 
predictable when h is fixed and p is varied. 
 Fig. 7 (c) reveals the results for the case when the CA in-
creases with r, similar to the trend observed in Fig. 7 (a). As 
r rises, the Ge surface transitions from hydrophilic to a su-
perhydrophobic state. This significant shift is particularly 
noticeable between r = 1.8 and r = 2.28. The strong correla-
tion between r and CA is shown by an R2 value of 0.89, in-
dicates that modifying the h while maintaining a constant 
micro-relief p effectively influences wettability. This sup-
ports the observations made for Si surfaces in Fig. 7 (a). In 
contrast, Fig. 7 (d) reveals a more complex relationship be-
tween CA and r, similar to the results shown in Fig. 7 (b). 
While there is an overall increase in CA with higher r, the 
relationship is less straightforward and shows more variabil-
ity. The highest CA values are found between r = 1.87 and r 
= 2.3. In addition, the strong correlation, reflected in an R2 
value of 0.86, indicates that predicting wettability trends is 
more challenging when h is fixed and p is varied. The find-
ings for Si surfaces also confirm this statement, as shown in 
Fig. 7 (b).  

Moreover, in Fig. 7(c) and 7(d), the simulations predict 
CAs nearing 180°, indicating extreme superhydrophobic be-
havior under specific parameter configurations. These re-
sults are theoretical predictions based on idealized surface 
conditions, including uniformity and periodicity of micro-
structures. While achieving such high contact angles exper-
imentally is challenging, these simulations highlight the po-
tential upper limits of surface hydrophobicity. It is essential 
to emphasize that real-world surfaces, influenced by imper-
fections and dynamic effects, may not achieve these extreme 
angles. Future experimental validation and model refine-
ments are necessary to confirm these predictions and further 
explore the practical implications of such surface designs. 

Thus, using only r as the main parameter, as it was often 
done, is an oversimplification in the case of a textured relief. 
Instead, structure depth and period should be used as inde-
pendent parameters since different R2 were obtained for Fig. 
7 (a) and (b) and for Fig. 7 (c) and (d). This result can be 
attributed to the differences in the roles of these parameters 
in the determination of the actual contact area, interaction 
energy and other important surface characteristics. 
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Fig. 7 Plot of contact angle as a function of the roughness factor for (a) Si with constant micro-relief p of 25 μm, with varied h of 2 - 16 μm 
and (b) constant h of 7.3 μm with varied p of 10 - 25 μm. (c) Ge with surface features of constant p of 25 μm, with varied h of 2 - 16 μm, 
and (d) constant h of 6.5 μm with varied p of 10 - 25 μm. 
 

 In general, to achieve more hydrophobic behavior on la-
ser-textured Si and Ge, more attention should be paid to the 
h of the relief, and caution should be exercised when varying 
the p during fs laser processing. It is important to note that a 
current limitation of this simulation is the exclusion of dy-
namic wetting phenomena. To reach a more comprehensive 
understanding of wettability on micro-textured surfaces, fu-
ture modeling approaches and experiments should incorpo-
rate the study of both advancing and receding contact angles. 
This will allow for a more accurate assessment of the drop-
let’s dynamics and stability on the surface. 
 It is important to mention that the current simulation does 
not account for the role of surface chemistry, which 
is a critical factor in determining wettability. Surface chem-
istry can significantly influence the interaction between the 
liquid and the solid surface, affecting the CA and overall 
wettability. However, integrating chemical effects into the 
finite element approach used in COMSOL Multiphysics pre-
sents considerable challenges, as this method primarily fo-
cuses on physical and geometric aspects. 

  

 

 

To address the influence of surface chemistry, alternative 
computational techniques such as Density Functional The-
ory (DFT) [41] and molecular dynamics (MD) simulations 
[31, 32] should be considered. DFT can provide insights into 
the electronic structure and chemical properties of the sur-
face, while MD simulations can model the interactions be-
tween molecules at the atomic level. These approaches can 
capture the interaction between surface chemistry and wet-
tability, offering a more holistic understanding of the factors 
that govern droplet behavior on micro-textured surfaces. In 
addition to the future prospects of this work, instead of using 
a parametric profile for the wetting simulation, a customized 
or in-house code can be developed to directly incorporate the 
2D topography profile from fs laser texturing as a structured 
profile in the COMSOL simulation. Taking the highlighted 
points into consideration will lead to a more robust and real-
istic model. This, in turn, will improve the accuracy of pre-
dictions related to droplet dynamics and wettability on mi-
cro-textured surfaces, ultimately informing better design and 
optimization of materials for various applications.  
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5. Conclusion 
This study presents a numerical model to predict the op-

timal laser-textured geometries for surface wettability mod-
ification, primarily focusing on sub-micrometric features on 
Si and Ge, using the LSM developed in previous work. The 
model simulates the interaction between immiscible fluids, 
such as air and water droplets, allowing for an accurate cap-
ture of the dynamics at the fluid-solid interface. The model 
has been validated by comparing the simulations with exper-
imental results, demonstrating a high degree of precision in 
predicting water droplet behavior on similar surfaces.  
 Micro-relief measurements from laser-textured experi-
ments were used as inputs in the simulation in the form of 
parametric surfaces, and wettability tests were performed. 
The simulation results showed good agreement with experi-
mental data, with minimal deviation. Specifically, the intro-
duction of micro-roughness through laser patterning trans-
formed the surfaces from a hydrophilic state, when flat, to a 
hydrophobic state with relief features.  
 The study also demonstrates simulation of various topog-
raphies, including fixed height of the relief with varying pe-
riods of the laser-textured surface, and vice versa. The cal-
culations revealed that to achieve more hydrophobic behav-
ior on laser-textured Si and Ge, more attention should be 
paid to the height of the relief, and caution should be exer-
cised when varying the period of the relief during femtosec-
ond laser processing. 
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