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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Laser-induced periodic surface structures (LIPSS) can appear due to interaction between polarized laser pulses and surface. They can be used 
to improve or change the surface functionality. Here, titanium and steel surfaces were irradiated by linearly polarized, 30-ps-laser pulses 
(wavelength of λ=1064 nm) and 45-ns-laser pulses (wavelength of λ=1060 nm), respectively. We investigated how pulse fluence, number of 
pulses, and pre-existing defects influence LIPSS formation and period. The results show that fluences lower than single-pulse fluence threshold 
for ablation lead to LIPSS with periods within 150-500 nm, while increased fluence results in larger spatial period between 800-1100 nm. A 
slight change in processing parameters can also result in different topographical and/or chemical characteristics of the top surface layer, making 
LIPSS undetectable by SEM. 
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1. Introduction 

In the past decade, laser-induced periodic surface structures 
(LIPSS) have been a subject of numerous scientific researches 
due to their promising improvements of surface functionalities 
[1], such as modification of wettability [2-5], tribological 
properties [6, 7], wear-resistance [8], and surface colouring [9, 
10].  

LIPSS is a phenomenon observed upon irradiation of 
surface by polarized laser pulses. It was first discovered by 
Birnbaum in 1965 [11], when he irradiated the surface of 
germanium with fluence near ablation threshold using a ruby 
laser and noticed formation of periodic structures.  

Generally, LIPSS can be categorized into two main groups, 
depending on the spatial period of the structures [12]. One of 
the groups is represented by so called low spatial frequency 
LIPSS (LSFL), which form on the surface upon its irradiation 
with fluence near ablation threshold and usually exhibit spatial 

periods close to the wavelength () of the incident light 
( [13] In this case, the orientation of structures on 
metal surfaces is perpendicular to the direction of laser beam 
polarization [14] The other group of LIPSS exhibits structure 
orientation either parallel or perpendicular to beam polarization 
and features periodicity significantly smaller than the 
irradiation wavelength (hence the term high spatial 
frequency LIPSS (HSFL) [15]. While LSFL can be produced 
by various pulse durations ranging from fs pulse range to 
continuous laser sources with fluence near the ablation 
threshold [16], formation of HSFL was only reported after 
irradiation by ultra-short (fs and ps) pulses with fluence below 
the single-pulse ablation threshold [17]. Other important 
processing parameters include pulse repetition rate, scanning 
speed, laser wavelength, angle of incidence and surrounding 
medium [18, 19]. 

While the fundamental mechanisms of their formation are 
still not completely understood and are currently 
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controversially discussed in the literature [20], it is generally 
accepted that the structures originate from interference of the 
incident radiation with a surface electromagnetic wave, which 
is generated at the rough laser ablated surface [21, 22], where 
the excitation of surface plasmon-polaritons may also play a 
role. While this model has proven successful in predicting 
formation of LSFL, some phenomena such as HSFL and 
multiple bifurcations [23] are difficult to explain using this 
approach. Therefore, the occurrence of LIPSS has also been 
explained by J. Reif and his group by developing an alternative 
model based on self-organisation of the material [23, 24]. This 
model is very similar to models of surface structuring by ion 
beam sputtering. It explains a spontaneous formation of surface 
structures within the laser-modified area by assuming that the 
absorbed laser energy leads to instabilities of the surface region 
due to softening and perturbation of crystal binding. 

 
In this work we study the characteristics of LIPSS on 

titanium and steel surfaces when irradiated by different number 
of picosecond and nanosecond pulses Np. 

2. Experimental 

Single spot experiments were carried out with Nd:YAG 
laser (Ekspla, Lithuania, PL2250-SH-TH, λ = 1064 nm) 
delivering linearly polarized 30 ps pulses at λ = 1064 nm with 
repetition rate of 50 Hz to irradiate polished titanium surfaces 
in air (Fig. 1). Pulse fluence was varied continuously with an 
attenuator (A), consisting of a half-wave plate (λ/2) and a linear 
polarizer (P). Laser spot diameter equalled to approximately 
120 μm while pulse energy was measured at 0.23 mJ, resulting 
in peak fluence of 4 J cm-2. The position of the laser spot on the 
sample was determined using a laser pointer (LP; λ = 633 nm), 
deflected off a foldable mirror (FM). Beam expander (BE) was 
used to widen the beam to a diameter of ~12 mm, before 
reflecting it off the mirror (M) and focusing it on the sample 
(S) through a lens (L) with a focal length of 120 mm. Position 
of the sample was adjusted using a 3D motorized stage 
(3D MS).  

Polished AISI 316L stainless steel surface has also been 
laser textured using 45 ns laser pulses at λ = 1060 nm emitted 
from a nanosecond fibre laser (SPI Lasers UK Ltd, United 
Kingdom, SP-020P-AHS-S-A-Y, λ = 1060 nm). In this case, 
the laser beam was scanned over the surface with a laser 
scanning head (Raylase GmbH, Germany, SS-IIE-10). We 
textured the surface in horizontal parallel lines, separated by 
1 m, with the scanning speed of 1 – 1.55 m s-1, in order to 
obtain textured surfaces substantially larger (5.0 mm × 2.5 mm) 

than the laser spot diameter (60 μm). During the process, we 
used an F-Theta lens with a focal length of 163 mm, yielding 
peak fluence in the focal spot within 1–2 J cm-2. Pulse repetition 
rate equaled to 100 kHz.  

The irradiated surface regions were characterised with an 
optical microscope (OM) and a scanning electron microscope 
(SEM) using secondary electron imaging (SEI) and 
backscattered electron imaging (COMPO) modes. 

3. Results and discussion 

3.1. Single spot experiments by ps pulses on Ti 

Figure 2 shows a spot on the surface with typical LIPSS 
structures and their dimensions, obtained after irradiating 
titanium surface. The variance in formed structures is attributed 
to the spatial fluence profile of the beam, which appears to be 
of a higher-order Laguerre-Gaussian mode. In the central part 
of the spot (areas 1 and 2), two distinct types of LSFL with 
slightly different characteristics appear on the surface in form 
of circular rings, resembling the local maxima distribution in 
the fluence profile of the beam. On the outer area of the 
irradiated spot, where the fluence is lower, HSFL with 
significantly shorter period is formed. 

Formation of LIPSS first begins in the central part of the 
irradiated spot, at which stage the pre-existing surface defects 
play an important role. It can be clearly seen from Fig. 3 that 

Fig. 2. Typical structures obtained after laser irradiation of titanium depicted 
(a) schematically and (b) in an SEM micrograph (surface after irradiation with 
100 pulses). 

Fig. 1. Experimental setup. 

Fig. 3. LSFL evolution with the number of pulses Np that irradiate titanium 
surface. The horizontal arrows marked with P indicate the direction of 
polarization of the beam. 
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LIPSS is more likely to first [after 2 laser pulses (Np = 2)] 
appear around an imperfection on the surface, while its 
orientation at this point in some form correlates to the shape of 
the imperfection itself. The orientation of structures, however, 
seems to only follow this trend as long as it remains mainly 
perpendicular to the direction of polarization of light (indicated 
by arrows marked with P), which is the orientation of LSFL on 
metals [15]. Comparable findings have also been reported by 
Yang et al., who sputtered some silicon nanoparticles on a 
rough silicon surface before irradiating it with femtosecond 
laser pulses [25]. 

Further irradiation by laser pulses causes a more consistent 
formation of LSFL, regardless of previous defects on the 
surface. Increasing the number of pulses also deepens the 
periodic structures, leading to appearance of grooves. Similar 
observations were reported by Hermens et al. in [26] when the 
surface was processed with either increased pulse fluence or 
increased number of pulses. The obtained grooves exhibit 
around 20 % lower spatial period  than the LSFL obtained 
after 2 pulses, as the spatial period was found to monotonically 
decrease by increasing the number of pulses from 930 nm (first 
appearance of LSFL after 2 pulses) to 750 nm (after 500 
pulses). 

In the area 3 in Fig. 2, which is the outer ring of irradiated 
spot, where fluence decreases below the single pulse ablation 
threshold, LIPSS with significantly shorter spatial period – 

HSFL can be observed (Fig. 4), as also shown by Gregorčič et 
al. [20]. These structures require more laser pulses to appear on 
the surface in comparison to LSFL, while their orientation can 
be both perpendicular and parallel to the direction of the 
polarization of light. Spatial period of the obtained HSFL was 
found to be between 150 nm and 490 nm and could also vary 
in different areas of the same sample, irradiated with the same 
number of pulses (in case of 10 pulses).  

3.2. Surface scanning experiments by ns pulses on steel 

Overlapping laser spots by choosing appropriate ratio 
between scanning speed and pulse repetition rate can lead to 
much larger surface areas covered by LSFL [27]. Fig. 5 shows 
a collage of micrographs of such surfaces, obtained by 
scanning the beam at 1 m s-1 over 5 mm × 2.5 mm area in 
horizontal lines, separated by 1 m. In this case, much longer, 
45 ns pulses were used. Pulse fluence equaled to 1 J cm-2. It can 
be seen that the orientation of LSFL remains perpendicular to 
the direction of polarization (indicated by arrows marked with 
P) after its rotation. The structures exhibit a spatial period of 
1.0 m (± 0.05 m). The ability to see the periodic structures 
using SEM-SEI also suggests that the observed surface features 

Fig. 4. HSFL obtained at different number of pulses Np that irradiated the 
surface. The horizontal arrows marked with P indicate the direction of the 
polarization of the beam. 

Fig. 6. Micrographs of the same surface, using SEM (SEI and COMPO modes) and an optical microscope (OM). Direction of polarization of light is indicated with 
arrows marked with P.  

Fig. 5. LSFL achieved by overlapping laser spots on polished steel surface: (a) 
SEM-SEI and (b) optical-microscope (OM) image of the same surface. (c) and 
(d) are SEM-SEI images of surfaces obtained by only rotating the direction of 
polarization of the beam (indicated by arrows marked with P). 
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a topographical modulation, as opposed to the sample pictured 
in Fig. 6, where different processing parameters result in the 
surface covered with LIPSS that can only be detected using an 
OM. In this case both the pulse fluence and scanning speed 
were increased (compared to experiments in Fig. 4) from 1 to 
2 J cm-2 and 1 to 1.55 m s-1, respectively.  

Due to laser processing in air atmosphere, the material is 
covered by a thin oxide layer, whose top surface in this case is 
presumably flat. LIPSS can therefore not be visible using SEM-
SEI by detecting secondary electrons (secondary electron 
imaging – SEI mode), as this technique forms an image based 
on topographical modulation of the observed surface. For this 
reason, the exact same area on the sample was also investigated 
by observing backscattered electrons emitted from the surface. 
Since heavy elements (high atomic number) are more likely to 
backscatter electrons than light elements (low atomic number), 
they appear brighter in the acquired image and thus enable 
detection of areas with different chemical compositions 
(COMPO mode). The resulting image of the surface vaguely 
shows periodical modulation of composition with the same 
spatial period as that observed under OM. This can probably be 
attributed to periodically varying oxide thickness or 
composition, which result in different amount of oxide 
backscattered electrons, since the escape depth of 
backscattered electrons can be greater than the thickness of the 
oxide. The latter was by Kirner et al. reported to exhibit 
thicknesses of around 200 nm [28]. 

One of the interesting applications of surfaces covered with 
LSFL is their changing colour when observing from different 
angles [10]. As the spatial period of these structures is in the 
range of wavelength of visible light, the surface acts as a 
diffraction grating [1]. On a macro scale the effect can be seen 
as a vivid change in colour of the surface upon its irradiation 
by a wide spectrum (such as white) light source at different 

angles of incidence, as shown in Fig. 7. The colours correspond 
to a palette of “rainbow” colours, similar to which we obtain 
by refraction of light through a prism. 

4. Conclusions 

In summary, we presented surface structures that form on 
titanium and steel when irradiated by polarized laser pulses. 
When titanium surface was irradiated with picosecond laser 
pulses, two different types of laser-induced periodic surface 
structures with different spatial periods appeared on the 
surface. In the central part of the irradiated spot, where the 
fluence of the beam is near the threshold for ablation, LSFL 
with orientation perpendicular to polarization of light appeared 
on the surface. After first few pulses, its orientation and area of 
formation were influenced by pre-existing imperfections on the 
surface. Increasing the number of pulses that irradiate the 
surface lead to deeper structures (grooves) with decreased 
spatial period, which was monotonically decreasing for up to 
20 % after 500 pulses. On the outer area of irradiated spot, 
where fluence is below single-shot ablation threshold, HSFL 
with significantly shorter spatial periods from 150 nm to 
500 nm were observed. Their orientation could be both parallel 
and perpendicular to polarization of light, while their period 
could vary even when irradiated with the same number of 
pulses.  

Scanning the laser beam with ns pulses across the surface 
with appropriate overlapping enabled us to obtain LIPSS on 
greater area. We have shown that the orientation of the 
structures remains perpendicular to direction of polarization 
even after its rotation. In some cases the structures were clearly 
visible by detecting secondary electrons (SEI) using SEM, 
suggesting topographical modulation of the top surface. 
However, when processed with slightly different parameters, 
the produced LIPSS was visible under optical microscope, but 
could not be observed using SEI. This lead us to believe the top 
(oxide) surface in this case is flat, while the periodically 
varying thickness or composition of the oxide on the surface 
lead to visible periodic “structures”.  
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