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A B S T R A C T   

Surface fouling is a major challenge faced within various engineering applications, especially in marine, aero
space, water treatment, food and beverage, and the energy generation sectors. This can be prevented or reduced 
in various ways by creating artificial surface textures which have fouling resistance properties. Ultrafast laser 
texturing provides an efficient method for the texturing of surfaces of different materials with high accuracy, 
precision, and repeatability. Laser texturing methods can enhance the production of well-defined surface nano- 
and microscale patterns. These surfaces with nano- and micro-scale patterning can be tailored to have inherent 
properties such as hydrophobicity, hydrophilicity, and resistance to fouling. This review gives an overview of the 
various types of fouling that can occur, the properties affecting a surface’s fouling resistance, as well as the latest 
physical and chemical strategies for the generation of antifouling surfaces. Surfaces architectures which have 
inherent antifouling capabilities are presented. This review focuses on the utilization of the higher precision 
laser-based texturing offered from femtosecond laser systems for enhance fouling resistance. The process pa
rameters to fabricate these textures and the current state of art femtosecond laser sources are presented and 
discussed. The challenges and future research requirements in the field of laser-based methods to fabricate 
antifouling surfaces are presented.   

1. Introduction 

Surface fouling is a phenomenon that occurs in many industrial ap
plications and negatively impacts the performance of engineering 
components and systems. It is characterized by the accumulation of 
unwanted materials on a solid surface due to adhesion between the 
fouling material and the surface. It mainly occurs in applications in 
fields such as marine [1–4], aerospace [5–8], energy sector [9–12], 
medical [13–16], pharmaceutical [17] and food industries [18–21]. 

In recent years, there has been an increasing interest in developing 
anti-fouling surfaces, and researchers have been exploring various 
techniques to modify engineered surfaces and create functional surfaces 
that exhibit anti-fouling properties. It can be clearly seen from the 
“Scopus data” plotted below that there has been an increasing number of 
published works related to the topic of anti-fouling surfaces and using 

novel surface modification techniques such as laser texturing which 
shows the increasing interest of researchers and industries, see Fig. 1. 

The history of anti-fouling surfaces dates back to ancient times, when 
the Phoenician civilization used copper and lead coatings to coat 
wooden boats. With the expansion of industrialization and trans
portation in the late 19th and early 20th centuries, there was significant 
research on developing anti-fouling surface strategies [22,23]. 

In recent decades, lasers have been used to modify surfaces with 
specific functionalities. Laser technology has advanced at a rapid pace, 
and the Nobel Prize-winning development of chirped pulse amplifica
tion technique [24] has enabled higher-power ultrashort laser pulses to 
be produced using less complex optics. This technology has resulted in 
the development of tabletop femtosecond laser systems. These can be 
used to modify surfaces without creating heat-affected zones and their 
associated defects. In recent times, there has been a surge of interest in 
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GHz burst ultrafast lasers, owing to their remarkable ability to lower the 
processing threshold across a wide spectrum of materials while intro
ducing novel nonlinear phenomena with significantly reduced heat ef
fects and overall energy consumption [25].Femtosecond laser texturing 
has been widely applied in the development of micro/nanostructures 
and particularly to the manufacture of the super-hydrophobic surfaces 
that play a crucial role in many anti-fouling applications [26]. Recent 
research includes production of slippery liquid-infused porous surface 
(SLIPS) using femtosecond laser that could resist corrosion [27] along 
with self-healing properties [28]. However, production of these surfaces 
is more expensive, complex and they fail over the time due to the 
lubrication depletion, [29] degradation or poor stability of the lubricant 
layer [30]. 

Many attempts have been made to manufacture hydrophobic sur
faces using laser texturing that play a very important role in many ap
plications, such as anti-biofouling, anti-corrosion, and anti-icing 
surfaces [31]. The ability to fabricate biomimetic surfaces with precise 
control over their wetting properties presents a plethora of opportunities 
for various applications, such as developing self-cleaning surfaces that 
exhibit antifouling characteristics, improving the efficacy of oil-water 
separation, and enhancing the performance of green energy systems 
like batteries and fuel cells [32] (Fig. 2). 

In addition, antibacterial and antifouling are distinct characteristics. 
Antibacterial is the ability to stop bacteria from growing and repro
ducing, whereas anti-fouling is the ability to stop unwanted substances 

2000 2004 2008 2012 2016 2020

0

20

40

60

80

100

120

140

160

180

200

N
um

be
r 

of
 p

ub
lic

at
io

ns

Published year

Antifouling and Antibacterial
Antifouling, Antibacterial and Laser
 Antifouling, Antibacterial, Laser and Ultrafast

Fig. 1. Number of published articles indexed in Scopus on the topic of (a) anti- 
fouling AND antibacterial surfaces, (b) antifouling AND antibacterial surfaces 
with lasers, and (c) antifouling AND antibacterial surfaces with ultrafast lasers 
from 2000 to 2022. 

Fig. 2. Schematic of laser texturing strategies used to generate antifouling surfaces.  
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from adhering to a surface. Antibacterial coatings have ingredients in 
them that can kill bacteria or deter them from growing. On the other 
hand, anti-fouling coatings, are made to stop things like dirt, dust, and 
other contaminants from attaching to and accumulating up on a surface. 
However, in this paper, our focus is on anti-fouling surfaces produced by 
laser texturing. 

The review paper begins with an overview of surface fouling and 
traditional anti-fouling methods. The mechanisms of surface fouling and 
how traditional methods such as coatings and surface modifications 
work to prevent or reduce fouling are presented. The various laser-based 
processing techniques and principles of laser-induced micro/nano 
texturing and how they can be used to control the wettability and 
corrosion rate of surfaces are discussed in detail. An overview of bio
mimetic micro/nanostructured surfaces and their potential applications 
in self-cleaning surfaces, oil-water separation, and green energy systems 
such as fuel cells and batteries are also presented. The challenges and 
limitations of the current surface texturing methods and the potential for 
future advancements in this field are discussed. The paper presents a 
summary and discussion of the current state of research and the future 
directions for developing anti-fouling functional surfaces using laser 
texturing techniques. 

This review paper aims to provide a comprehensive overview of the 
use of ultrafast lasers for developing anti-fouling functional surfaces. It 
highlights the potential applications of these surfaces and the challenges 
and limitations of the current methods. This review will be useful for 
researchers in the fields of surface science, materials science, engi
neering, and physics, as well as in the marine, aerospace, energy, 
medical, pharmaceutical, and food sectors. 

1.1. Surface fouling mechanisms 

Fouling is a time dependant, complex, and undesirable process with 
diverse mechanisms depending on the type of surface and foulant 
involved. Foulants can comprise macromolecules, bacteria, and/or 
suspended particles, and can be stationary or moving [2]. The types of 
fouling can be primarily classified in two categories: microfouling 
(<100 mm) and macrofouling (>100 mm). Another type of catego
risation used is illustrated in the Fig. 3. 

There are six mechanisms of fouling, these are: 1. colloidal, 2. scale, 
3. chemical, 4. corrosion, 5. biofouling and 6. ice [33,34]. Colloidal 

fouling, type 1, is a type of fouling that can be generated by organic or 
inorganic colloids. Fine particles with a size range of 1–1000 nm are 
involved. These colloids build up on membrane surfaces, reducing their 
performance. Fouling of this type is particularly common in reverse 
osmosis water filtration membranes. Aluminium silicate minerals, silica, 
iron oxides/hydroxides, and elemental sulphur are amongst the inor
ganic foulants found within various water sources [35]. 

Another important type of fouling is scaling, type 2, is caused by 
inorganic salts and other particles in the fluid stream. This type of 
fouling increases the pressure drop in a heat exchanger and lowers the 
heat transfer between the fluid and the heat exchanger surface. Settling 
of the salts can occur with the fluid flow velocity falls below a critical 
level. This type of fouling occurs in heat exchangers of heating, venti
lation, and air conditioning systems, and is one of the leading causes of 
system failure and inefficiency [36]. The foulants or scales are made up 
of calcium carbonate or calcium sulphate precipitations which are 
insoluble in fluids such as water. This type of fouling is also known as 
precipitation, crystallization, or sedimentation fouling [37]. 

Chemical fouling, type 3 is a fouling type whereby solid is deposited 
on a surface due to a chemical reaction. A common form of chemical 
fouling is the formation of asphaltenes as a fouling species in crude 
petroleum streams caused due to the oxidative condensation process 
[38]. When there is a lack of oxygen at high temperature it results in the 
formation of coke which has a high molecular mass. There are various 
parameters which affect the formation such as the temperature, velocity 
of the stream, composition of the feedstock, autoxidation, polymeriza
tion, and thermal decomposition, presence of oxygen, presence of 
sulphur and nitrogen and other impurities in the stream, material of the 
surface and presence of inorganic components and other environmental 
factors. These factors affect the rate of the chemical reactions taking 
place and hence also the magnitude of deposit formation [39]. 

In type 4, corrosion fouling, a chemical or electrochemical reaction 
occurs between the surface and its environment. The anode and the 
cathode are connected electrically both through the fluid and by some 
external metallic conductor [40]. Charge is transported by the electrons 
due to current flow in the external conductor and by the ionized species 
in the fluid. On removal from the fluid and drying, the metal hydroxide 
loses its constituent fluid, and the remaining deposit consists of metal 
oxides. At the cathode, a electrochemical reaction occurs involving the 
reduction of oxygen dissolved in the fluid. These oxides and hydroxides 

Fig. 3. Schematics of the fouling processes of (a) colloidal, (b) scale, (c) chemical, (d) corrosion, (e) biological species and (f) ice formation.  
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constitute the fouling deposit [41]. This type of fouling occurs with time 
in applications such as marine applications including ships hulls, pro
pellers and other parts of ships or boats which come in contact with sea 
water [42]. When corrosion is accelerated directly by the life activities 
of microorganisms or indirectly by their metabolites, it is termed as 
microbiologically influenced corrosion [43], and occurs in heat ex
changers such as steam boilers, condensers and in the food industry 
[44]. 

Biofouling, type 5 refers to undesirable attachment of microorgan
isms at a phase transition interface (solid–liquid, gas–liquid or liquid
–liquid), which might occur due to deposition, growth and metabolism 
of bacteria cells or flocs on the surface [45]. Biological fouling takes 
place in various stages such as surface conditioning by formation of a 
conditioning film, attachment of pioneer planktonic cells onto surfaces, 
formation of microcolonies by primary bio adhesion and subsequently 
development of mature biofilms which destroys the interaction of the 
surfaces with the fluids or other surfaces. It occurs due to diverse array of 
fouling organisms and has increased operational expenses and delete
rious impacts however the extent of information on its causes is still 
lacking. Various organisms responsible for biofouling especially in 
medical and marine environments along with the size of the bio foulants 
are illustrated below in Fig. 4. 

Other organic foulants include polysaccharides, proteins, and natu
ral organic matter [47]. Fouling from such species especially occurs in 
low and high-pressure membranes which are used in bioreactors [48]. 
The economic costs associated with biofouling control have been esti
mated to range from $1.5 to 3 billion per year [49]. The reduction of 
biofouling on the propeller and hull of a ship can significantly increase 
the resistance of the ship flow through the water [50]. 

Ice fouling, type 6, is one of the significant types of fouling in which 
ice is formed and accumulates on surfaces due to the low temperature 
and low pressure environmental conditions [51]. This occurs especially 
on aeroplane wings [52], power lines, wind turbines [9] and heat ex
changers in cooling systems used in the food industry [53] due to the 

solidification of the fluids which come in contact with the surface at low 
temperature and pressure. Ice nucleation and growth which contami
nates the surfaces, reduces the functional efficiency of these systems 
[33]. 

As fouling has been a problem for long time and directly affects the 
performance of many engineered systems, there is a need to develop 
surface manufacturing methods such that fouling can be prevented. The 
below sections introduces the surface characteristics that affect the anti- 
fouling performance. 

1.2. Surface properties affecting fouling resistance 

There are various properties which are linked to the fouling resis
tance of a surface. The most important properties affecting the fouling 
resistance are listed below. 

Surface texture: The texture of a surface can affect fouling resistance. 
A smooth surface tends to be less prone to fouling, while a rough surface 
provides more places for fouling agents to attach. The best condition is 
to achieve control over the surface roughness [54]. 

Material composition: The composition of a material affects its fouling 
resistance. For example, some materials are naturally resistant to 
fouling, while others are more susceptible to it [55]. 

Surface energy: The surface energy of a material affects its ability to 
repel or attract fouling agents. Materials with higher surface energy tend to 
be less prone to fouling because they repel unwanted substances. The 
surface energy is calculated by measuring the contact angle of the surface 
which determines the wetting behaviour. The schematic diagram shown in 
Fig. 5 helps to feature the four different wetting behaviour of the surface 
such as super-hydrophilic, hydrophilic, hydrophobic and super- 
hydrophobic nature of the surfaces. When water contact angle is less 
than 10◦ the surface is called as superhydrophilic; when the contact angle 
is less than 90◦ the surface is called as hydrophilic; when the contact angle 
is more than 90◦ the surface is called as hydrophobic; and when contact 
angle is more than 150◦ the surface is called as superhydrophobic [56–60]. 

Fig. 4. Illustration of different bio-foulants found in biomedical and marine environments. Cells and compounds relevant to biomedical applications are shown above 
the scale axis. Marine organisms are shown below the scale. Reproduced with permission from [46]. 
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1.3. Characterization of surface fouling properties 

In general, there exist numerous techniques to evaluate the fouling 
properties of surfaces. The majority of fouling characterisation methods 
employ self-made laboratory experiments that are tailored to the spe
cific application of the material . At first, a significant number of works 
measure the hydrophobicity and icing characteristics of newly devel
oped metal surfaces using contact angle measurements. Contact Angle 
Hysteresis (CAH) was utilized to measure wetting phenomena and fluid- 

metallic surface interactions [61]. Furthermore, the phenomenon of 
freezing effect or ice adhesion is commonly evaluated by the experi
mental arrangement depicted in the Fig. 6(a)–(c). The calculations 
involved determining the icing delay time and the contact interaction 
time in relation to the anti-icing or freezing qualities of the surface. In 
order to assess the strength of ice adhesion, many methods were 
employed, including the peak force method, centrifugal force method, 
tensile force method [62]. 

In general, biocorrosion was characterized using the conventional 

Fig. 5. Schematic of four different wetting behaviour on the surface of the substrate.  

Fig. 6. Illustrations of experimental methodologies used to assess ice adhesion (a) Cuvette-encased ice column: This approach involves measuring the shear stress 
required to detach an ice column that is encased in a cuvette from the surface; (b) Centrifugal force method: In this method, induced shear stress at the ice-coating 
interface is measured by subjecting the system to centrifugal forces; (c) Tensile force method: This technique utilizes a tensile machine to induce shear stress at the 
interface, evaluating the adhesion of ice to the coating; (d) 3 electrode electrochemical setup to test corrosion Reproduced with permission [64,62]. 
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method of weight loss and electrochemical characterization. Electro
chemical characterization consists of tests such as open circuit potential 
(OCP), Potentio-dynamic polarization (PDP), and linear polarization 
experiments utilizing a three-electrode setup shown in Fig. 6(d). Elec
trochemical impedance spectroscopy (EIS) and Mott-Schottky (MS) 
studies were also used to passivation or oxide layer on the metallic 
surface [63]. These approaches were utilized to quantify the ice adhe
sion strength which evaluates the anti-freezing capability of the metallic 
surface. Few common in-vitro methods for biological assays include 
growth inhibition studies using absorbence measurements, colony 
forming unit (CFU) counting using ImageJ, live/dead bacteria staining 
tests using fluorescence microscopy, and morphological analysis using 
scanning electron microscopy (SEM). In summary, all these assays offer 
initial evaluations for the overall integrity of the prepared surfaces 
before applying their real-time utilization. 

2. Different strategies of producing antifouling surfaces 

2.1. Physical strategies 

Anti-fouling surfaces have gained significant interest due to their 
potential applications in various industries. Physical approaches to 
prevent organism attachment involve designing surfaces with micro- or 
nano-scale textures, effectively deterring settlement. Lithographic 
techniques are frequently utilized for crafting intricately structured 
surfaces in this context. These approaches vary from the application of 
radiation to harden or soften photosensitive material, which is then 
removed via wet chemical approaches [65], imprint techniques utilising 
stamping for surface structuring, to beam lithographic approaches 
which rely on focused particle beams for material sputtering [66]. 
Conventional manufacturing approaches such as hot embossing and 
vacuum casting [67] have also been scaled to the nano- or micro-scale, 
and are suitable approaches for producing features for anti-fouling 
surfaces. Finally additive manufacturing approaches, often referred to 
as 3D printing, where parts can be fabricated in a layer wise manner, 
also offers the possibility for direct production of anti-fouling surface 
features [68]. Several physical-based methods have been proposed for 
the fabrication of anti-fouling surfaces, as summarized in Table 1. 

The selection of a suitable manufacturing process is crucial for 
achieving high productivity, scalability, dimensional accuracy, 
extended lifetime, and low cost. These considerations are particularly 
important in the field of surface engineering, where the ability to pro
duce features of a specific size range and material composition is 
essential. One approach for creating such surfaces is the use of hot 
embossing and imprinting techniques. Nevertheless, these approaches 
are limited in their applicability, as they can only be applied to a selected 
materials which are compatible with the process. Similarly, while 
lithography has the capacity to yield high-quality surface features, it 
involves high costs. 

2.2. Need of laser surface processing 

Laser surface texturing offer a promising and adaptable approach for 
manufacturing anti-fouling surfaces. This technique can process a wide 
range of materials and surface feature sizes, and the potential for high 
productivity and dimensional accuracy is significant. Additionally, laser 
texturing and machining is an innovative process that can also be used 
for large surface areas, making it an attractive option for applications 
such as marine coatings [112,113]. 

One of the primary advantages of laser texturing and machining is its 
versatility in material selection. The technique can be used with a broad 
range of materials, including metals, ceramics, and polymers. Addi
tionally, this technique can produce features of various sizes, from 
microscale to macroscale, making it a flexible approach for creating 
surfaces with tailored functionalities [26,114,115]. 

Another significant advantage of laser texturing and machining is its 

Table 1 
Physical based methods for the fabrication of anti-fouling surfaces.  

Method Description Refs. 

Lithographic 
techniques 

Photolithography Uses light to transfer a 
geometric pattern from a 
photomask to a 
photosensitive chemical 
photoresist on the 
substrate. 

[65, 
69–75] 

Electron beam 
lithography 

Scanning focused beam of 
electrons to draw on a 
surface covered with an 
electron-sensitive film 
called a resist. 
It is capable to produce high 
precision 3 to 5 nm 
patterns. 

[76–81] 

Ion beam 
lithography 

In this technique focused 
beam of ions in a patterned 
fashion across a surface to 
create very small structures. 

[66,79,82] 

Soft lithography It uses PDMS as master 
template and can produce 
micro and nano patterns. 

[83–85] 

Nano-imprint 
lithography 

Patterns are generated by 
mechanical deformation of 
imprint resist, cured by heat 
or UV light during the 
imprinting. 

[86–90] 

Colloidal 
lithography 

In this method the colloidal 
crystals are used as a 
masque on the surface of 
the substrate used. 

[91–95] 

Nano and Micro moulding It is a fast fabrication 
method for transferring 
nanostructures on to a 
substrate made up of 
polymer. In this process a 
mould is created that has a 
cavity in the shape of the 
part desired. 

[96,97] 

Vacuum casting In this method, a mould is 
placed onto a PDMS sample 
and is completely covered 
in unsaturated polyester 
resin which contain glass 
fibres under vacuum 
conditions. 
This method is commonly 
used to reproduce the 
patterns. 

[67, 
98–100] 

Reactive Ion etching In this process the plasma is 
initiated in the system by 
applying a strong radio 
frequency electromagnetic 
field to the wafer platter, 
the positive ions tend to 
drift toward the wafer 
platter, where they collide 
with the samples to be 
etched. The ions react 
chemically with the 
materials on the surface of 
the samples and remove 
material in nanoscale. 

[101–105] 

Hot embossing Stamping of pattern into the 
polymer softened by 
increase in temperature 
above glass transition 
temperature. 

[106–108] 

Additive Manufacturing Versatile and various micro 
or nano patterns can be 
manufactured using layer 
by layer addition of 
material. 

[68, 
109–111]  
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potential for high productivity and dimensional accuracy. The use of 
lasers allows for precise control over the surface modification process, 
resulting in high accuracy and consistency in feature size and shape. 
Additionally, the use of lasers enables the creation of complex geome
tries and patterns that would be challenging to achieve using other 
methods [116]. 

Several papers show extremely interesting surface patterns and ef
fects when using GHz burst of fs pulses for surface modification, but in 
particular Obata et al. in 2022 [117] and Paschotta et al. in 2023 [118] 
that two dimensional LIPSS can be directly generated in this way, 
opening a new path for high productivity structuring of surfaces with 
superhydrophobic and self-cleaning effects. 

Hence, laser texturing offers a compelling option for manufacturing 
anti-fouling surfaces. Its material adaptability, scalability, high pro
ductivity, and dimensional accuracy make it a promising approach for 
surface engineering. 

3. Ultrafast laser texturing 

The earliest report on the application of short and ultrashort lasers in 
materials processing dates back to the early 1980s [119]. The devel
opment of chirped pulse amplification technique in 1985 to produce 
high energy ultrashort pulse width pulses has enabled the development 
of ultrashort pulse laser systems such as the femtosecond laser which has 
advantages such as delivering high energy density at spatial and tem
poral scales of femtosecond lasers [24]. The first publication of the 
femtosecond laser being used was reported in 1991 [120]. This laser has 
proven its capability to be used in a number of laser micro/ nano 
machining applications, including biomedicine, photonics, and semi
conductors. In these lasers it is possible to change the states and prop
erties of materials through the interaction with them and they can be 
used to control materials for processing from micron to nanometre 
scales. Hence the femtosecond lasers can process almost any material 
with high quality and high precision and realize three-dimensional 
complex structure fabrication [121]. The general setup of femtosecond 
laser is as illustrated in Fig. 7. 

By employing laser structuring, it becomes feasible to fabricate a 
variety of artificial surfaces that undergo topography alteration through 
thermal ablation patterning. This particular technique has the ability to 
fabricate micro or nano scale topologies on the surface. Another 
approach, known as patterning by optical interference, has the capacity 

to produce laser-induced periodic surface structures (LIPSS) that serve 
as artificial wavelength-scale surface formations. Additionally, 
patterning through surface hydrodynamic effects entails the creation of 
spikes as well as the imitation of natural surfaces, resulting in the for
mation of artificial nanoscale hills and valleys. This process serves to 
enhance the hydrophobic or hydrophilic properties of the given surface. 
Furthermore, laser ablation is employed to modify the microstructure of 
the material. This involves processes such as amorphization and crys
tallization as well as the formation of novel phases, including the pro
cessing of thin film shape memory alloys like nitinol. In certain 
instances, femtosecond laser surface structuring is also capable of 
simultaneous modification of topology and microstructure. [123]. 

3.1. Ultrafast laser-matter interaction 

Pulsed laser systems are classified into two types based on their pulse 
duration: short pulse laser systems, which operate in the microsecond 
and nanosecond range, and ultra-short laser systems, which operate in 
the picosecond and femtosecond range [124]. The industrial term "ul
trafast lasers" refers to laser systems that emit ultrashort pulses with 
pulse durations ranging from 100 femtoseconds to 100 picoseconds. 
These laser systems typically have pulse repetition rates in the mega
hertz or gigahertz range [119]. 

The interaction between pulsed lasers and materials can be catego
rized into three groups, as depicted in Fig. 8. The initial ultrafast pro
cesses occur due to electronic excitation (yellow) resulting from 
nonlinear multiphoton absorption processes. Energy transfer from 
excited electrons to atomic vibrations (green) takes place within pico
second ranges. Nonlinear photoionization processes, such as multi
photon or tunnelling, dominate the absorption of ultrashort laser pulses 
with durations of tens of femtoseconds (fs). Material ablation occurs in 
three steps within the femtosecond to picosecond range, as indicated in 
the yellow boxes in Fig. 8. First, the absorption of light due to inverse 
Bremsstrahlung occurs in the outer layer. Next, the electron thermal 
wave propagates through fast energy relaxation within the electron 
subsystem. Finally, electron-lattice relaxation occurs due to electron- 
phonon coupling [114]. 

However, in short pulse lasers the material interaction is different. 
Fig. 8 (turquoise), represents the formation of melt pool which forms 
heat affected zones after solifications which occurs due to absorption of 
laser energy, generally in short pulse lasers such as nano second laser. 

Fig. 7. Typical ultrafast laser texturing setup; Reproduced with permission [122].  
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The heat, which is conducted in form of heat flux, melted, evaporated, or 
formed into plasma in the material depending on the temperature 
reached. The ablation mechanism depends on pulse duration and pulse 
energy. 

The wavelength of the laser light holds significant influence over the 
absorptivity of various materials. Moreover, it has an impact on the 
depth of cut, machining capability, and the quality of surface features 
produced [125]. Fig. 9 shows the effect of wavelength on the absorp
tivity of different materials such as aluminium, gold, silver, copper, 

molybdenum, iron, and steel. In this way the laser matter interaction 
depends on the wavelength and the pulse duration. 

3.2. Key process parameters in ultrafast laser texturing 

The key process parameters in ultrafast laser texturing include laser 
pulse duration, laser fluence, repetition rate, and scanning speed. 

Laser fluence is defined as the amount of energy delivered per unit 
area of the target material. It is a critical parameter because it de
termines the extent of material removal and the formation of a specific 
microstructure on the processed surface. The optimal laser fluence de
pends on the physical and chemical properties of the target material 
[127]. 

Repetition rate is another important process parameter in ultrafast 
laser texturing. It refers to the number of laser pulses delivered per unit 
time. High repetition rates result in a higher processing speed, but they 
also increase the likelihood of heat accumulation and thermal damage in 
the processed material [127]. 

Scanning speed is the speed at which the laser beam is moved across 
the target material. It determines the overlap of successive laser pulses 
and influences the quality of the processed surface. Slow scanning 
speeds lead to a higher level of precision and accuracy, while higher 
scanning speeds result in higher processing speeds [128]. 

Overlap pattern plays a crucial role in laser texturing, a key parameter 
in achieving high-precision and high-resolution laser machining. To 
achieve a uniform ablation of the target material while following a 
specified path, it is essential to control the machining speed, which is 
directly tied to the degree of overlap between consecutive laser spots. 
The resulting texture is critically influenced by the temporal and spatial 
separation between successive laser pulses, a factor determined by the 
laser repetition rate and the chosen scanning strategy. It can be written 
in following form [129–131]. 

Ov =
(

1 −
v

2w. PRR

)
× 100 

Laser pulse duration is the time taken by a laser pulse to complete a 

Fig. 8. Energy dissipation and phase transformations following the excitation 
of a material by an ultrashort laser pulse. 

Fig. 9. Absorptivity of metals with respect to wavelength Reproduced with permission [126].  
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single cycle. It is one of the most critical process parameters in ultrafast 
laser texturing because it determines the peak power and energy density 
of the laser pulse. Shorter pulse durations result in higher peak powers 
and energy densities, leading to enhanced material removal rates and 
improved quality of processed surfaces. This is because long and short 
laser pulses in the range of millisecond to nanosecond pulse lengths are 
described by thermal ablation which is dominated by heat conduction, 
melting, evaporation, and plasma formation. If the pulse length is longer 
than the relaxation time the energy absorbed by the material is con
ducted away from the source as heat, this will produce a temperature 
field in the work piece known as the heat affected zone (HAZ). This will 
produce a melt pool around the heat source application location [132]. 
The extreme pressure and temperatures caused by the ultra-short pulse 
build up and accelerate the ionized material to extremely high veloc
ities. Due to the short timescale continuous evaporation of the material 
does not occur, instead the material is transferred into an overheated 
liquid state. This high pressure overheated liquid merges into a mixture 
of vapour and liquid droplets causing a rapid expansion of the material 
removing it from the ablated area [133]. The femtosecond laser 
texturing is named as cold processing as the laser power appears off 
before electrons transferring energy to lattice. The size of the HAZ can 
vary widely based on the material and process parameters, and in some 
cases, it can extend well beyond 10 nm.. A comparison of the ablation by 
long pulse such as micro or nanosecond width and ultrashort pulse width 
lasers such as femtosecond laser is shown in Fig. 10. 

Other laser process parameters, such as polarization, beam profile, 
and depth of focus, exert a considerable influence on the quality and 
characteristics of the resulting textures, as well as their dimensional 
accuracy and thus, the overall quality of the topology. In the study under 
consideration, the laser fluence was manipulated, and the process of 
laser polishing was executed on titanium alloy. The obtained results, 
specifically the SEM analysis and surface roughness measurements, 
revealed that an increase in laser fluence leads to a corresponding in
crease in the variability of surface roughness [135]. 

3.3. Material processing using ultrafast laser machining 

A significant body of research has been conducted on the application 
of laser texturing to various materials, including metals, polymers, ce
ramics, and semiconductor materials. The resulting textures and fea
tures, as well as the surface antifouling capabilities, have been analysed 
in depth and are summarized in the accompanying Table 2. The choice 
of laser type and the specific material being textured play a crucial role 

in determining the resulting surface characteristics. These findings 
contribute to the growing body of knowledge on the use of laser 
texturing as a viable technique for enhancing the properties of various 
materials. 

3.4. State of art laser-based nano- and micro-scale surface modification 
techniques 

Three important ultrafast laser-based material processing techniques 
which appear in the literature and are used to manufacture antifouling 
surfaces are direct laser writing (DLW), direct laser interference 
patterning (DLIP) with a microscopic objective or galvoscanner, and 
Optical Wavefront Shaping (OWS). The main differences between them 
lie in their principles of operation, precision, scalability, and specific 
applications. 

3.4.1. Direct laser writing 
Direct laser writing (DLW) is one of the most common laser texturing 

techniques that has been shown to be effective in generating antifouling 
properties on surfaces. An example of the setup for DLW is shown in 
Fig. 11. The relative ease of DLW processing and simpler equipment 
compared to other techniques is well noted [151]. DLW has been used to 
produce a plethora of different 3D micro structure on a large variety of 
materials [152]. Even with its excellent texturing ability DLW is hin
dered by it low through-put processing minimizing its efficiency in large 
scale processing. To combat this issue DLW more recently be combined 
with the other laser texturing method such as LIPSS or DLIP. 

In the study by Chu et al., he utilization of nanosecond direct laser 
writing (DLW) is employed to generate a microcellular pattern on 
TiAl6V4, which possesses a width of 50 µm. Subsequently, the imple
mentation of picosecond Direct Laser Induced Periodic Surface Struc
tures (DLIP) is employed to fabricate micropillars within the larger 
microcells, with a width of 2.6 µm. This process results in the creation of 
a hierarchical micro-nano structure on the material’s surface, leading to 
an augmentation in the water contact angle (WCA) to a value exceeding 
110◦ [153]. Also, DLW method to fabricating super hydrophobic steel 
surfaces using a two-step process of water confined laser texturing in 
combination with an immersion in chlorosilane solution to increase the 
hydrophobicity of the textured surface. Submerging the steel specimen 
in deionized water confines the laser pulse induced plasma, increasing 
the effect of the laser and allowing for a higher throughput. This process 
produces super hydrophobic micro-nano scale textures on the surface of 
the steel. The effect of different laser power on the final water specific 

Fig. 10. (a) Long and (b) short pulse laser ablation. Reproduced with permission [134].  
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Table 2 
List of laser and processes used for surface structuring suitable for the generation of anti-fouling surfaces.  

Substrate Material Laser Specification Feature Size/Morphology Notes Refs./ 
Year  

Type Wavelength Pulse 
width 

Pulse 
reptation 
rate    

Ti6Al4V Nd: YVO4 1064 nm 10 ps 103 kHz Parallel lines with variable hatch 
distance. Sample Ti1 was 
processed using laser parameters 
of 0.178 J/cm2, 10 mm/s and 10 
µm; Ti2 with 0.138 J/cm2, 1 
mm/s and 10 µm and Ti3 with 
0.178 J/cm2, 100 mm/s and 80 
µm. 

Antifouling characteristics were 
enhanced. However, this was 
combination of chemical and laser 
processing. 

[136] 

Titanium foam Diode- 
pumped Yb 

1030 nm 250 fs 75 kHz line-by-line scan with 10 µm 
hatch distance 

The oil water separation efficiency 
was improved drastically and oil 
fouling ability was improved. This is 
for the pristine Ti foam material. 

[137] 

Titanium (Ti6Al4V) and Stainless 
steel (100Cr6) 

Ti: sapphire 790 nm 30 fs 1 kHz Parallel lines Tribological properties were 
enhanced 

[138] 

Titanium foil Ti: sapphire 800 nm 50 fs 1KHz Micro drilling of sizes 15 to 70 
μm 

Micro drilling was conducted on 
thin film. More precise holes need to 
be manufactured to enhance the 
performance. Using optical 
wavefront shaping could be one of 
solution to machine with high 
precision. 

[139] 

Steel alloy 40CrMnMoS8–6 
(1.2312), 

Ti: Sapphire 
with diode 
pumped Yb: 
KGW 

1026 nm 170 fs 1 kHz Line pattern of hatch distance 20 
µm 

The ammonia gas and laser 
structuring both have effects on 
hydrophobicity and corrosion 
resistance. 

[140] 

Austenitic stainless steel (AISI304) Ti: Sapphire 800 nm 130 fs 1 kHz Trench and matrix micropattern. 
LIPSS nano pattern with 30, 50 
and 90 µm distances. 

Single one-step femtosecond laser 
fabrication process. Controlled 
hydrophobicity is achieved. 

[141] 

Pure Gold Ti: Sapphire 800 nm 30 fs 1 kHz Conic and 1D-rod-like structures 
with hatch distance of 50 μm to 
150 μm 

Attempt was made to make 
antibacterial surface by converting 
hydrophobic to superhydrophobic 
surface. The randomly distributed 
nano/micro- structures have 
pockets where bacteria can form 
colonies. Hence these can be 
avoided by using precise laser 
systems. 

[142] 

Black platinum, titanium, and 
brass 

Ti Sapphire 800 nm 65 fs 1 kHz Parallel microgrooves covered 
by extensive nanostructures 
array 

The superhydrophobic and self- 
cleaning anti reflective surface is 
manufactured using femtosecond 
laser on three different materials. 

[143] 

Zirconia Ceramics Ti: Sapphire 800 nm 35 fs 2 kHz Well-distributed periodic and 
cyclic microstructure of 50 µm 

High quality-controlled topography 
at the micrometric and sub- 
micrometric scale is enabled using 
femtosecond laser on hard to 
machine zirconia ceramics 

[144] 

Polystyrene and 
Polydimethylsiloxane 

KrF 515 nm 380 fs 200 kHz Micro- and nano-sized structures 
with hatch distance range of 
8–15 µm 

PS was processed using UV laser and 
then two-step process in which steel 
mould is treated with laser and the 
nano structures are transferred to 
the polymer surface by hot 
embossing was conducted. 

[145] 

Polyethylene, polycarbonates, 
Polyethylene terephthalate, 
Polylactic acid, polymethyl 
methacrylate, and 
polytetrafluoroethylene 

Ti: Sapphire 800 nm, 
275 nm 

85 fs 1 kHz LIPSS were generated with 44 
µm and 35 µm spot sizes. 

Optical and chemical properties 
were observed 

[146] 

Poly (ethylene terephthalate), 
poly (trimethylene 
terephthalate) and poly 
carbonate bis-phenol A 

Ti: sapphire 795 nm; 
265 nm 

120 fs 1 kHz Laser induced periodic 
structures  

[147] 

Polytetrafluoroethylene Ti: sapphire 800 nm, 85 fs 10 kHz Fibrous surface structure Non wetting properties of the laser 
processed area is investigated 

[148] 

Cyclic olefin polymer Ti: sapphire 775 nm 150 fs 1 kHz Microchannels with pitch was 
fixed at 0.02 mm 

Superhydrophobic properties of the 
cyclic olefin polymer were 
investigated 

[149] 

Silicon (n-doped, (111)- 
orientated) 

Ti: sapphire 800 nm, 56 fs 1 kHz Micro-hole structures along with 
nano structures at the boundary 

Combination of chemical and laser 
processing. Anti-reflective 
properties were attained using this 
technique. 

[150]  
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contact angle (WSCA) was investigate and showed a sharp increase in 
WSCA from 0 to 0.2GW/cm2 where the WSCA was 155◦ [154]. While 
DLW has demonstrated excellent texturing ability, its low throughput 
processing remains a significant limitation. The combination of DLW 
with other laser texturing methods shows promise in addressing this 
limitation. The use of DLW in conjunction with water confinement and a 
chlorosilane solution has also shown promise in producing super hy
drophobic surfaces. Further investigation into the efficacy and scal
ability of these methods is needed to determine their practical 
applications in industry. 

3.4.2. Direct laser interference patterning 
Direct Laser Interference Patterning (DLIP) incorporates multiple 

overlapping laser beams to produce an interference pattern. This process 
produces periodic micro-nano structures on the surface of the material 
with the structures corresponding to the amplitude distribution of the 
interference pattern [156]. These textures have antifouling properties as 
the micro- and nano-scale features can interfere with the attachment of 
bacteria and other biological materials. The polarization, number of 
beams and laser fluence all contribute to the distribution and size of the 
final texture produced [157]. DLIP is a highly suitable approach for high 
throughput processing due to its ability to process sub-millimetre scale 
areas with a single pulse, and fast processing speeds of up to 0.9m2/min 
as shown in the research by [158]. However DLIP has developed in 
recent times with development of 500 W and up to kW class ultrafast 
lasers, which allow for much larger spot sizes closer to 1 cm2 [159–162]. 
LIPSS is also commonly formed during the DLIP process producing 
higher order structures on the surface [163]. The effect of altering 
process parameters on the homogeneity of DLIP processed structures on 
Ti6Al4V using a nanosecond Nd: YLF laser was investigated. The authors 
reported that hatching distance is the most significant parameter for the 
surface homogeneity. with a relevant importance on the large periodic 
modulation, it shows that the hatching distance must be a multiple of the 
interference spatial period and must be smaller than the laser beam 
diameter. Higher pulse to pulse overlaps also showed the highest texture 
homogeneity with the overlap having a strong influence on the struc
tural depth of the line pattern. This increase homogeneity has been seen 

to increase the water contact angle and antifouling properties. Fig. 12 
shows the working principle of the DLIP process. In the Fig. 12, ω is the 
beam diameter, Λ is laser intensity profile/ ablated structure period, θ is 
beams intersection angle, d is the distance between the laser spots, OVP 
is the spot overlap; v is the samples’ translation speed; Roth is the radius 
of ablated area and h is ablated structure depth [164].In a recent study 
by Schröder et al. and Ranke et al. high energy pulses without generating 
large thermal effects, so higher and higher laser powers and pulse en
ergies are allowing larger processing spot sizes which changes the 
prospects of laser surface texturing dramatically, while generating 3D or 
complex shapes [159,165]. 

While DLIP offers promising results for a range of industrial appli
cations, its limitations, and the impact of process parameters on the final 
surface texture must be carefully considered to ensure optimal results. 
Further research is needed to optimize the DLIP technique and improve 
its efficiency for large-scale processing. 

3.4.3. Optical wavefront shaping 
Optical wavefront shaping techniques have been developed to 

fabricate complex textures [168]. These techniques involve manipu
lating the amplitude and phase of light waves to achieve desired 
wavefronts. Various methods have been proposed to achieve wavefront 
shaping, static techniques such as spatial light modulators (SLMs) [169] 
see Fig. 13. and plasmonic gap waveguides [170]. And dynamic tech
niques such as digital micro-mirror devices (DMDs) have also been used 
for wavefront shaping, offering faster refresh rates compared to SLMs 
[171]. Additionally, wavefront shaping through multi-core fibers 
(MCFs) has been demonstrated, enabling precise intensity manipulation 
of the reconstructed light field [5]. Furthermore, a fabrication-free 
tunable flat slab has been developed using a nonlinear four-wave mix
ing process, allowing for the manipulation of light propagation in an 
all-optical manner . These advancements in optical wavefront shaping 
provide opportunities for creating complex textures. Each of the tech
nique provides different flexibility, contrast, cost effectiveness or 
working area, thus each having a different optimal application field. It 
has been used to generate both functional and optical surfaces, surfaces 
for biological applications. The diffractive multi-beam patterns are 

Fig. 11. (a) Direct laser writing process, (b) SEM images showing topography influenced, and (c) SEM images of glass cover slips and AFM characterization 
exhibiting 3D morphology. Reproduced with permission from [155]. 
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modulated in real time by computer generated holograms. The patterns 
are generated at high throughput according to research by Kuang et al. 
Using this technique complex structures can be formed on the large 
surface area [172]. 

This shaping method can be used to laser process thin foil materials 
and is capable to produce high aspect ratio surface structures. One of the 
recent research by Sun et al. shows use of this technique to fabricate 
microporous arrays for oil–water separation application [174]. This 
process is also used to generate micro channels in the transparent 
polymer materials recently [175]. The optical wavefront shaping tech
nique involves precise control of the spatial profile of the light wave, 
including both its amplitude and phase, to achieve the desired effect on 
the surface being processed. This technique can be used to generate a 
range of surface patterns and structures that can have different anti
fouling properties [128]. 

This is an approach to generate complex textures which are anti
fouling in nature effectively irrespective to materials, area and in cost 
effective way. However, this process is quite novel and under 

development and is in the initial phase of research and not being used 
commercially as large surface area processing is possible using this 
process. 

4. Antifouling surfaces 

There are various micro or nano topographic structures which in
crease fouling resistance properties and reduce the accumulation of 
foulants. These topographic structures can be replicated onto another 
material using the femtosecond micro or nano machining or structuring. 
This strategy is nontoxic and eco-friendly strategy to prevent fouling on 
surfaces. 

4.1. Biomimetic surfaces 

There are many nature inspired strategies in which the surfaces are 
designed by replicating the surface topology of that of some biological 
organism which can be termed as biomimetic surfaces, see Fig. 14. Other 

Fig. 12. A. Model of direct laser interference patterning (DLIP), B, SEM micrographs (left) and confocal topography (right) of the structured polyimide foils using 
DLIPS Reproduced with permission from [166,167]. 

Fig. 13. Setup for laser machining using optical wavefront shaping using spatial light modulator. Reproduced with permission from [173].  
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strategies are controllable periodic structures which are repetitive 
structures which are fabricated using laser irradiation, laser induced 
graphene coating formation, and foam nano structuring. 

Anti-biofouling approaches are found in the natural surfaces of 
different organisms. In the ambient environment plants such as rice 
leaves and insects employ these controls. In the marine environment 
plants, corals, and fish, crabs employ the physical and chemical controls 
of anti-fouling. Some of interesting surfaces are lotus leaves, taro leaves 
and shark skin which have property to prevent bacterial adhesion and 
cell attachment due to the presence of micro and nano super
hydrophobic structures and surface patterns which are present on them 
naturally These structures affects the wettability and adhesive proper
ties of the surface which are function of the fouling resistance [176]. 

The self-cleaning behaviour is studied which is the effect of the micro 
and nano structures naturally present on the skin of the lotus leaf [177]. 
Furthermore, bacterial adhesion repletion was also studied on lotus 
leaf-inspired hierarchical, fluorinated polypropylene surfaces which 
were manufactured using reactive ion etching (RIE) treatments and it 
has been reported that best anti-biofouling results were obtained from 
fluorine reactive ion etched samples that created lotus leaf-like hierar
chical structures consisting of microstructures and nanofibrils [178]. 
Furthermore, there is an ongoing research conducted on bioinspired 
self-cleaning and low drag micro/nanopatterned surfaces in mediums 
such as water, oil, and air flow based on the rice and butterfly wing 
which potentially prevents the colonization of microorganisms leading 
to biofouling [70]. Moreover, the research is focused on the anti-fouling 
properties of microstructure surfaces rice leaves and butterfly wings. 
Their study was focused on the anti-biofouling of E. coli microorganisms 
and have reported anti-inorganic fouling results from wash experiments 
using SiC simulated dirt particles [69]. Measurements and imaging were 
done using light microscopy and SEM. Contaminant removal was 

reported to be 95 % using the rice leaf pattern. 
More interestingly, the gecko foot has some advanced surface 

properties such as antibacterial and self-cleaning [127]. The micro and 
nano structure of the skin exhibited ultralow adhesion with contami
nating particles. The focus of the study was to investigate some of the 
associated properties/functions of this outer skin layer with a focus on 
solid and liquid contamination and it was found that gecko skin provides 
a unique topographical template for multifunctional man-made designs 
which may potentially aid in areas as diverse as self-cleaning surfaces 
[179]. 

The skin of the sharks is very intriguing three-dimensional rib pat
terns in their experimental study in oil flow channel optimization. The 
results show that shark skin reduced the drag significantly which also 
reduced the fouling which can be patterned onto different surfaces 
[181]. To support this a computational fluid dynamics study was con
ducted by researchers on a ship hull surface design. In their work, a 
comparison of surfaces one with biomimetic shark skin and another 
without showed that the hull with the biomimetic shark skin has better 
total drag coefficient with a reduction of about 9.5 % compared to the 
original hull. Drag reduction results from improved fouling resistance. 
The antifouling and friction reduction performance was also evaluated, 
and the results show that a remarkable improvement of 13 % was 
observed in fouling resistance and wettability as compared to the surface 
without the biomimetic shark skin. This was conducted using SEM 
analysis of the algae formation on the surface [182]. 

Moreover, in a recent study proposed biomimetic strategies and 
identified microstructures on the different marine shells such as Dosinia 
japonica, Gafrarium pectinatum and Mimachlamys nobilis which 
possess some antifouling properties. The researchers conducted anti
fouling trials on the replicated surface patterns on the polymer by 
measuring the chlorophyll-a content at different contact angles. The 

Fig. 14. Examples of bioinspired antifouling surfaces from different organisms such as (a) lotus leaf, (b) shark skin (c) butterfly wings, (d) rice leaf, (e- h) corre
sponding SEM images of the above examples, (i) geko (Lucasium steindachneri) (j) dragonfly of Pantala flavescens Fabricius (k) Psaltoda claripennis cicadae (l) 
marine decapod crab (M. hardwickii), (m-q) respective high magnification images of i, j, k and l. Reproduced with permission from references [180–184]. 
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produced surfaces produced good fouling resistance. A lot of research 
has been conducted till now on biomimetic structure however it is still 
not complete as the replication of these structure on large surfaces is 
extremely costly. Studies need to be conducted for cost effective mi
crostructures replication on large surfaces irrespective of their material 
which would increase the fouling resistance properties of the surfaces. 
The following section discusses some of important laser based micro and 
nano texturing techniques already being used in labs and industry [183]. 

4.2. Hierarchical micro periodic structures 

Hierarchical textures, characterized by micron-scale patterns, can be 
engineered onto solid material surfaces to augment their hydrophobic 
properties, as illustrated in Fig. 15. These textures additionally incor
porate sub-micron features that contribute to their improved resistance 
to fouling. Various artificial hierarchical textures, possessing periodic 
characteristics, exhibit the ability to deter the adhesion and aggregation 
of particles. Such textures can be readily manufactured on a variety of 
material surfaces. In recent study, conducted by Sun et al. by fabricating 
controlled periodic structures on AISI304 stainless steel substrate using 
picosecond laser system, and their anti-biofouling performance was 
examined by submersion of the substrate for five weeks in summertime 
[133]. A 50 % decrease of the average microbe attachment was 
obtained. 

In another recent research by Tuo et al., superamphiphobic surfaces 
were developed on the 304 stainless steel and 6061 aluminium alloy 
surfaces using ultraviolet laser texturing and then coating with PTFE/FS- 
61 on the rough structures made by laser. The findings show that the 
surfaces exhibit excellent repellence to liquids such as water and oil. 
Moreover anti-fouling and drag reduction properties were also being 
reported [186]. These types of structures are useful when the fouling is 
at macro scale such as colloidal, scale, corrosion and ice fouling however 
micro-scale fouling is not much affected because of these structures such 
as biofouling which includes bacterial adhesion, protein adhesion or 
chemical fouling. 

4.3. Nano scaled laser induced periodic surface structures 

Laser induced periodic structures also known as LIPSS are the self- 
organized nano scaled structures produced by the laser irradiation of a 
material surface. LIPSS produces periodic ripple textures on the surface 
of the material with a spatial period (Λ). LIPSS are then broken down 
into two further categories based on the spatial period these are low 
spatial frequency LIPSS (LSFL) where the spatial period is roughly equal 
to the wavelength of the incident laser sources Λ ~ λ and high spatial 
frequency LIPSS (HSFL) where Λ ~ λ/3 [187]. Due to the larger HAZ and 

less precise nature of short laser pulses only HSFL has being successfully 
synthesized using ultrashort pulse lasers [188]. The mechanism for the 
formation of LIPSS is still under consideration but the most widely 
accepted being Sipes theory which is based on the interference of the 
incident laser radiation with surface electromagnetic waves that are 
generated by scattering on the surface roughness [189]. The wavelength 
scale of the LIPSS texture makes it an ideal chose for the creation of 
ordered micro-nano structures which increase antifouling and hydro
phobic behaviour [190]. 

Laser etched surfaces produced surface properties that reduced 
bacterial adhesion and retention, see Fig. 16. Tri-modally dimensioned 
surface roughness, combined with a blunt conical macro-topography, 
and a close-packed fluoroalkyl monolayer, are shown to result in an 
optimised superhydrophobic surface that is highly resistant to bacterial 
adhesion, even under static inoculation conditions. It is anticipated that 
this approach could prove to be an important strategy for the develop
ment of antiadhesive surfaces in medical and industrial settings where 
biofouling is a significant problem [136]. 

The antifouling ability was tested for femtosecond laser produced 
periodic nanostructures by Epperlein et al., using the technique of 
purposefully colonizing E. coli and S. aureus bacteria [139]. Other work 
has also shown that femtosecond laser texturing can be applied to 
control bacterial colonization [191]. The results showed that the 
average fraction of surface area covered by bacteria on the laser-treated 
surface was 7 %, whereas the average fraction of surface area covered by 
the same bacteria on the polished sample was 25 %. This indicates a 
significant reduction of 18 % in bacterial adhesion on the laser-treated 
surface. The reduction in bacterial adhesion can be attributed to the 
fact that the features made by laser irradiation were slightly smaller than 
the size of the bacteria and denser, which hindered bacterial attachment. 
In addition to reduced bacterial adhesion, this study also reported a 
reduction in the tendency of S. aureus to form biofilms on the 
laser-treated surface. The results of this study demonstrate the potential 
of laser surface texturing as a technique for improving the antifouling 
ability of biomaterials. The nanoscale features produced by laser irra
diation can effectively reduce bacterial adhesion and biofilm formation, 
which are major causes of implant failure and infections. Further studies 
are warranted to optimize the laser parameters and investigate the 
long-term efficacy of this technique. 

4.4. Laser induced graphene 

Graphene and graphene oxide are carbon-based nanomaterial with 
unique physical and electronic properties such as antibacterial, super
hydrophobic, conduction [192]. Laser-induced graphene (LIG) has been 
shown to have antifouling properties [193,194]. LIG can resist bacterial 
attachment and reduce their viability when electrochemically activated 
[195]. It has been demonstrated that LIG coatings can resist bacteria 
accumulation and outperform control surfaces in reducing biofilm 
coverage [196]. LIG electrodes charged at low-voltage potentials have 
high antibacterial and antiviral performance [197]. The antibacterial 
and antiviral effects of LIG directly correlate to its capacitance, and the 
charged LIG electrodes maintain their antibacterial effect even after 
being stored [198]. Doped LIG devices, which can be fabricated using 
LIG, show biological antibacterial properties . These findings suggest 
that LIG has potential as an antifouling material for various applications, 
including environmental technology and water treatment . In recent 
work by Lin et al., direct laser writing was used using a CO2 laser create a 
graphene oxide coating on a polymer surface which was found to be 
highly antifouling [199]. In research by Hoffman et al., the antibacterial 
activity of graphene-related materials, including graphite, graphite 
oxide, graphene oxide, and reduced graphene oxide, and their potential 
applications in nanoelectronics, conductive thin films, supercapacitors, 
nanosensors, and nanomedicine are discussed [200]. 

Also, according to recent research, graphene can be used for pro
ducing ultrafiltration membranes which have electrical conductivity 

Fig. 15. Comparison of micro groove and pit patterns formed by controllable 
periodic structures using femtosecond laser (a) SHS with micro-groove pattern 
and (b) SHS with micro-pit pattern. Reproduced with permission from refer
ence [185]. 
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and antifouling properties [142]. The results show that because of 
increasing the amount of crosslinked graphene oxide on the laser 
induced graphene (LIG) surface resulted in increased removal of bovine 
serum albumin (BSA) up to 69 %, and bacterial rejection was improved 
from 20 % to 99.9 %. Hence the composite membranes showed signif
icantly less biofilm growth compared to a typical polymer ultrafiltration 
membrane. These graphene oxides are used in the water filtration and 
desalination application [201]. LIG also has excellent mechanical 
properties and chemical stability, making it a promising material for 
membrane applications. However, further research is needed to fully 
explore the potential of LIG as an antifouling material for membrane 
applications and to optimize the fabrication and performance of 
LIG-based membranes. 

5. Conclusion and future perspectives 

As the demand for sustainable and efficient antifouling surfaces 
continues to grow, laser texturing is expected to play a crucial role in the 
development of new and innovative solutions. With the increasing in
terest in this field, effective and long-lasting anti-fouling surface fabri
cation can bring significant technical advantages and economic benefits. 
This review paper provides a comprehensive overview of the latest de
velopments in anti-fouling surface science and engineering. The paper 
covers a range of surface fouling methods, physical surface nano and 
micro-scale texture production methods, and biomimetic antifouling 
surfaces. However even with the development of so many physical, 
chemical and combination techniques there are many challenges for 
fabricating an effective antifouling surface. Ultrafast laser surface 

texturing has emerged as a promising technique for producing anti
fouling surfaces due to its ability to accurately, precisely and repeatably 
alter the physical and chemical properties of surfaces. However, there 
are several remaining challenges. 

One major challenge is the need for antifouling surfaces to be durable 
and long-lasting. Many antifouling textures and materials degrade over 
time, reducing their effectiveness at preventing fouling. The harsh 
conditions in which many antifouling surfaces are used, such as expo
sure to seawater or harsh chemicals, can cause degradation of the tex
tures, making it less effective over time. Developing materials that can 
withstand these harsh conditions and maintain their antifouling prop
erties is a significant challenge [202]. 

Another challenge is the need for antifouling surfaces to be non-toxic 
and environmentally friendly. Many traditional antifouling coatings 
contain toxic chemicals, such as copper and tributyltin, that can have 
harmful effects on marine life and the environment. Developing 
texturing strategies and materials that are effective at preventing fouling 
but which do not contain harmful chemicals is a significant challenge 
[203,204]. 

Moreover, there is a lack of understanding of the mechanisms 
involved in laser-induced textures which are inherently antifouling. 
While it is known that laser treatment can alter surface properties such 
as roughness, hydrophobicity, and surface energy, the specific mecha
nisms by which these alterations prevent fouling organisms from 
adhering to surfaces are fully understood. This makes it difficult to 
optimize laser parameters to produce the desired antifouling properties. 

Another challenge is the variability in laser treatment outcomes. 
Laser treatment can produce highly variable results depending on 

Fig. 16. (a) SEM image of laser induced periodic surface structures to enhance antifouling properties and (b) numbers of bacteria retained on the surfaces following 
attachment (SWW), adhesion (Spray) and retention assays (Ret) Reproduced with permission from reference [136]. 
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factors such as laser power, pulse duration, and other process parame
ters. This variability can make it difficult to reproduce desired anti
fouling properties across different surfaces and experimental conditions. 
Additionally, the surface chemistry of the substrate can also play a sig
nificant role in the effectiveness of laser treatment for antifouling, 
adding another layer of complexity. 

Furthermore, the cost of producing antifouling surfaces using lasers 
can be high. Laser equipment and maintenance can be expensive, and 
the process can be time-consuming for very large surfaces. Although 
with more recent high-speed optics the process rates for large surface 
areas have improved. 

Finally, there is a need for standardized testing methods for evalu
ating the efficacy of laser-treated antifouling surfaces. It is difficult to 
compare results across studies and to assess the effectiveness of different 
laser treatments for antifouling [205]. While various techniques such as 
biofilm assays and microbial adhesion assays exist, there is a need to 
increase the use of standards for quantifying fouling in a systematic 
manner. 

To fill these knowledge and implementation gaps further investiga
tion of the effects of the laser process parameters on surface morphology 
and surface fouling, the development of standardized test methods for 
antifouling surface characterization, and the development of cost- 
effective ultrashort laser setups are required. 
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L. Chin-Sing, D. Jańczewski, S.L.M. Teo, J.G. Vancso, Biomimicking 
micropatterned surfaces and their effect on marine biofouling, Langmuir 30 
(2014) 9165–9175, https://doi.org/10.1021/LA502006S/SUPPL_FILE/ 
LA502006S_SI_002.PDF. 

[185] K. Sun, H. Yang, W. Xue, A. He, D. Zhu, W. Liu, K. Adeyemi, Y. Cao, Anti- 
biofouling superhydrophobic surface fabricated by picosecond laser texturing of 
stainless steel, Appl. Surf. Sci. 436 (2018) 263–267, https://doi.org/10.1016/j. 
apsusc.2017.12.012. 

[186] Y. Tuo, H. Zhang, L. Chen, W. Chen, X. Liu, K. Song, Fabrication of 
superamphiphobic surface with hierarchical structures on metal substrate, 
Colloids Surf. A Physicochem. Eng. Asp. (2021) 612, https://doi.org/10.1016/J. 
COLSURFA.2020.125983. 

[187] L. Wang, Q.D. Chen, X.W. Cao, R. Buividas, X. Wang, S. Juodkazis, H.B. Sun, 
Plasmonic nano-printing: large-area nanoscale energy deposition for efficient 
surface texturing, Light Sci. Appl. 6 (2017), https://doi.org/10.1038/ 
lsa.2017.112 e17112–e17112. 
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