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Abstract
Micro- and nanoscale structures produced on surfaces of metals, polymers, ceramics, and glasses have many important appli-
cations in different fields such as engineering, medical, biological, etc. Laser ablation using ultrashort pulses has become the 
prominent technique for generating different surface structures for various functional applications. Ultrashort laser ablation 
proved to be ideal for producing structures with dimensions down to the nanometre scale. In comparison to other texturing 
techniques employed to create micro/nano features such as electrochemical machining, micro-milling, ion-beam etching, hot 
embossing, lithography, and mechanical texturing, ultrashort laser ablation produces high-quality surfaces at low cost in a 
one-step non-contact process. Advantageous characteristics of polymers such as high strength-to-weight ratio, non-corrosive 
nature, and high electrical and thermal resistance, have made polymers the preferred choice compared to other materials 
(e.g., steel, aluminium, titanium) in several fields of application. As a result, laser ablation of polymers has been of great 
interest for many researchers. This paper reviews the current state-of-the art research and recent progress in laser ablation 
of polymers starting from laser-material interaction, polymer properties influenced by laser, laser texturing methods, and 
achievable surface functionalities such as adhesion, friction, self-cleaning, and hydrophilicity on commonly used polymeric 
materials. It also highlights the capabilities and drawbacks of various micro-texturing techniques while identifying texture 
geometries that can be generated with these techniques. In general, the objective of this work is to present a thorough review 
on laser ablation and laser surface modification of a variety of industrially used polymers. Since direct laser interference 
patterning is an emerging area, considerable attention is given to this technique with the aim of forming a basis for follow-up 
research that could pave the way for potential technological ideas and optimization towards obtaining complex high-resolution 
features for future novel applications.
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Acronyms
Arf	� Argon fluoride
CA	� Contact angle
DLIP	� Direct laser interference patterning
DLW	� Direct laser writing
HDPE	� High-density polyethylene
IR	� Infrared
LDPE	� Low-density polyethylene

LST	� Laser surface texturing
NR	� Natural rubber
PC	� Polycarbonate
PDMS	� Polydimethylsilixane
PE	� Polyethylene
PEEK	� Polyetheretherketone
PES	� Polyester
PET	� Polyethylene terephthalate
PF	� Phenol formaldehyde resin
PI	� Polyimide
PLA	� Polylactic acid
PMMA	� Polymethylmethacrylate
POM	� Polyoxymethylene
PP	� Polypropylene
PS	� Polystyrene
PSU	� Polysulfone
PTFE	� Polytetrafluoroethylene
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PVC	� Polyvinyl chloride
PVDC	� Polyvinylidene chloride
PVDF	� Polyvinyldene fluoride
UF	� Ureaformaldehyde
UV	� Ultraviolet

1  Introduction

Surface texturing is a surface-modification technique used 
to improve the performance of materials for various applica-
tions. It involves creating textures with fine features on the 
surface of a material with the aim to impact surface func-
tionalities. Depending on the texturing technique employed, 
different texture types and sizes can be produced. The influ-
ence of texture patterns on surface functionalities may be 
expressed as a function of feature geometry and/or surface 
chemistry. In polymers, the process of formation or breakage 
of bonds in addition to surface roughness, surface energy, 
and capillarity may result in the surface being either more 
hydrophobic or hydrophilic. Also, feature geometry influ-
ences the adhesive properties of a surface by either reducing 
or increasing the contact angle (CA) between a liquid drop-
let and the material surface. This is not in isolation to the 
increased specific surface-area contributions of micro- and 
nanostructures [1]. The tribological performance of surfaces 
is also enhanced by surface roughness created during sur-
face texturing. Surfaces may also be textured for aesthetic 
purposes. The process of texturing mostly involves mate-
rial removal by micro-milling or ablation. Whatever the 
approach employed, precision is the key.

There are a few works summarizing laser surface textur-
ing (LST) of polymers in recent years [2–5]. In this review, 
an overview of micro-texturing techniques is provided, 
highlighting their drawbacks, and discussing the ways to 
eliminate these shortcomings through an in-depth analysis 
of LST. As this study is focused on polymeric materials, an 
overview of relevant polymer properties affected by laser 
irradiation is presented in Sect. 2, while Sect. 3 discusses 
the ablation mechanism and the influence of the incubation 
effect on the ablation threshold. This section also describes 
in detail the principle of each LST technique along with  
their capabilities and potentials. A critical comparison is 
done to provide more information on the efficiency of each 
technique for industrial applications. In Sect. 3.7, the effect 
of laser parameters on ablation rate and surface features is 
discussed in depth together with their influence on polymer 
properties and performance. Finally, based on this review, 
the authors present the challenges and give suggestions for 
future work. The last section summarizes the review and its 
findings.

Over the years, different texturing techniques were 
explored. Among these techniques are electrochemical 

machining, micro-milling, ion-beam etching, hot emboss-
ing, lithography, mechanical texturing, and LST. A combina-
tion of grafting and texturing to improve the wettability and 
tribological properties of polymer brushes [6] was explored 
with the aim of prolonging their life. Results of the process 
showed that the micro-textures protected the brushes from 
wear and increased their tribological performance, hence 
extending their service life. Unlike most techniques, which 
involve material removal, hot embossing is basically the 
stamping of a pattern on a softened polymer surface [7]. 
This technique is ideal for mass production because it is fast 
and relatively low-cost. However, hot embossing involves 
several temperature and pressure regimes, making the pro-
cess cumbersome. Electrochemical machining is an easier 
technique to manage. It is mostly applied to conductive 
materials as the material removal process is through anodic 
dissolution [8]. However, a modified version of this process 
known as ‘electrochemical-electrodischarge machining’ can 
be applied to polymers. In this process, polymer surface 
ablates by temperature increase and heat release that accom-
panies electrical discharges [9]. LST, on the other hand, is a 
one-step non-contact process. So far, in comparison to other 
surface-modification techniques, LST offers more advan-
tages. These advantages include optimal material utiliza-
tion, reduced processing costs, minimal heat-affected zone, 
and high product quality. While the capabilities of LST are 
known, its potential is still being explored. It is true that the 
process of photolithography is effective in creating precise 
incisions on a substrate using a single-laser beam. However, 
this processing method requires a completely flat substrate 
surface and an environment that is free of contaminants 
[8]. Unlike photolithography, focused ion beam milling is a 
mask-less process that uses ion particles. The challenge of 
this technique is due to the scattering of resulting particles. 
This ‘scattering effect’ leads to unwanted particle deposition 
on the treated surface thereby causing property modification. 
However, more ion beam irradiation is required to remove 
the deposited particles [10]. In contrast to ion beam machin-
ing, electrochemical-electrodeposition machining produces 
surfaces with high surface integrity. The downside of this 
method is the thermal nature of the process which induces 
cracks and alters the mechanical properties of the polymer. 
Hot embossing is another good replication technique for pro-
ducing micro-components on a large scale based on time and 
cost. However, the major drawback of this process is in the 
demoulding stage. In this final stage, the replicated structure 
may get damaged as a result of the applied force during the 
separation of the mould and the substrate [7]. Most short-
comings of these surface processing techniques are absent 
in the LST. As mentioned earlier, the advantages of LST 
outweighs those of the other processes, thereby making it 
a preferred alternative for polymer surface texturing. Sche-
matics of these texturing processes are presented in Fig. 1.
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This section has looked at other surface texturing methods 
applied to polymers with the aim of improving surface func-
tions. The method involved in these processes has been given 
but kept brief as the paper focuses on micro-texturing methods 
using lasers. The drawback of these non-laser processes was 
discussed briefly, while the capabilities of LST were high-
lighted. Since the materials of interest are polymers, the next 
section looks at their properties that are affected by laser, how 
they are affected, and the implication of these effects. Proper-
ties such as optical and mechanical ones are seen to be the 
most affected by laser irradiation. The behaviour of polymers 
under applied stress is analysed alongside the optical behav-
iour of laser-irradiated polymers

2 � Polymer properties influenced by laser 
irradiation

Polymers used in engineering applications are mostly syn-
thetic with either linear, branched, or cross-linked struc-
tures (Fig. 2). The forces of attraction between polymer 

chains determine polymer properties [15]. Laser interac-
tions with polymers alter specific properties as a result of 
chain scissions and cross-linking. Cross-linking enhances 
the physical and light-transmission properties of polymers 
but reduces their crystallinity. Generally, the response of 
polymers to laser is influenced by the nature of the poly-
mer and parameters of the laser beam. Although the pri-
mary outcome of light absorption is free electrons or pho-
nons and not heat, the long interaction time associated 
with long laser pulses produces heat from the collision 
of these free electrons. Heat energy transfer through the 
polymer matrix from absorption and collision of photons 
leads to rapid temperature rise within the bulk. Depending 
on the amount of energy input, thermal degradation may 
occur. Using different investigation techniques, changes 
in the optical or physical properties of polymers indicate 
whether cross-linking or degradation dominated during 
laser irradiation. Reports showed, for instance, that the 
refractive index of a nuclear track detector comprising 
polyallyl diglycol carbonate is dose-dependent [16]. Just 

Fig. 1   Schematics of some polymer micro-texturing processes. (a) 
Laser-beam micromachining/laser writing [2]. (b) Electrochemical 
machining [11]. (c) Photolithography [12]. (d) Ion beam etching/

milling (1) milling; (2) deposition; (3) implantation; and (4) imaging 
[13]. (e) Hot embossing [14]
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Fig. 1   (continued)
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like other optical properties, the refractive index depends 
on several factors such as wavelength, temperature, and 
optical frequency. Since the visible spectral region lies 
within the region of strong absorbance, the refractive 
index increases at shorter wavelengths [17].

Mechanical properties of polymers are also influenced  
by laser. Naturally, attraction forces between atoms and 
nearby molecules along with the movement of molecule seg-
ments greatly affect the mechanical properties of polymers 
[15, 16, 18]. Intermolecular forces depend on the nature of  
polymer atoms and can be altered by irradiation-induced 
cross-linking or bond scission. The behaviour of polymers 
under applied stress varies depending on the polymer type 
and the extent of laser-induced changes. The most popular 
method of investigating mechanical properties is by per-
forming stress–strain analysis. The stress–strain behaviour 
of polymers is sensitive to parameters such as molecular 
weight. The molecular weight of a polymer provides some 
knowledge on the polymer’s origin and method of polym-
erization. A direct relationship exists between the molecu-
lar weight of a polymer and its tensile strength because an 
increase in the former enhances the latter up to a point of 
saturation. At a lower molecular weight, polymer chains are 
held loosely by weak van der Waals forces of attraction, 
causing the chains to move effortlessly at some levels of 
crystallinity [18]. On the other hand, large chains in poly-
mers with high molecular weight are entangled, providing 
the polymer with strength. Laser-induced degradation can 
be used as a rapid method of studying the aging or radiation 
stability in polymers [16]. In untreated polymers, the defor-
mation curve (Fig. 3, curve C) shows that elastomers dem-
onstrate total elasticity or rubber-like elasticity with large 
recoverable strain at low applied stress levels. Under higher 
stress levels, some polymers deform elastically (Fig. 3, curve 
B) until a certain point, when they start to undergo plastic 
deformation. Highly plastic materials exhibit necking for an 
extended period after the yield point is reached. On the other 
hand, brittle polymers do not show significant strain levels 

at increased stresses (Fig. 3, curve A), and a further increase 
in stress then causes their abrupt failure. The stress–strain 
behaviours described in Fig. 3 may be enhanced or marred 
by laser irradiation.

Reports showed a relationship between ablation and glass 
transition temperature (Tg). In the ultraviolent laser irra-
diation of polymethylmethacrylate (PMMA) film, PMMA 
undergoes expansion with increasing fluence above 0.4 J/
cm2 [19]. The temperature recorded at this fluence level was 
about the same as its glass transition temperature (105 °C). 
Since PMMA is amorphous, it is brittle, rigid, and hard. 
Upon heating an amorphous polymer, molecular chains twist 
around each other, making the polymer soft and flexible; this 
takes place at Tg. During glass transition in semi-crystalline 
polymers such as polyethylene terephthalate (PET) and pol-
ytetrafluoroethylene (PTFE), only the amorphous regions 
undergo the transition, while the crystalline regions are unaf-
fected (Table 1) [12].

The properties of polymers affected by laser irradiation 
were discussed briefly in this section. The mechanism, 
by which these changes occur, was analysed alongside its 
implication on optical and mechanical properties. Since 
laser irradiation affects the physical properties of poly-
mers, a table with physical properties of common biomedi-
cal and industrial polymers is included. The next section 
is focused on laser texturing techniques starting with a 
detailed explanation of ablation mechanism in polymers. 
An in-depth discussion of the direct laser writing (DLW) 
and direct laser interference patterning (DLIP) methods 
is provided to highlight their capabilities and potential.

3 � Laser surface texturing techniques

3.1 � Laser‑induced ablation of polymers

Laser ablation is the process of surface modification by 
material removal. Ablation occurs when the target material 

Fig. 2   Polymer classification 
(adopted from [18])
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absorbs energy from laser irradiation such that the energy 
of its atoms or ions becomes higher than their binding 
energy, resulting in phase transformation. Laser pulse 
duration and intensity together with material physical 
properties determine a material’s response to laser irra-
diation, resulting in different regimes and mechanisms  
governing the material removal process [26, 27]. For abla-
tion to occur, an energy threshold needs to be exceeded.  
In laser ablation, fluence (J/cm2) is the energy of a laser 
pulse incident on an area of a material surface and can be 
calculated [28].

where Pm is the average laser power (W), di is the radial 
position on beam spot diameter (cm) at varying positions 
( i ) from 1 to 5, and f  is the frequency (KHz). Fluence can 
also be estimated as the maximum value in the middle of the 
laser path. Given that the peak intensity ( Imax ) of a Gaussian 
beam is

(1)Fi =
4Pm

�di
2f
, i = 1, 2..5

(2)Imax =
2P

�w0
2

,

Fig. 3   Polymer behaviours 
under applied stress. Polymers 
can display brittle behaviour 
(A), plasticity (B), or high 
elasticity (C) [18]

Table 1   Physical properties of polymers influenced by laser irradiation during LST [20–25]

Polymer Glass-transition 
temp, Tg (°C)

Melting point (°C) Ultimate tensile 
strength (MPa)

Yield tensile 
strength (MPa)

Thermal  
conductivity 
(W/m K)

Specific heat 
capacity (J/g 
°C)

PTFE  − 97 330 33.6 11.6 0.27 1.4
PP (isostatic)  + 100 160 13.8–460 12–43 0.11–0.44 1.92
PS 90 − 95 240 44.9 43.9 0.14 2.1
PMMA (atactic)  + 105 270 75.0 75.4 0.2085 1.46
Nylon 6,6  + 57 250 73.1 45–63.6 0.26 2.2
LDPE  − 20 110 11 10.8 0.3 2.2
HDPE  − 90 120–140 30.5–35 26–33 0.48 1.9
PP (atactic)  − 18 160 36.8 30.7 0.11 2.0
PC  + 150 288–316 64 62 0.2 1.2
PE  + 69 260 51.8 0.05 1.87
PVC  + 87 100–260 1.38 55 0.190 0.84–1.17
PSU  + 190 332–371 72 74.9 0.22 1.2
PEEK  + 140  + 340 110 98.8 0.25 2
PVDF  − 37.6 160 42.8 44–48 0.19 1.5
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maximum fluence will be.

where P is the laser power, v is the scan speed, and w0 is the 
beam radius at the focal plane [29]. This implies that the 
beam radius/waist is given as 2 w0.

The magnitude of fluence necessary for ablation to 
happen is influenced by the material’s absorption mecha-
nism, the presence of defects, the surface morphology, the 
microstructure, and laser parameters such as wavelength 
and pulse duration [30]. A proper model for material abla-
tion must take into account the volume of material that 
absorbs energy, the thermal energy loss by the material, 
and the required amount of energy for phase transforma-
tion to occur [31].

The mechanism of ablation depends greatly on the 
absorption of energy from a focused laser beam by the top-
most layer of a material or a substrate. Polymers absorb the 
laser energy in a non-linear manner compared to metals. 
Ablation includes both vaporization and melt ejection from 
the focal area [32]. If the energy of an incident laser beam 
is less than the ionization potential of the polymer-bound 
valence electrons, vaporization will not occur. However, 
impurities or inclusions that are present in all materials serve 
as sources of free electrons, which are inherently absent in 
polymers. These impurities or inclusions are usually fewer 
in number than the valence electrons and are not tightly held 
like the bound valence electrons. When the free electrons 
get hit by energetic photons in the laser beam (e.g., ultra-
violet lasers), they absorb energy by collision in a process 
known as inverse bremsstrahlung leading to the breaking of 
chemical bonds [27]. This photon-electron excitation pro-
duces heat when long laser pulses are used. This energy 
absorption agrees with the Beer-Lambert law, which states 
that the quantity of energy absorbed depends on laser light 
intensity and the thickness of the material [4].

(3)Fmax =
2
√

2

�w0

×
P

v

Photoionization is the first step in a laser-induced material 
breakdown (Fig. 4). During photoionization, valence elec-
trons absorb enough energy from incident laser photons to 
move to the conduction band. In this band, free electrons are 
generated by multiphoton ionization or by impact ionization. 
At increased kinetic energies, subsequent collisions of ener-
gized free electrons result in the emission of secondary elec-
trons through inverse bremsstrahlung absorption. This leads 
to an avalanche growth in the number of free electrons and, 
finally, material removal through melting or vaporization as 
in the case of infrared (IR) radiation [34, 35]. In contrast to 
IR radiation, ultraviolet (UV) radiation is capable of ionizing 
and decomposing polymers with minimal melting, making 
such radiation a preferred option in LST [35, 36].

The ablation process can be photochemical, photother-
mal, or both, depending on parameters of the laser tech-
nique and material properties such as reflectivity, pulse 
duration, absorption coefficient, and wavelength [37]. In 
the photothermal process, the energy from laser pulses 
increases the surface temperature of the material, lead-
ing to melting and vaporization. Photothermal processes 
induce surface modifications such as roughness in poly-
mers. However, in the photochemical process, there is a 
direct breakage of molecules by highly energized photons 
incident on a material surface, hence inducing chemical 
modifications. This is mostly achieved using lasers with 
wavelengths within the ultraviolet region of the light spec-
trum. The combination of both photothermal and photo-
chemical processes modifies the roughness and chemistry 
of surfaces simultaneously [2].

3.2 � Ablation threshold

An ablation threshold is useful in evaluating the success of a 
material removal process. As fluence is the total laser energy 
over an irradiated area, the ablation threshold is the maxi-
mum energy that a material can withstand without ionization 

Fig. 4   Schematics of photoioni-
zation, inverse bremsstrahlung, 
and impact ionization dur-
ing laser-induced breakdown 
process [33]
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[31]. A low ablation threshold implies that a small amount 
of energy is required to produce noticeable changes on an 
irradiated material surface. Hence, the ablation threshold is 
the fluence value, above which ablation occurs. Generally, 
the threshold fluence for inorganic insulators and organic 
materials (polymers) is between 0.5 and 2.0 J/cm2 and 0.1 to 
1 J/cm2, respectively [30]. Fluence measurements in pulsed 
laser ablation are computed for individual pulses rather than 
the fluence over the total time as is the case of continuous 
waves. This is because the ablation threshold reduces as the 
number of repetitive laser pulses increases due to the incu-
bation effect (i.e., shielding of subsequent pulses by initial 
incident pulses). This implies that laser fluence below the 
threshold value has the capability to modify a material sur-
face. Hence, a study of the extent to which the incubation 
effect influences ablation process is essential. A relationship 
between the single pulse Fth(1) and the multi-pulse Fth(N) 
ablation thresholds is given by [30]

where Fth is the ablation threshold, and � denotes the degree 
of incubation and can be obtained from the gradient of the 
graph of log [N Fth(N) ] and logN . It is important to note that 
in the case of absence of the incubation effect, � = 1 [30]. 
A material softens at � values between 0 and 1 [38] and 
hardens at values greater than 1. Theoretically, the ablation 
threshold tends to zero with an infinite number of pulses 
as can be seen from Eq. (4); this means that as the number 
of pulses increases, this equation becomes less applicable.

In the previous studies, the most widely studied poly-
meric substrates were polymethylmethacrylate (PMMA), 
polyethylene (PE), polycarbonate (PC), polyfluoroethylene, 
and polyimide (PI) [39]. The contribution of the incuba-
tion effect to ablation was observed in the femtosecond-
laser treatment of some polymers. The findings revealed the 
transition in the absorption mechanism of the transparent 
polymers [31]. Multiphoton absorption took place during 
single-pulse ablation. When multiple pulses were irradiated, 

(4)Fth(N) = Fth(1)N
�−1

,

the absorption mechanism became linear. In polymer sub-
strates with high fluence thresholds, a considerable amount 
of energy is transferred to the material, resulting in heating, 
boiling, vaporization, and pore formation (Fig. 5a) while a 
small portion of the laser energy goes above the region for 
material ionization. On the other hand, a greater portion of 
the pulse energy is permitted above the ionization/material 
removal barrier eliminating the boiling phase as observed in 
Fig. 5b. The porosity created on PE after laser surface treat-
ment can be attributed to rapid cooling of the super-heated 
melt after intense boiling.

In the micromachining of polymer substrates using 
femtosecond lasers, a comparison of the behaviour 
of urethane-based amorphous co-polymers to similar 
homopolymers was conducted [39]. Scanning electron 
microscopy (SEM) images revealed the presence of pores 
in the microstructure produced by ablation using a 275 nm 
wavelength femtosecond laser beam. Unlike the homog-
enous surface structure achieved with a 550 nm laser 
beam, a diverse range of surface morphologies caused 
by re-solidification of the melt was observed when the 
copolymer was irradiated with a 275 nm femtosecond 
laser beam. The experimental results revealed an increase 
in the ionization threshold fluence with increasing wave-
length regardless of the number of pulses. The description 
of a similar relationship led to the observation that the 
homopolymers absorbed laser energy better when irradi-
ated with 275 nm than with 800 nm laser beams, leading 
to a reduced ionization threshold fluence [31].

Different microstructures obtained with laser irradia-
tion at 800 nm (Fig. 6) and the resulting colour alterations  
were recorded at different fluences. At fluences below 
Fo = 1.3 J∕cm2 , ablation did not occur; rather, porous 
structures were formed in all the polymeric samples with 
an obvious loss in transparency observed only in polyte-
trafluoroethylene, PC, and polylactic acid (PLA) below 
the ablation threshold. A gradual darkening was revealed 
until PC turned black. Upon increasing the fluence, PLA, 

Fig. 5   Influence of fluence threshold on temperature of re-solidifying 
melt. Polymer substrates with high fluence thresholds (a) undergo 
isovolumetric material heating, boiling, and vaporization resulting 

in pore formation. (b) Materials with low fluence thresholds undergo 
ionization and material removal [31, 39]
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polytetrafluoroethylene (PTFE) and PMMA did not exhibit 
any structure or colour change [31].

Unlike the case of the 800 nm wavelength (Fig.  6), 
the formation of microstructures at lower f luence 
(Fig. 7) implies a reduction in threshold fluence, when a 

wavelength of 275nm was used. Formation of particle clus-
ters was clearly observed on PC, while PTFE sustained a 
similar structure and colour at both wavelengths. Polyeth-
ylene terephthalate (PET) remained transparent at all flu-
ences, with small melt lumps on the surface, which turned 

Fig. 6   SEM images of microstructures produced with wavelength of 800 nm on different polymers at various fluences [31]. A 3 mm × 3 mm 
photograph insert of the sample on a white paper with letter imprints indicates the variation in transparency [31]
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into grooves at increased fluence. Full ablation (perfora-
tion) through the film was observed in PLA and PMMA 
at fluence levels above 3.3 J∕cm2 and 5.8 J∕cm2 , respec-
tively. This simply means that the high fluence values used 
was high enough to induce ablation through the relatively 

smaller thickness of the PLA (75 μm) and PMMA (50 μm) 
films used for the experiments. A visible melt layer with 
a small amount of porosity was observed in all materials. 
However, in low-density polyethylene (LDPE), circular-
shaped craters with increased porosity were formed in 

Fig. 7   SEM micrographs of laser-induced microstructures at 275 nm wavelength for various fluences. A 3 mm × 3 mm photograph insert of the 
sample on a white paper with letter imprints indicates the variation in transparency [31]
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different sections of the surface at Fo ≥ 4.5 J∕cm2 [31]. 
The authors concluded based on visual inspection that the 
optical properties of LDPE, PC, PET, PLA, PMMA, and 
PTFE were altered by the laser machining process. In this 
study, it was observed that an increase in wavelength from 
275 to 800 nm at 55 pulses per spot led to an increase in 
the fluence threshold in all the polymer substrates. Since 
almost all the investigated polymer materials were trans-
parent and so had large bandgaps, the ablation behaviour 
can be said to have occurred by multiphoton absorption.

Irrespective of the fluence, the absorption coefficient of 
every material is unique at different wavelengths. The lit-
erature shows that most polymers have better absorption at 
UV wavelengths. This explains why all the polymers in this 
study displayed either a porous structure or a visible melt 
layer at 275 nm for all fluence values when compared to 
the 800 nm wavelength. A graphical comparison of fluence 
thresholds of all the polymers at two studied wavelengths is 
shown in Fig. 8. PTFE and LDPE demonstrated the highest 
threshold fluence and maintained a porous structure at the 
275 nm wavelength. The third highest fluence threshold at 
this wavelength was PMMA, which displayed a lower level 
of porosity, while PLA, PET, and PC revealed considerably 
lower threshold values at 275 nm . Therefore, it is safe to 
associate the formation of laser-induced porous structures in 
polymers with the ablation threshold fluence at the operating 
number of pulses per spot. The surface structure observed 
in the different polymers at the 800-nm wavelength was not 
very dissimilar. These structures which looked like clusters 
of resolidified melts might be due to localized boiling, which 

is typical with high-threshold fluence. High-threshold flu-
ence of materials usually amounts to a small amount of the 
laser energy above the required threshold for ionization and 
material removal [39].

Porosity detected on the sidewalls and the bottom of the 
ultrashort laser-ablated PMMA surface structures are a result 
of trapped bubbles, which occurred during re-solidification 
of the melt layer [40]. This interpretation is in agreement 
with the numerical simulations carried out for PMMA by 
[41]. Hence, the reliance of threshold fluence on the operat-
ing conditions is elucidated supposing that the formation 
mechanism of the laser-induced microstructures observed 
in Fig. 7 is similar to descriptions in other research works 
[40, 41]. Similar to this research [31], the dependency of 
the ablation threshold on a number of pulses incident on 
one spot for PC and PMMA substrates [40] was demon-
strated. The variation in laser fluence from 0.5 − 2.5 J∕cm2 
was attributed to the incubation effect. Laser ablation was 
carried out on these two polymers (PMMA and PC) using 
a Ti: sapphire laser system with a pulse duration of 150 fs, 
at 800-nm wavelength, pulse energy of about 750 μJ, and 
repetition rate of 2 Hz (Figs. 9 and 10).

There was no noticeable material removal or redeposition 
of molten material around the circumference of the laser 
spot after the first pulse (Figs. 9a and 10a); instead, mate-
rial swelling was observed in the beam’s spot area. This 
was due to polymer fractionation, CO–O bond breakage 
(usually supported by XPS data), and CO2 vapour evolution 
that escapes in a localised surge. As the number of pulses 
increased, vapour pressure built up enhancing the process 

Fig. 8   Comparison of threshold 
fluence after irradiation of 55 
pulses per spot at λ = 275 nm 
and λ = 800 nm (adapted from 
[31])
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to a point where material ejection from the surface of the 
substrate became possible (Figs. 9c and 10c).

3.3 � LST by direct writing

For several last decades, scientific interest in mimicking 
complex structural orientations observed on naturally occur-
ring surfaces was on the rise. The research community did 
considerable work in this area, but the morphological com-
plexity of the features posed a challenge in trying to suc-
cessfully fabricate a replica of naturally occurring textures 
on engineering materials. Several approaches were adopted 
among which ultrafast laser direct writing is the most com-
mon [3]. Laser direct writing, commonly referred to as direct 
laser writing (DLW), is a flexible, high-precision contact-
less processing technique that uses focused laser beams to 
write complex structures efficiently over large surface areas 
of materials. It involves moving a focused laser beam across 
a material surface in a line-wise manner at a precise speed 
and number of pulses per spot [43]. DLW is defined as a 3D 
photolithography technique, which creates very tiny features 

by the solidification of a photoresist at the focal point of a 
laser beam [44]. However, there seems to be slight differ-
ences in the definition of DLW by different authors. The 
first approach in DLW [3] involves inducing hierarchical 
micro- and nano-surface structures using an ambiance of 
a reactive etching gas, mostly sulphur hexafluoride, SF6. 
Although this approach was adopted and [45] found to be 
successful in improving water repellence on a black silicon 
surface, the technique is limited by the size of produced 
features. This limitation can be resolved by another laser 
texturing technique known as the direct laser interference 
patterning (DLIP), where multiple features can be cre-
ated within a single spot. The second approach involves an 
initial creation of an ablation pattern using a laser beam 
and then applying different laser parameters to decorate 
the unaltered areas with laser-induced surface structures 
[46, 47]. This approach is similar to laser-beam microma-
chining, with microfeatures fabricated on material surface 
by utilizing laser beam properties to achieve control and 
avoid any damage to surface integrity of the target material 
[30]. The final approach is a time-consuming spot-by-spot 

Fig. 9   SEM micrographs of PMMA surfaces after laser irradiation (pulse duration 150 fs, wavelength 800 nm, threshold fluence 3.0 J∕cm2 ) for 
different number of pulses: (a) 1; (b) 5; and (c) 100 [42]

Fig. 10   SEM micrographs of PC surfaces after laser irradiation (pulse duration 150 fs, wavelength 800 nm, threshold fluence 3.0 J∕cm2 ) for dif-
ferent number of pulses: (a) 1; (b) 5; and (c) 100 [42]
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cylindrical-vector-beam irradiation to produce controlled 
and precise surface structures with multiscale spatial fre-
quency [43, 48]. In this approach, cylindrical vector beams 
are used to fabricate primary microstructures, which are 
then decorated with secondary submicron undulations. The 
height of micro-cones produced and the distance between 
the features can be altered by varying the incident angle and 
the pulse overlap. Multi-scale frequency structured surfaces 
exhibit remarkable wetting characteristics, exploited for a 
wide range of applications [48].

3.4 � Optical setup

In an ultrashort pulsed DLW setup (Fig. 11), an ultra-short, 
pulsed fibre laser and 2D scanner are connected to a com-
puter that controls the operations. In this arrangement, the 
polymer substrate is stationary as the beam movement is con-
trolled by the scanner. In other setups, a two-axis moveable 
stage, a beam expander, or a mask may be incorporated. The 
laser head delivers the collimated laser beam to the writing 
head, where the movement of the mirror(s) is manipulated. 
In setups with a beam expander, it is positioned at the beam 
discharge point of the laser head and the entry point of the 
scanner. The beam expander is mostly used to vary the focus 
spot size of a focusing lens to maintain the beam collimation 
in systems with long beam paths. Texture parameters such as 
scan path, hatch type, hatch distance, and hatch arrangement 
are controlled with the scanner software, while the sample is 
placed on a stationary stage. However, in setups with a sam-
ple on a moveable stage, the beam is kept stationary.

Ultrashort laser pulses are used in laser micro-machining 
applications because they offer high energy intensity and, 
thus, precise laser-induced breakdown threshold at reduced 
fluence. Other advantages of ultrashort laser pulses include 

reduced adverse thermal effects and damage, high spatial 
resolution, and improved quality of ablated features. Ultra-
short laser processing of transparent materials by strong-
field ionization is obtainable thanks to the high peak inten-
sity of ultra-short pulses. Strong field ionization is the first 
step in multiphoton ionization, which is mostly associated 
with high-intensity optical laser fields of short duration [50]. 
The major shortcoming of DLW is the difficulty to fabricate 
a tiny surface features at high processing speed, as creat-
ing small structures involves sequential writing with a very 
close laser focus or a small spot size [3]. Millions of con-
vex microlens arrays on PMMA were manufactured with a 
femtosecond DLW (FDLW) method [51]. The fabrication 
process was based on a single femtosecond pulse in-situ 
modification without incorporating masks or duplicated 
templates. The authors achieved their aim in developing an 
efficient approach for generating convex microlens arrays 
on a large surface area of the PMMA sheet. Results of their 
experiments showed that in 1 h, millions of lens units could 
be fabricated on PMMA effortlessly. At a pulse energy less 
than a damage threshold, the absorption mechanism was 
mostly due to multiphoton and avalanche ionization. Further 
exposure of the polymer to laser irradiation resulted in the 
breakup of polymer chains. In line with [52], the regions of 
PMMA surface under direct laser exposure were observed 
to undergo localized swelling. In addition, a uniform surface 
finish of several stable microlens was maintained until abla-
tion began to occur as pulse energy increased to a thresh-
old value. Pores were formed at the top of the dome-shaped 
micro-lens, which grew in size with increase in ablation. 
Craters were formed from material expulsion due to plasma 
production [51]. Obviously, pulse-energy alterations influ-
ence the extent or type of surface modification that may be 
achieved on a polymer surface. An elongation pattern of 

Fig. 11   Schematic of a simple 
DLW setup using laser pulses to 
depict ‘writing’ of line features 
on polymer surface. Adopted 
from [49]
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the ablation craters was observed at increasing pulse ener-
gies [41]. Research findings indicate that ablation craters 
formed at higher pulse energies propagated in the direction 
of laser-beam polarization. Asymmetric ablation craters are 
produced at linear and elliptical beam polarizations at twice 
the threshold fluence, while circular polarization gives rise 
to symmetric craters.

As stated above, the fabrication of micrometre and sub-
micrometre surface structures can be done by different 
technologies. The major challenge is not only to fabricate 
these structures but to produce them at low cost and high 
throughput. Just like most laser surfacing techniques with 
their unique drawbacks, the DLW approach is a relatively 
slow process because of the need to draw each feature 
sequentially [3]. The processing speed of photolithogra-
phy and DLW is in the range between 0.01 and 200 cm2/
min [53]. In addition to the challenge associated with 
processing speed, the resolution of the features that can 
be produced with the DLW technique is limited (down to 
10–20 μm). Resolution control is influenced primarily by 
the laser spot size which depends on the beam diameter, 
wavelength, focal length, and numerical aperture of the 
focusing lens [54]. Precision micro-machining of periodic 
structures by interference field of laser beams is a much 
faster alternative route for producing features with resolu-
tion below 10 μm [53, 54]. The major difference between 
DLW and DLIP is that the latter permits parallel surface 
processing by the interference of two or more coherent 
laser beams [3].

3.5 � LST by DLIP

DLIP is an efficient LST approach that employs the interfer-
ence of coherent laser beams on a material surface to create 
a periodic pattern of structures with high resolution [55]. 
This technology is effective for fast patterning of large sur-
face areas with features down to nanometre-scale [55, 56]. 
The DLIP process provides better flexibility in the choice 
of target material and texture geometry. Intricate patterns of 
dots and lines can be produced with the DLIP method since 
the shape and spatial periods of the features are determined 
by the number of laser beams used, the intensity or polariza-
tion, and alterations in the interference angle of the incident 
beams [57]. The DLIP method was shown to be effective 
in treating different materials and in creating advanced 
structures for a large variety of applications such as in opto-
electronics, manufacturing of micro lenses, improvement in 
the growth of nanorods, and tissue engineering for sensing 
humidity and producing scaffolds [56, 58–60]. Processing 
speeds of 0.36 m2∕min and 0.9 m2∕min can be achieved on 
metals and polymers, respectively [53, 55].

3.6 � Interference principle and optical setup

In the DLIP process, a single beam is split into two or more 
beams that are made to overlap on the surface of a target 
material to produce an interference pattern. As a result, the 
optical set for DLIP is different from that for DLW. In the 
latter, the output laser beam from the laser head is focused 
directly to a suitably small spot on the surface of the sub-
strate using a mirror or an objective lens at normal or angled 
incidence. The working distance and the minimum achiev-
able spot size on a substrate are dictated by the numerical 
aperture, or F number, of the lens (a ratio of a focal length 
of lens to input laser-beam diameter at lens) [61]. Using 
mirrors, the laser beam is directed to the DLIP optical head. 
The main element of the DLIP system is a diffractive optical 
element (DOE), which splits the collimated laser irradia-
tion into different beams (referred to as sub-beams) at an 
angle. The split sub-beams pass through a wave plate (full, 
half, or quarter) for further beam polarization and are then 
parallelized by a prism. The parallel sub-beams are made to 
overlap using a converging lens at a known focal length to 
create an interference in the focal region, where the sample/
substrate is placed. In some cases, filters or beam expanders 
are incorporated in the DLIP setup to reduce (or increase) 
the beam intensity either to minimize material damage or to 
obtain the adequate energy for texturing to take place. The 
distance between the DOE and the prism can be varied to 
alter the intensity profile at interference [62–64]. To set the 
accurate working distance between the laser head and the 
substrate, the sample is usually placed on a movable stage 
(x, y, and z directions).

In a basic optical setup of a DLIP system (Fig. 12a) and 
the interference fringe pattern (Fig. 12c), produced at the 
sample surface, the actual surface texturing takes place 
in the interference volume (Fig. 12b). Selective ablation 
occurs at the maxima positions of the intensity distribution 
produced when the adequate energy is applied. If the DLIP 
setup is configured for two sub-beams, periodical line-
like structures are formed on the substrate surface [54]. 
The distance between these periodic line-type features is 
known as spatial period Ʌ and can be calculated using the 
following equation [54]:

where � is the wavelength of the laser beam and � is the 
angle between the interfering sub-beams.

Depending of the number of interfering sub-beams, a 
variety of feature shapes can be produced. This was dem-
onstrated in several works using six and four sub-beams 
[65, 66] to fabricate cross-like holes, elliptical holes, and 
circular holes on different materials. Three symmetrically 

(5)Λ =
�

2sin(�∕2)
,
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arranged sub-beams were employed in [67] for the produc-
tion of a dot-shaped interference pattern with a hexagonal 
intensity distribution. From Eq. (5), it is clear that the 
minimum achievable pitch for θ = 180 ◦ and λ = 1064 nm 
is 532 nm. Larger surface areas can be textured by mov-
ing laser spots in the y-direction (Fig. 12b). Laser pulses 
released at a specific repetition rate f are displaced at a 
distance d which can be calculated as [55]

The spots overlap (OVP) can be calculated as a function 
of the distance between laser pulses d and the beam radius 
� as [55]

This implies that the displacement distance d of laser 
spots can be expressed as a function of (OVP) as follows 
[55]:

It is important to note that the laser-beam radius is equiva-
lent to the radius of the spot created on the substrate’s plane. 

(6)d =
ν

f
,

(7)OVP = 1 −
d

2�
.

(8)d = 2ω(1 − OVP) .

In theory, the shape of the spot on the substrate surface is 
elliptical rather than circular when the interference angle � is 
large. Therefore, at small � values, the ellipticity of the spot 
can be overlooked [55].

Investigations of the mechanism of DLIP involved in 
structuring pigmented and transparent PC substrates using 
UV and IR laser radiations [56] demonstrated the occur-
rence of two ablation mechanisms in the transparent PC. 
This transparent PC selectively ablated at maxima positions 
(areas of maximum interference) at low laser fluence when 
the spatial periods, corresponding to the distance between 
features, were large. The resulting surface comprised well-
defined patterns when the adequate laser energy was utilized. 
On the other hand, at high fluences and short spatial periods, 
a structure geometry merging a periodic distribution and 
a Gaussian-like swelling was produced due to the erasing 
of the upper part of the periodic modulation. The second 
mechanism that was observed by the authors was swelling, 
unique to the black-doped PC with IR wavelength, resulted 
from the detachment of the polymer dopant, forming pores 
(Fig. 13d).

A better understanding was obtained from the analysis 
of the absorption spectra of the textured materials in the 
region between UV to near-IR. Unlike the transparent PC, 

Fig. 12   (a) DLIP experimental 
setup showing optical elements 
for the two-beam interference 
pattern. (b) Two-beam direct 
laser interference patterning 
process. (Ʌ—laser intensity 
profile/ablated structure period; 
�—laser beam radius; �—beam 
intersection angle/incident 
angle; d—distance between 
the laser spots; rth—radius 
of ablated area; OVP—spot 
overlap; �—translational speed 
of samples; h—depth of ablated 
structure) [64]. (c) Calculated 
beam-intensity distribution 
obtained from overlap of two 
Gaussian ( TEM

00
 ) [56]

117The International Journal of Advanced Manufacturing Technology (2022) 120:103–135



1 3

which exhibited insignificant absorption at wavelengths 
longer than 400 nm, the pigmented PC displayed an almost 
uniform absorption between 200 and 1400 nm spectral range 
as shown in Fig. 13a. Therefore, the swelling process can 
be linked to the absorption of IR photons by the black dye, 
which then formed gaseous by-products, creating pores, and, 
finally, resulting in a localized volume increase. Lastly, the 
authors developed a model for predicting the contribution 
of different structuring mechanisms (ablation and swelling) 

in the direct laser interference structuring of any polymer 
substrate [56].

In a similar work [53], topographical analysis of fab-
ricated micro- and sub-micrometre features on PC with 
DLIP were carried out using SEM and confocal micros-
copy. To gain a better understanding of the mechanism with 
which the structures were created, a focused ion beam was 
employed to produce cross-sections of the treated surface 
(Fig. 14).

Fig. 13   (a) Absorption spectra of transparent polycarbonate (red line) 
and black-doped PC (black line) for wavelength range between 200 
and 1500  nm. SEM images of DLIP-treated black-doped PC using 
a wavelength of 1053  nm and fixed spatial period of 7.13  μm. (b) 

Single-scale line-like ridges at fluence of 0.86 J∕cm2 . (c) Swelled 
double-scale structure at fluence of 1.3 J∕cm2 . (d) Focused-ion-
beam cross section of swelled double-scale pixel at laser fluence of 
1.3 J∕cm2 (reprinted with permission from [56])

Fig. 14   SEM images of DLIP of 
carbon-doped PC. (a) Top view 
of pattern. (b–d) Cross-sectional 
view of patterns obtained with 
focused ion beam [53]
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The homogenous topography of the elliptical pattern 
contour at a fluence of 1.4 J/cm2  (Fig. 14) is an indication 
that focus diameter was greater than the DLIP pitch. Cross-
sectional views at a tilt angle of 36 ◦ in Fig. 14 reveal the 
production of pores and induced swelling in the carbon-doped 
PC substrate. The assumption is that there was an interaction 
between the dopant and the laser. Thermal decomposition 
then took place as the absorbed heat energy was transferred 
to the PC matrix.

3.7 � Comparison of fabrication speed for DLW 
and DLIP

A comparison of fabrication speeds offered by DLIP and 
DLW provides an insight into the potentials of DLIP and 
DLW, where cost is a critical factor. The time to create fea-
tures on a surface using DLIP is considerably shorter than 
that for the DLW process. Consider a square area of size S 
on a material surface to be textured with features having a 
period P , the time tDLW required for the fabrication of these 
structures with DLW can be expressed as [66]:

where v and f  are the fabrication speed and the laser repeti-
tion rate, respectively. This implies that it will take over 17 h 
to texture a surface area of 25 × 25 cm2 with a feature period 
of 1 μm and a repetition rate of 1 MHz. From Eq. (9), the 
time required to structure an area in DLW can be decreased 
by increasing the pulse repetition rate and the scanning speed 
using fast beam positioning systems such as polygon scan-
ners. However, the challenge with high repetition-rate lasers 
is that they often possess smaller pulse energies which are 
inadequate for direct material ablation to take place. Also, 
the laser beam focus with polygon scanners is mostly to large 
spot sizes within the range of tens of μm which determines 
the smallest achievable feature size and period [66].

Since DLIP offers the possibility of structuring large 
areas using only a single high-energy laser pulse, the time 
needed for the fabrication of the same area 25 × 25 cm2 with 
a 1 μm structure period and a repetition rate of 1 kHz using 
a single laser spot (1 mm) can be computed as [66]

where W  is the diameter of the single laser spot. From, the 
time to accomplish this fabrication is 63 s. While the pro-
cessing time of both DLIP and DLW depends on the pulse 
repetition rate, it is evident from Eqs. (9) and (10) that the 
DLIP fabrication time depends on the laser spot size while 

(9)tDLW =
S2

vf
=

S2

P2 f
,

(10)tDLIP =
S2

vW
=

S2

W2 f
,

that of DLW depends on the feature period. A direct com-
parison to determine which process is more efficient based 
on the structure period can be obtained using the following 
equation [66]:

Hence, for the features with periods smaller than P0 , the 
DLIP method is more suitable while for bigger structure 
periods, DLW technique is more efficient.

The graphical comparison of fabrication time against 
structure period for DLW and DLIP techniques at different 
repetition rates (Fig. 15) [66] indicates that with the DLW 
process, an increase in the laser repetition rate from 1 to 
100 MHz reduces the time required to fabricate features of 
a particular period on a 25 × 25 cm2 surface area. On the 
other hand, since the DLIP fabrication time is independent 
of structure period, the fabrication time is constant at vary-
ing structure period.

In this section, the mechanism of ablation was dis-
cussed. The concept of incubation was introduced here  
along with its influence on the ablation threshold and the 
overall LST process. Maximum energy input required for 
ablation to occur was presented. The absorption coeffi-
cient and optical behaviour of different polymers varies  
at different wavelengths. The direct writing and direct  
interference patterning methods of laser surface texturing  
were also discussed in depth. An explanation of both tech-
niques, their optical setup, and some patterns obtained  
on polymers were presented as well. The method, which 
allows manipulation of the spatial period for features pro-
duced with the DLIP technique, was presented along with 
the relevant equations for LST with DLIP. A compari-
son of the processing speed and times was made for both  
techniques to serve as a guide. The next section looks at 
the influence of laser parameters on the LST process.  
Parameters such as wavelength, pulse duration, ioniza-
tion energy, number of pulses, absorption, and fluence 
are discussed in terms of ablation rate and type of surface  
features produced.

4 � Effects of laser parameters on the surface 
texturing process

Laser parameters and material properties play an essential 
role in the ablation of organic materials with short pulses. 
These parameters include, but are not limited to, material 
type, reflectance, absorption coefficient, thermal conductiv-
ity, laser-pulse duration, wavelength, and laser-pulse energy 
[67].

(11)P0 =
vDLIP

vDLW
W =

√

fDLIP

fDLW
W .
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4.1 � Influence on ablation rate

In polymers, the most important factor that determines the 
feasibility of creating periodic patterns with DLIP is the 
ability of the polymer to absorb the laser energy (absorp-
tion coefficient) at a given laser wavelength [35]. Polymers 
generally exhibit very good photon absorption in the UV 
spectra range. Surface texturing of polymers using UV 
radiation leads to ionization and disintegration of poly-
meric materials without significant melting. The use of 
far-UV radiation creates well-defined pits on the surface of 
polymer substrates in a process known as ablative photo-
decomposition [35]. This is not the case for the wavelength 
into the visible or infrared region, where the material is 
damaged as a result of distortion, melting, and charring 
[36]. The absorption of laser energy by Teflon in the IR 
spectra is reported to be weak. Teflon shows an increasing 
ablation coefficient with a decrease in the wavelength when 
measured using photothermal beam deflection at various 
wavelengths. The photothermal deflection technique is a 
useful method to obtain the ablation threshold for differ-
ent materials by measuring the deflection of a probe beam 
resulting from the refractive index slope of a target surface 
generated by a modulated beam [68]. For absorption of 
laser energy, an understanding of the effect of heat transfer 
by thermal conductivity in the material becomes critical. 
The time scale associated with short pulses minimizes the 
energy loss by heat diffusion helping to reduce cracking and 
presence of a recast melt layer, and produces features with 
high aspect ratios. The previous research proved that during 

the ablation of high-molecular-weight polymers, a molten 
material with high viscosity is produced, which results in 
the reduced of ablation rate [69]. Investigations on the abla-
tion of PTFE with 248 nm laser pulses produced from an 
excimer laser [70] revealed the chemical degradation at a 
fluence of 2 J∕cm2 after 50 pulses for a pulse duration of 
16 ns. In another experiment with shorter pulses of higher 
intensities (300 fs, 1 J∕cm2 ), the material removal process 
in PTFE did not result in any thermal damage. Unlike 
PTFE, other polymers like PMMA display changes in opti-
cal properties—from transparent to strongly absorbing of 
248 nm wavelength—due to chemical modifications from 
the incubation effect that takes place within the first few 
laser pulses. The authors reported the threshold fluence of 
PTFE to be roughly 0.5 J∕cm2 for a pulse duration of 300 fs.

Several researchers investigated the influence of wave-
length on ablation rate for polymers. In the work by [71], the 
rate of ablation of sintered PTFE was observed to increase 
initially, followed by a decrease as the wavelength was 
increased. The relationship between the ablation rate and 
the wavelength is independent of the laser fluence. Measure-
ments of the ablation threshold of PTFE (Teflon) at different 
wavelengths were recorded [68] with a further attempt to 
predict the absorption coefficient at individual wavelengths. 
Reports showed a decrease in the wavelength, which led 
to an increase in the absorption coefficient of PTFE. Due 
to the very low absorption coefficient of PMMA, structur-
ing the polymer at high laser intensities using wavelengths 
such as 266 nm and 355 nm and single pulses becomes dif-
ficult [67]. However, in strongly absorbing polymers such as 

Fig. 15   Effect of fabrication 
time on structure period for 
area of 25 × 25 cm2 using DLIP 
(repetition rate 1 kHz; spot size 
1 mm) and DLW (repetition rate 
1 MHz and 100 MHz) [53]
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polystyrene, the rate of ablation depends on pulse duration 
and laser fluence. The dependence of ablation threshold on 
laser wavelength in PI was investigated [72] in processing 
with an excimer laser. These investigations demonstrated 
that in the etching of PI, the presence of oxygen did not 
alter the etching/ablation rate but oxidized the ablated fea-
tures. For the same polymer, a photoacoustic spectrometer 
was used to evaluate the influence of pulse duration on the 
ablation rate [73]. At a pulse duration between 7 and 300 ns 
for a XeCl laser, the ablation depth was measured from 0.1 
to 1 μm for each laser pulse. However, the dependence of 
the ablation threshold on pulse duration was observed to 
be weak. The ablation rate of PI showed a very rapid rise 
above threshold fluence of 0.1 J∕cm2 to an 80% saturation 
point at 0.5 J∕cm2 for a 355-nm wavelength (Nd: YAG laser) 
and 30-ps pulse duration [74]. The reflectivity (fluence-
dependent), the photoacoustic signal and the intensity of 
emission were recorded to provide an insight into the satura-
tion mechanism. The term saturation used here is as in the 
incubation effect, where the plume (ablated species) created 
by the leading edge of a pulse prevents the trailing end of 
the pulse from reaching the substrate through absorption. 
Further radiation absorption by the plume results in excita-
tion and release of more photons. If the plume completely 
blocks the rest of the photons from getting to the substrate 
surface, an increase in photoacoustic signals was still below 
the saturation fluence. Although there are arguments on the 
possibility of radiations with intensities below the ablation 
threshold leaking through the plume to cause an increase in 
photoacoustic signals, this is not applicable because the sig-
nal levels identified below the ablation threshold are too low 
to explain the rise above the saturation point. Another argu-
ment is that fragments produced from subsequent absorp-
tion by the plume may collide with the substrate and create 
acoustic signals. However, the possibility of this occurrence 
is very low, since the plume’s upstream density should be 
extremely high so that only the fragments nearest to the sub-
strate can collide with it [74]. In addition to saturation of 
the ablation rate, the authors also observed that the debris 
formed from the ablation process had an influence on the 
morphology of the ablated polymers.

4.2 � Effect on surface features

The study on laser processing of Teflon in ambient air using 
Ti: sapphire femtosecond laser with 780-nm wavelength [75] 
revealed that, at high fluences, the ionization effect by air 
decreased the efficiency of the ablation process and reduced 
the quality of the ablated features. The ablation depth was 
observed to increase with an increase in the number of 
pulses. In a similar experiment [76], the ablation threshold 
of PET for 50 mm Ti: sapphire laser with two different pulse 
durations—200 ps and 80 fs—was examined. The authors 

reported that with former duration and at a fluence thresh-
old of 8 J∕cm2 , cracks developed on the surface, alongside 
non-uniform holes formed from ablation. On the other hand, 
80-fs laser produced clean holes and uniform cuts at a flu-
ence threshold about five-folds less than that necessary for 
ablation with 200-ps laser pulses. Research on femtosecond 
DLW on PMMA in [51] demonstrated the effect of laser-
pulse energy on the shape and size of the fabricated convex 
microlens arrays. The authors reported an initial increase 
in the height and diameter of the convex microstructures as 
the laser power increased from 1 mW (at laser fluence and 
laser intensity of 39 mJ/cm2 and 0.78 TW∕cm2 , respectively) 
to 2 mW (with corresponding laser fluence of 79 mJ/cm2 
and laser intensity of 1.58 TW∕cm2 . Afterward, the height 
decreased with increasing laser power to 5mW (with equiv-
alent laser fluence of 198 mJ/cm2 and laser intensity of 
3.96 TW∕cm2 ). Generally, the morphology and geometry 
of laser-induced surface features vary with laser power. Mor-
phological changes occur due to the temperature distribution 
and transport of species in the substrate [77].

As mentioned above, the interference of two or more 
coherent beams in DLIP on a material surface produces 
periodic patterns with controlled pitch and geometry. In the 
same DLIP process, the shape of the features is defined by 
the number of laser beams and the intensity or polarisation  
of the laser beams used, while a manipulation of the angle 
between the incident beams controls the spatial period of the 
produced features [56, 57]. This is the reason for creation of  
more complex periodic structures using the DLIP process as 
opposed to the DLW or single-beam laser machining. The 
depth of fabricated features determines the processing speed 
to a large extent since more laser pulses per spot are required 
to create deeper structures. Therefore, to fabricate features 
with increased depth, a higher amount of laser energy is 
required, resulting in reduced throughput [63, 64, 78–80]. 
Laser fluence—in addition to the distance between pulses—
also affects the structure depth and the quality of features. 
Investigations on the homogeneity of features produced with 
the DLIP process were carried out in [63], and the impor-
tance of process optimization to achieve uniformly distrib-
uted features over a patterned area was demonstrated. DLIP 
has been used to create diffraction gratings on transparent 
PET substrate for the use in packaging and consumer goods 
[80]. Experimental results [63, 80] reveal that an increase in 
the number of pulses and the pulse energy led to an increase 
in the structure depth caused by a comparable increase in the 
ablated material. This agrees with other works. However, 
an inverse proportion was noticed with a further increase 
in the number of pulses and the pulse energy, resulting in a 
decrease in the structure depth. The reason for this change 
can be attributed to the molten material moving into the 
valleys of the pattern. By optimizing the process param-
eters through design of the experiment approach, the authors 
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concluded that diffraction efficiency of treated PET was 
strongly dependent on the height of the fabricated surface 
structures. Other works showed that a pulse-to-pulse over-
lap had a strong effect on structure depth. Generally, high 
pulse overlaps can produce deeper features if the applied 
energy density is adequate. The temperature gradient also 
plays a role in determining texture homogeneity and can be 
controlled by pulse overlaps. Melting or ablation caused by 
irradiation of a polymer surface with an interference pattern 
depends on the pulse duration, which, in turn, influences the 
energy flow from positions of interference maxima to those 
of minima or the cooler regions and bulk [79]. Also, heating 
in minima positions may occur when interference patterns 
with short spatial periods are used. This reduces the thermal 
gradient and the flow of the molten material, thereby giving 
rise to structures with reduced height [81]. In addition to 
this, [82, 83] reported that material vaporization, supported 
by recoil pressure, reduced the quality of microstructure by 
the turbulent flow of the molten material.

In summary, different process parameters influence the 
laser texturing process as well as the features produced on 
polymer surface. Since the features formed are linked to the  
process parameters, the resulting surface functionalities are  
dependent not only on surface morphology and feature geom-
etry but also on these parameters. In the literature, the exact  
feature morphology or geometry produced with LST of poly-
mers (that impact specific surface functionalities) remains 

unclear. Another factor that influences LST is environmental  
conditions. Oxidizing or neutral atmospheres play a role in  
determining the outcome of texturing processes, but the pre-
vious works are scarcely investigated and/or reported. Fig-
ure 16 highlights some features commonly obtained in most  
laser-textured polymers. Due to the absorption mechanism 
and polymer’s response to laser irradiation, discrete spots, 
grooves, conical features, or hierarchical structures may be 
produced in polymers. It is misleading to assume that the 
application of the same process parameters used on metal 
substrates would yield similar results in polymers. While 
distinct features with similar parameters may be obtained 
on different metals, polymers would behave differently. In  
some cases, a laser-irradiated polymer with only slight sur-
face modifications (such as surface melting, solidification,  
and redeposition as in Fig. 16g, h) may offer the same func-
tionality as a metal with clear grooves, laser-induced peri-
odic surface structures (LIPSS), or dimples. This is mostly 
observed for high-peak power lasers, where the energy is 
absorbed by the material without exceeding the ablation 
threshold. Research clearly links the impressive function-
alities of some laser-modified polymer surfaces to surface 
chemistry changes, estimated by means of surface free energy  
calculations and the contributions of the dispersive and polar 
components to the total surface free energy. Since polymers 
and polymer composites continue to attract attention of 
researchers, more work is needed in this area, with a view to 

Fig. 16   Scanning electron 
microscopy images. (a) Line-
like dots on carbon-doped 
polycarbonate [53]. (b) Discrete 
spots on polyetheretherketone 
(PEEK) [84]. (c) Conical 
structures on PI [85]. (d) 
Laser ablated PET [86]. (e–g) 
Grooves, melting with material 
redeposition and slight surface 
melting, respectively, on PEEK 
[87]. (h) Laser-modified UHM-
WPE [88]
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optimize the existing texturing techniques and develop more 
sustainable and robust approaches for texturing of polymers.

5 � Influence of textures on polymer‑surface 
properties

Specific surface features induced on polymer surfaces can 
enhance the performance of that surface. Surface texturing 
regulates the surface energy and CA, which can result in 
improved surface hydrophobicity, hydrophilicity, and tribo-
logical properties of such polymers [3]. Many plants and 
animals display unique wetting characteristics thanks to a 
combination of surface chemistry and structure (or rough-
ness). Animals such as reptiles, birds, and amphibians pas-
sively trap water on their body surface. For example, the 
filefish can swim through oil-spilled waters with oil sliding 
off its skin from head to tail. The underwater oleophobicity 
of the filefish is achieved by a combination of anisotropic 
micro-textures and surface composition. This unique sur-
face property of the file fish can be applied in the design 
of underwater organic fluid directing and self-coatings for 
oil pipelines and ship hulls [, 3, 89]. The fibrous structure 
found on the wings of insects such as dragonfly, mayfly, or 
a lace wing is responsible for their resistance to wetting. 
This homogenous surface structure commonly described 
as an interconnected netting of ridges exhibits high CAs of 
about 150 ◦ and antimicrobial properties [90]. In 2014, Liang 
et al. attempted to replicate the fibrous surface structure of 
insect wings on PTFE using an 800-nm femtosecond laser 
beam. The resulting structure resembled a forest of entan-
gled fibres, impacting superhydrophilicity of the polymer 
surface. Further bioadhesion experiments revealed that the 
‘forest’ surface trapped air, thus preventing cell adhesion. 
Such entangled fibrous surface structures can be employed 
in biomedical engineering for antiadhesive applications.

5.1 � Wetting

A common feature of water-repellent plants is a cuticle, 
which is composed of a hydrophobic polymeric matrix 
known as cutin covered with waxes. Although the cuticle 
plays a role in the water-repellent nature of these plants, 
their unique surface topography also contributes greatly to 
this effect [3]. The leaf of the lotus plant is a typical example  
of a super-hydrophobic surface, which also makes it pos-
sible for the lotus leaves to remain clean after contamina-
tion with dirt. The self-cleaning property of the lotus leaf  
is primarily achieved by reduced particle adhesion to the 
leaf surface. The leaf’s surface texture is such that there is a  
limited contact area between the surface and dirt particles or 
water droplets. This occurs because the droplets are unable 
to penetrate the nano grooves and rather remain suspended 
at the tips of the structures. Pockets of air are formed in the  

space between the water droplet and the leaf surface; thus, 
a roll-off water droplet picks up any dirt particle as it slides 
over the leaf surface. This self-cleaning property is popularly  
referred to as the ‘lotus-effect’ [3].

A self-cleaning mechanism of the lotus leaf is demon-
strated by the roll-off of a liquid droplet on a smooth less 
hydrophobic surface in Fig.  17. The lotus leaf exhibits 
particular remarkable wetting attributes derived from very 
high CAs, usually in excess of 150°, and very small CA 
hysteresis—usually less than 5°. Liquid droplets from such 
surfaces roll down at high speed, just like a solid spherical 
object rolling under gravity. Recreating such surfaces should 
consider the mechanism, by which the nature generates this 
property. The leaf of the lotus plants has micrometre-sized 
papillae covered with nanometre protrusions in the shape 
of branches, producing a unique hierarchical morphology 
(Fig. 17c) [92]. The surface chemistry is linked to epidermal 
cells of hydrophobic crystals. The contact area between the 
surface and the liquid droplet is reduced by the roughness of 
the hydrophobic papillae. This is the reason for liquid drop-
lets to remain on the tips of hierarchical surface structures 
on top of the papillose epidermal cells. Therefore, the water-
repellence nature of the lotus leaf is due to the synergy of 
dual-length-scale roughness and hydrophobic surface chem-
istry [45]. Over the years, many studies were performed to 
replicate the ‘lotus effect’ or its hydrophilic effect in indus-
trial systems. For instance, in PEEK, improved wetting can 
be achieved with the utilization of high pulse frequency, 
low pulse overlap, and low scanning speed with a small spot 
size using a 1064-nm wavelength [2]. A similar effect was 
realized on PE and PI films upon exposure to excimer laser 
irradiation in air. However, the treated PE and PI became 
less hydrophilic with age [93].

It was established that the interactions between solids 
and liquids played a very important role in understanding 
different chemical and physical processes in various indus-
tries. Wetting is important in adhesion, but it depends on 
the quality of adhesive and coatings to determine spreading 
conditions. CA and surface free energy are employed in sur-
face characterization to determine the wetting properties of 
a surface. In the laser modification of polymer films (PTFE, 
PET, PE, polypropylene (PP), and polystyrene (PS)) with a 
F2 laser at 157-nm wavelength, laser ablation and surface 
degradation were noticed. Wettability, which is character-
ized by low CA measurements, was improved for all five 
polymer films. In this case, CA measurements were not only 
influenced by surface morphology and chemical composi-
tion but also by the number of laser pulses. Beyond 2000 
pulses, CA readings remained unaltered. An abrupt increase 
in wettability was originally observed in PET and PE, while 
PTFE and PS showed a slower CA increase [93].

The two models used to describe the behaviour of a  
liquid droplet on a rough surface are Cassie-Baxter and 
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Wenzel. According to the latter, a liquid droplet has a  
potential to stick to a rough surface when it penetrates  
micro- or nano-grooves or cavities by maintaining com-
plete contact in the process. In contrast, the former model  
assumes an incomplete wetting of the rough surface by 
the liquid droplet and trapping of air bubbles underneath  
the droplet in the void. The result is an air–liquid-solid 
composite state known as superhydrophobic [89, 94]. For 
many years, CA measurements attracted significant atten-
tion owing to technological challenges. The angle between 
the tangent of the solid and that of the liquid–air interface  
at the contact line between the three phases is referred  
to as the CA [95]. It is important to note that the CA is 
always measured through the denser fluid.

The Young’s equation is valid for three-phase systems 
of ideal solids and pure liquids in thermodynamic equilib-
rium. In this case, an ideal material is smooth, isotropic, 
non-reactive, insoluble, and chemically homogenous. 
Another assumption is that evaporation does not take place, 
thus the volume of the liquid droplet remains unchanged.

According to Young’s equation, there is a relationship 
between the CA θ , the surface tension of the liquid δL, inter-
facial tension (solid and liquid) δSL and the surface free 
energy δs of the solid (Fig. 18).

Equation (12) applies to specific conditions and becomes 
modified for an inhomogeneous surface. Recalling the Wen-
zel model, the apparent CA  is given as

where r (the roughness factor) is the ratio of the actual 
surface to that of an even surface with the same shape 
and dimensions. θ0 is the CA on an even surface with the 
same properties as the rough surface. Since the roughness 
factor is greater than unity r > 1, this model predicts that 
the angle of contact increases for an initially hydrophobic 

(12)δSA = δSL + δLA.cosθ0,

(13)cos θ0 =
SA − SL

L

.

(14)cos� = r cos�0

Fig. 17   (a) Picture of water droplets on lotus (Nelumbo nucifera) leaf. 
(b) Static CA measurement of a water droplet of 0.78-mm radius on 
the lotus leaf (CA = 153° ± 1°). (c) Zoomed-in SEM image of lotus 
leaf surface (5-μm scale bar). (d) SEM high-magnification micro-
graph of single papillose with branchlike protrusions with size of 
150  nm (scale bar 1  μm) [91]. (e) Schematic representation of the 

self-cleaning mechanism of lotus leaf showing the motion of a drop-
let on an inclined nanostructured superhydrophobic surface covered 
with contaminating particles. The liquid droplet picks up debris along 
its path (left). In contrast, the particles on a smooth surface are only 
rearranged as the droplet rolls off (right) [3]

Fig. 18   Liquid drop on hydro-
phobic (oleophobic) and hydro-
philic (oleophilic) surfaces [95]
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surface θ0 > 90 and decreases for an initially hydrophilic 
surface θ0 < 90 [3]. A modification of the Wenzel equation 
incorporating a function of the wet surface and that with 
air pockets gives a rise to the Cassie-Baxter equation for 
computing CAs.

High CA values can be readily achieved on functional 
surfaces by the fabrication of periodic three-dimensional 
micro- or nano-structures by exposing the material surface 
to laser irradiation. In addition, the wettability nature of 
a textured surface may be influenced by airborne organic 
contaminants. Some polymeric surfaces exhibited super-
hydrophilicity shortly after laser texturing but became super-
hydrophobic after post-processing operations or long-term 
exposure to environmental contaminants [96]. This effect 
is significant in aged UV-laser-modified PE and PI films 
treated at 172-nm wavelength [93]. Therefore, it is impor-
tant to ensure that laser surface treatments are carried out in 
controlled conditions.

5.2 � Surface features and functionality

Surface structures can be classified into two categories 
based on the laser-patterning approach [97]: (i) direct laser-
irradiated structures and (ii) self-organized laser-inscribed 
structures. According to the authors, directly written sur-
face structures are complex structures written on a mate-
rial surface using focused laser beams. These structures are 
same as those produced with the direct writing process; they 
include parallel or orthogonal 2D lines and complex patterns 
limited by the achievable spatial resolution. Self-organized 

characteristic (quasi-)periodic surface morphologies are 
produced by surface irradiation using a homogenous spatial 
beam profile. They are mostly nano and micro, in some cases 
a combination of both. Grooves and spikes in the micro-
metre scale and laser-induced periodic surface structures 
(LIPSS) or ripples all fall under this category as highlighted 
in Fig. 19.

Using Eq. 12, ripples can be identified as high-spatial- 
frequency LIPSS (Fig.  19a) with periods consider-
ably smaller than the laser wavelength or as low-spatial- 
frequency LIPSS (Fig. 19b), displaying periods close to the 
irradiation wavelength

where Ʌ is the spatial period and � is the irradiation wave-
length. Ripples and grooves in Fig. 19c, d exhibit a well-
marked direction with respect to the linear polarization state 
of the irradiation laser beam and are deformed or absent in 
other polarization states [3]. Previous studies showed that 
LIPSS were the most popular laser-induced structures in pol-
ymers. There are not many research studies that describe the 
fabrication of laser-induced structures on polymer materials. 
On the other hand, laser-inscribed surface microstructures 
were studied widely in metals because of a relative ease to 
fabricate distinct surface features on metal surfaces (Fig. 20) 
[31, 98].

Laser-induced periodic nano-features comprising alter-
nate troughs and crests were observed also to impact struc-
tural colour generation on material surfaces, while hierar-
chical structures had a much higher potential in impacting 

(15)Λ < �∕2

Fig. 19   Classification of laser-pattern surface structures [97]
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super-hydrophobicity [31]. To explain the process of LIPSS 
generation, recall that high-energy laser irradiated on a  
material can cause its melting at the focal region. Evapora-
tion then forces the melt to travel to the edge of the area 
under irradiation, forming droplets and rapid cooling,  
thereby forming sharp peaks on the material. The shape of 
the LIPSS produced is determined by the heating, recoil 
pressure, and solidification time, while the mechanism of 
patterning is a function of laser and material properties [46]. 
Ultrashort laser pulses (femtosecond) can produce LIPSS 
that are compactly covered by nanostructures. In contrast, 
long pulses produce LIPSS with smooth surfaces. Periodic 
ripples, also known as LIPSS by some authors can be cre-
ated on a polymer upon irradiation at definite energy densi-
ties and for short periods. The periodic ripples formed are 
a product of the interference between the incident beam or 
refracted laser light and the diffracted beam at the material 
surface [35]. An increase in the angle of incidence increases 
the spacing between features, while the height of the ripples 
remains constant through the entire fluence range employed, 
irrespective of processing conditions. The periodic nature  
of ripples is a function of the polymer’s surface roughness 
[99], and the presence of a scratch on the material sur- 
face prior to laser irradiation at different incident angles can  
result in the production of two sets of ripples on either side 
of the scratch with a spacing (S) described by the following 
equation [100]:

where � is the wavelength of the incident light, n is the modi-
fied refractive index and � is the angle of incidence. So far, 
there are few reports on the range of applications of the 

(16)S =
�

n − sin �
,

laser-irradiated structures compared to the wide range of 
applications offered by laser-inscribed structures [3, 97].

Although there were suggestions that hierarchically rough 
surfaces did not make any surface wettable, dual-scale rough 
surfaces display high CA values—approximately higher than 
160°, with low CA hysteresis (2.5–5°). Although very low 
CA hysteresis is important for water repellence, high CA 
values obtained on textured surfaces do not determine the 
suitability of surface for a particular hydrophilic applica-
tion [45].

In the study of surface and bulk microstructures, craters, 
and gratings [52] created on four different polymers, namely, 
polyvinyl alcohol, polystyrene, polymethyl methacrylate, 
and polydimethylsiloxane, surface features were achieved 
using 100-fs pulses of a Ti: sapphire laser at a 800-nm wave-
length with a repetition rate of 1 Hz and pulse energy of 
1 mJ. Results from the study showed a maximum absorption 
of laser energy by the materials. This absorption, which was 
due to transitions of different functional groups, gave a rise 
to emissions. The conclusion drawn from these emissions 
observed in the fs-laser-modified areas of different polymer 
surfaces indicated the possibility to create memory-based 
devices. Similar studies with XeCl lasers to ablate different 
polymers were performed by many researchers [101–103]. 
In some research works, the distribution of debris formed 
by ablation of PI and PET using XeCl and KrCl lasers was 
investigated [101]. Cone structures, formed on the surface 
of polymers, were attributed to the redeposition of debris. 
A different mechanism of conical structure formation was 
detected during the etching of PI surface using a 308-nm 
XeCl laser [103]. The well-defined stable conical structures 
formed were a result of the shielding effect of particulate 
impurities in the polymer film (Fig. 21).

Fig. 20   SEM micrographs 
of four characteristic surface 
morphologies obtained using 
femtosecond laser on steel sur-
face. (a) High-spatial-frequency 
LIPSS (HSFL). (b) Low-spatial-
frequency LIPSS (LSFL). 
(c) Spikes. (d) Grooves [31]
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This structure was different from those obtained on PET 
and PI at low fluence thresholds. The preparation of com-
mercial film and spun-on PI samples before the experiment 
involved the addition of optical-grade polishes—alumina 
and a rare-earth compound (~ 0.05-μm and 3-μm diameters, 
respectively)—into liquid PI before spinning. For the com-
mercial film, particles of the optical-grade polishes were 
scattered on the surface prior to irradiation. The unseeded 
sample (Fig. 21a) showed almost no features. The indica-
tion of a cone structure may be attributed to the presence  
of impurities in the material or a contamination during 
the sample-preparation stage. In the second micrograph 
(Fig. 21b), well-developed cones of different heights are 
observed on the substrate.

The last SEM image (Fig. 21c) of 3-μm particles shows 
a much higher areal density of cones. Dry etching with UV 
laser ablation of solid-state polymers is used for microelec-
tronics application. Electrical and thermal insulation prop-
erties of PI result in its wide use in defence, aerospace, and 
optoelectronics [37]. Polydimethylsilixane (PDMS) was also 
broadly employed in the manufacture of microfluidic devices 
thanks to its transparency at optical frequencies in addi-
tion to its biocompatibility and relatively lower cost when 
compared to materials such as silicon formerly used in the 
production of such devices. Some studies [104] focused at 
achieving more cost-effective manufacturing approaches. 
One technique involved using PDMS multilayer arrange-
ments in conventional lithography and a sputtering method 
to ensure alignment, while bonding the top and bottom tex-
tured substrates. In validation of the proposed technique, 
a dielectric photoresist-based integrated electronic micro-
fluidic chip was produced, tested, and found to have promis-
ing potentials. Investigations on micro-contact printing and 
manufacture of microfluid channels using stamps on PDMS 
produced small features about 2 μm in pitch and a width of 
1 μm [105]. Instead of the use of masks as in the photolitho-
graphic technique [106], another method involving the direct 
production of micro channels on PDMS was proposed and 

further investigated. The etching of PDMS surface using 
IR laser carbon materials in tiny clusters to generate micro 
plasma was reported in [106] to remove microscale volumes 
of the polymer. This method is also effective in fabricating 
photonic features, with the presence of combustion deposits 
increasing hydrophobicity.

The capability and effectiveness of using an axicon focus-
ing lens to create narrow grooves by ablation of a thin film 
of molybdenum on flexible PI using a femtosecond pulsed 
laser was explored at different processes conditions [107]. 
The ablation process was carried out at various pulse ener-
gies, scanning speeds, and distances between the axicon tip 
and the surface of the substrate. Fairly regular groove quality 
and good tolerance in height fluctuations at different com-
binations of scribing speed and laser power were achieved. 
The selective scribing of molybdenum on PI was observed 
to be due to a notable difference in the fluence threshold of 
molybdenum—0.18 J/cm2 and PI 0.75 J/cm2 at a pulse dura-
tion of 60 fs. Generally, the ablation of several commercially 
available polymers was studied to understand the mechanism 
of material removal and possible applications of the ablated 
surfaces. In telecommunications, for example, removal of 
an outer surface of polymer materials is necessary for fibre 
Bragg gratings. While there are other methods to achieve 
this, laser ablation proved to be more efficient, eliminating 
the challenges encountered with traditional methods [4]. 
Similarly, laser ablation employed in creating tiny features 
on the surface of biomedical tools, devices, and implants 
was found beneficial in impacting their load-bearing capac-
ity, cell and cement adhesion, wetting properties, and other 
features. A list of common laser textured polymers and their 
areas of application is presented in Table 2.

In biotechnology and medicine, in-vivo and in-vitro 
applications involve the adhesion of living cells to medi-
cal implants or artificial surfaces such as cell-culture sub-
strates. Cell adhesion to substrates promotes cell growth 
and proliferation. For adhesion to occur, the cell skeleton 
is connected to the surface at focal areas. These focal areas 

Fig. 21   SEM micrographs 
of XeCl-laser-etched PI (300 
shots at 70 mJ/cm2). (a) 
Unseeded spun-on film. (b) 
Seeding with approximately 
0.05-μm-diameter particles. (c) 
Seeding with 3-μm-diameter 
particles [102]
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are influenced by factors such as surface chemistry, wetta-
bility, nano-topographies, electrostatic, and electrodynamic 
charges [116–119].

Many polymeric biomaterials were studied for tissue-
engineering applications, e.g., PEEK. PEEK is an engineer-
ing thermoplastic that exhibits excellent mechanical proper-
ties and good thermal and chemical resistance, which are 
similar to those of cortical bone [120]. In addition to these 
properties, the sterilization capacity of PEEK makes it an 
ideal material for most biomedical applications [121]. PEEK 
is used in joint replacement, bone screws and pins (e.g., in 
the vertebra column), cranial implants, etc. Despite these 
attractive properties, the poor surface wettability of PEEK 
makes weak bone-to-implant interactions.

Initial studies on the LST of PEEK were carried out 
using excimer lasers [122] in the presence of an assist gas. 
Argon fluoride (Arf) lasers with a wavelength of 193 nm 
and 20 ns pulse duration modified PEEK surfaces below 
the ablation threshold, increasing the polar component of 
the work of adhesion. Experimental findings showed that, in 
neutral conditions, PEEK aromaticity was lost, and the pre-
sent carbonyl groups were broken. High energetic incident 
photons improved C–O/C and carboxylic functions of PEEK 
in the presence of environmental oxygen. Laser processing 
of PEEK surface at 1064 nm using a Q-switched Nd:YAG 
laser improved the surface together with an increase in the 
surface energy from 44.9 to 78 mJ/m2 . Further chemical 

surface analysis using FTIR and XPS showed a decrease in 
the carbonyl groups along with an increase in carboxylic and 
hydroxyl groups [123]. From several studies, surface func-
tionalization of PEEK with LST was most successful with 
wavelengths in the range of UV (355 nm) to mid-infrared 
(10.6 μm) [2, 123, 124]. UV-laser modification of PEEK 
at 248 nm wavelength demonstrated the wettability with 
increased roughness and oxygen-containing groups on the 
processed-material surface [125]. In the study performed 
to compare the influence of wavelength on wettability and 
roughness, three different laser wavelengths within the UV 
and mid-infrared range were used. The response of PEEK 
at different wavelengths was observed to differ. Surface 
burning was prevalent at 1064-nm laser wavelength, while 
ablation took place at 532 nm, resulting in the formation of 
grooves about 100 μm in average width. Minor surface melt-
ing occurred at 355 nm, inducing the formation of carboxyl 
and peroxide (O–O) polar groups. This led to a noticeable 
reduction in the water CA. Reduced surface wettability of 
PEEK can potentially improve cell adhesion, which is ideal 
for biomedical applications [87]. Table 3 summarizes pro-
cess parameters applied in the texturing and surface modifi-
cation of PEEK for biomedical applications.

Although some works were performed on LST of poly-
mers for tribological applications, polymers are rarely the 
material of choice in this area. Generally, the presence of 
artificial textures showed to improve wear performance of 

Table 2   Some laser-textured polymers and their areas of application

Laser surface 
textured  
polymers

Functionalities of textured polymers Areas of application References

PMMA Unidirectional liquid transport, absorption coefficient, 
and thermal conductivity

Optical, biomedical, solar, sensor, and  
nanotechnology

[3, 4, 52, 108]

Polyvinyl alcohol Dielectric properties Memory-based devices [52]
PS Cell alignment, directional migration Tissue engineering, cell biology, memory-based 

devices
[52, 109, 110]

PI Directional fluid transport, electrical, and thermal 
insulation

Fluid transport against gravity, defence, aerospace, 
and optoelectronics

[4]

PDMS Transparency, biocompatibility Micro-fluidic devices, biomedicine, memory-based 
devices

[4, 104]

PTFE Immobilization of living cells along required pattern, 
super-hydrophobicity, electrical resistance, low 
frictional coefficient

Tissue engineering, production of biosensors, drag 
reduction, cables, gears, and pulleys

[4, 111]

PET Cell alignment, activation of β-catenin, wetting Tissue engineering, promotion of cell proliferation, 
camouflage, textile industry as PE

[4, 112, 113]

Polytherimide High-temperature resistance Embossing tools [4]
Polyethersulfone Automotive components [4, 37]
PEEK Influence on cell growth, wettability, roughness, 

chemistry, adhesive bonding properties
Biomedicine [52]

PVC Low strength (softness) Blood storage bags in biomedicine [18]
PE Reduced E. coli biofilm growth Anti-bacterial surfaces [114]
PLA Various porosities Bone-tissue regeneration [115]
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kinematic pairs. Friction reduction with an increase in wear 
resistance was the focus of many studies. Several works 
established that surface textures could serve as storage pock-
ets for lubricants, depending on texture design and pattern. 
Ultimately, the influence of texture shapes in tribology is 
relatively complex to study since shapes and aspect ratios 
of textures as well as the textured area should be similar for  
comparative and robust analysis [126]. Hence, the influence of sur- 
face textures on surface properties presented in this section  
is related to biomedical applications. A proper analysis of 
the effect of textures on wettability was discussed in depth. 
Since PEEK is one of the biopolymers with good properties, 
attention was on it and a table of process parameters for 
LST of PEEK was also included. In all, many studies were 
done on LST of different polymers. Some challenges dis-
cussed in this review are highlighted in the next section with 
suggestions for future directions. These concerns should be 
addressed in future works to benefit both research and indus-
trial purposes.

6 � Challenges and future directions

There is no doubt that significant scientific achievements 
have been made in laser-beam micromachining of polymers; 
however, this research field is still developing. Many works 
made a good attempt to present process parameters and 
chemical modifications leading to improved surface func-
tionality in certain polymers. However, the contribution of 
topography and the exact features that are responsible for 
various functionalities are still unclear. This makes it espe-
cially challenging for industrial settings where reproduc-
ibility is crucial. Secondly, the reviewed studies show that 
polymers adopted for laser-ablation research are selected 
based on categories such as availability, ablation mecha-
nism, applications, decomposition behaviour, and cost. More 
research is needed on a wider variety of polymers with the 
aim of identifying novel potential applications in different 
promising fields.

Ultrashort-pulse laser machining with DLIP was found 
to be a remarkable technique for creating a variety of sur-
face features down to the nanometre scale, a feat difficult 
to achieve with other texturing techniques. However, few 
works were done on DLIP of polymers, and these were 
carried out mostly using a two-beam interference configu-
ration. Therefore, more research is needed on more poly-
mers using different numbers of interfering laser beams for 
a more robust analysis of the suitability of this technique. 
Although the complexity in setting up the optics to achieve 
an interference pattern poses a major challenge (as reported 
in previous studies), more research should be encouraged. 
The development and configuration of DLIP systems that 
allow the interference of multiple laser beams can lead to Ta
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full exploration of the capabilities and potentials of the DLIP 
technique. Other aspects that can be improved are the pro-
cessing speed and the achievable feature size. While this was 
largely improved by the DLIP technique, more research can 
explore the possibility of achieving novel surface features 
and sizes that enhance surface functionality with a shorter 
processing time. For easy implementation on the industrial 
scale, a digital compilation and modelling of optimal pro-
cess parameters with corresponding texture geometries for 
different polymeric materials should be developed. Specific 
environmental/service conditions that influence certain sur-
face functionalities could also be incorporated in a software 
design for high-repetition-rate femtosecond lasers. The idea 
is to improve precision, accuracy, process control, and repro-
ducibility of texture designs and potentially increase the fab-
rication rate from a manufacturing point of view.

7 � Conclusions

In this review, common surface modification methods for 
polymers are discussed with a focus on the mechanism 
responsible for altering the surface morphology, texture 
geometry, and surface properties, which affect functionality. 
Studies reveal that several texturing techniques have been 
explored with a view to; investigate polymer’s response 
to process parameters, produce a functional surface, and 
establish efficacy of a technique or a comparison between 
techniques. In some works, more than one surface treatment 
process was explored on pure polymers and/or polymer com-
posites. All the techniques reported in this work have advan-
tages and shortcomings. The choice of processing technique 
to be adopted by a researcher is dependent on several fac-
tors. Therefore, it is important to have in-depth knowledge 
of the different micro-texturing techniques to identify a suit-
able one for a required outcome. Ultra-fast laser texturing 
is proved to be a viable surface modification technology. 
Also, the exploration of different laser beam delivery meth-
ods provides some flexibility in the texturing process since 
feature size and geometry and be controlled to produce novel 
features.

In general, this review has provided a summary of the 
studies carried out on ultra-fast laser micro/nano texturing of 
different polymers within the past two decades. The potential 
of the LST by DLIP to tailor the biological performance of 
biopolymers that are currently being used in clinical practice 
was also demonstrated. In addition, it aims to provide a foun-
dation for exploring various laser surface modification meth-
ods and serves as a guide for other researchers and scientists 
involved in laser texturing (micro and nano) of polymers.
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