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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 Centre UPM is one of the leading Research Centers in Spain in the field of industrial applications of high power lasers. Founded in 1998 
in the oldest and largest Spanish Technical University, Universidad Politécnica de Madrid, its activity is focused in technological transfer of 
laser-based processes to industry. With an important experience in laser micromachining using fast and ultrafast lasers, one of the fields in 
which its activity has produced more relevant results is laser process development for photovoltaic (PV) industry. Starting in 2004, its activity 
in this field in collaboration with other public Spanish institutions and other industrial partners has had a remarkable scientific and 
technological impact. Unfortunately, this activity was seriously restricted since 2010 due to the economic crisis in general and the photovoltaic 
industry evolution in particular. However, the background acquired in some particular applications and the inertia obtained with that activity 
has opened new fields of activity of Laser Center UPM in advanced laser-based processes for biomedicine. This paper summarizes the main 
achievements of Laser Center UPM in PV and how it performed the transition to new applications in a completely different sector, like 
biomedicine, using the experienced accumulated in the development of new laser based processes for PV.
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1. Introduction

The first decade of this century lived an unprecedented 
deployment of photovoltaic installed capacity, especially in 
Spain. However, the economic crisis, started in 2007, together 
with the price dumping caused by commercial policies in 
China, generated a complex situation in the PV industry that 
finally took out from the market most of the European PV 
module and cell suppliers. This crisis not only affected to the 
module and cell producers. Laser sources and laser machinery 
suppliers, who found in PV an important business niche, 
suffered the consequences as well. In fact, laser equipment 
suppliers had taken in advance market positions waiting for an 
explosion in the demand of their products for PV production. 
In addition, they took as well the leadership in generating new 
processes for this particular industry. 

It was precisely the fact that the main knowledge for 
industrial fabrication of PV devices, including laser 
processing, was mainly in the private sector, what led to the 

generation in Spain of a consortium of public institutions in 
2004. Composed by research groups of CIEMAT, Universidad
de Barcelona (UB), Universidad Politécnica de Catalunya
(UPC) and the Laser Centre UPM, the consortium was able to 
cover main aspects of PV cell and module fabrication in order 
to help Spanish companies to compete effectively in this 
scenario. This was the origin of the activity in laser processes 
for PV maintained at Laser Centre UPM until now. 
Unfortunately, the cited complex situation in PV since 2007,
in which Spain played an important role for better or worse, 
brought a scenario in which was impossible to maintain the 
activity in our group at the same level that in precedent years. 
Looking for new expanding sectors, in which laser technology 
could have a disruptive influence, we started to consider 
biotechnology in general, and tissue engineering and cell 
culture in particular, a very attractive field to apply part of the 
more competing processes developed initially for the PV 
sector. This paper summarizes the contribution of Laser 
Centre UPM in the development of laser-based processes for 
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PV industry, and how we are applying some of the results 
obtained in these new fields with great future projection.   

2. Activity in PV 2004-2018

In next paragraphs we present the main results obtained in 
the different applications for PV we addressed since 2004, 
ranging from processes for thin film (TF) technologies to new 
metallization concepts based in laser direct writing. 

2.1. TF monolithic interconnection

In 2004, and in collaboration with research groups of 
CIEMAT, UB and UPC, we started to apply all the experience 
of our group in laser micromachining to developed suitable
laser process for monolithic interconnection of a-Si TF 
modules. Between 2004 and 2010 this activity not only 
allowed the fabrication of a-Si modules with efficiencies 
comparable to the state of the art at that moment, in addition a
lot of experience was obtained in TF processing, specially
with UV lasers and working in configurations of direct 
ablation from the film side. As a consequence, a number of 
contributions were produced in which specific methodologies 
for assessing laser processes at cell level (an approach really 
useful in TF technologies) were established [1-8].

Later on we transferred this experience, obtained in the 
field of a-Si technologies, to other TF technologies, like 
CIS/CIGS or perovskites.

2.2. Process for c-Si technologies 

Other areas of interest were, of course, standard c-Si and 
pc-Si based PV technologies. Our group worked in some 
approaches intended to improve efficiency in this 
technologies that, even now, continue dominating extensively 
the PV market. In particular, laser firing for contacting in 
passivated emitter and rear cell (PERC), and laser selective 
doping has been two fields of research of great importance at 
Laser Centre UPM. 

The influence of different laser parameters (using ns laser 
sources) on the standard laser firing, and the possibility of 
creating local emitters process was studied in collaboration 
with UPC [9, 10] and CIEMAT [11]. One of the main results 
of this research was the application of laser firing to produce
Si Heterojunction solar cells [12], reaching an efficiency of 
17.5% and an open-circuit voltage of 680 mV. 

More recently we have studied the possibility of modifying 
the dopant distribution combining doped passivating layers 
and point contacts to apply in interdigitated back contacted 
(IBC) solar cell concepts [13]. In IBC solar cells, both base 
and emitter contacts are placed at the rear side of the cell
(avoiding shadowing losses). Using UV laser pulses it has 
been possible to create highly doped regions in 3x3 cm2 IBC 
c-Si(n) solar cells using a Al2O3 and a-SiCx(n) films as 
dopants for p+ emitter regions and n+ base back surface field 
respectively. The two main experimental laser process 
parameters are laser fluence and the distance between points 
(pitch). The election of laser pulse energy is a trade-off 
between emitter recombination and ohmic loses. Using 

optimized laser fluence and pitch, as discussed in [13], we 
obtained IBC solar cells with efficiencies around 20%, short 
circuit currents of 40.7mA/cm2 and open-circuit voltages of 
654 mV. Figure 1 shows the JV curves of solar cells 
fabricated using an optimum pitch of 125 µm and a larger 
pitch (250 µm). Using larger pitch decreases the fill factor, 
while shorter pitch distances combined with small laser spots 
would lead to improve the solar cell efficiency.

Fig. 1. Normalized J/Jsc-V characteristics of two IBC cells with laser-doped 
contacts separated (black circles) 125 µm and (blue squares) 250 µm. Dark J-
V characteristics for both cells are also included in the inset [13].

2.3. Light Management in PV devices

Other field of activity these years has been light 
management in PV devices. In this topic our work focused 
mainly in two problems: the improvement of light absorption 
by means of laser texturing of TCOs and the generation of up 
conversion processes using laser annealing techniques. 

In the first approach we obtained interesting results
texturing AZO films with ns laser pulses at 355 nm, increasing
the light scattering up to 40% at 600 nm with a transmittance 
over 80% in the 400–800 nm range. The results are in fact 
better than standard figures provided by, for instance, Asahi-
U, a commercial textured TCO widely used in a-Si:H thin-film 
technologies [14].

In the second approach, we demonstrated, in collaboration 
with researchers of UB, that introducing Er and Yb ions 
within a ZnO matrix, and with an appropriate selective 
melting of this material (working with lasers in ns range at 
355 nm) we can produce up conversion effects at 660, 560, 
520, and 480 nm under 980 nm laser excitation, without 
spoiling the electrical properties of the films [15].

2.4. Silicon Crystallization

An interesting approach to obtain crystalline photovoltaic 
absorbers, able to compete with thin silicon wafers 
technology, is the Laser Liquid Phase Crystallization (LLPC) 
of a-Si films with thickness in the range of tens of microns. In 
this field we worked both in process parameterization and in 
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numerical simulation to fully understand the way in which the 
process takes place [16, 17]. We obtained the best results 
using a 808 nm CW laser diode laser, with a linear spot 
several mm wide, obtaining whole crystallization of a 10 
micron a-Si film deposited at low temperature, and with a 
promising micron-sized grains structure. 

2.5. Building Integrated Photovoltaic (BIPV)

The customization of photovoltaic devices, to make them 
more attractive and versatile for building applications, is an
area where some of the experience acquired in TF and c-Si 
wafer processing can be successfully used. This field of BIPV
will become a main developing area in the next years and 
lasers can play a fundamental role in its complete 
development. In collaboration with important Spanish 
companies in this sector (like Onyx Solar or Mondragon 
Assembly), we worked to introduce laser processes in module 
customization, specially generating semitransparent devices.
For standard c-Si modules free-form geometries can be cut 
using commercial pulsed lasers in the ns range with no 
affection of the cell behavior apart from the area reduction. 
Also, for TF modules, the selective ablation of one or more 
layers allows complex geometries with semitransparency 
effects, as we demonstrated using fully commercial a-Si TF 
modules [18].

2.6. Metallization using LIFT 

Among all the different processes developed at Laser 
Center UPM, one of the most relevant is, undoubtedly, the 
metallization of PV devices using Laser Induced Forward 
Transfer (LIFT) of high viscosity silver pastes. Our group has 
developed this technique as an alternative to standard screen 
printing metallization processes, and as part of FP7 Appolo 
project activity (www.appolo-fp7.eu), we have recently 
demonstrated that it is possible to industrialize this approach 
to be used in different PV technologies to define metallic 
contacts (fingers and busbars) using commercial silver pastes
of high viscosity [19].

We have discussed the physical principles of the technique 
in some of our contributions [19,20]. We demonstrated that 
working with laser fluences just above the threshold for 
transfer, if the donor film is thick enough and the gap is small 
enough, a stable bridge is formed between donor and acceptor 
substrate leading to a single, large volume, well defined 
voxel. With optimum parameters, lines are printed 
overlapping single voxels, normally using a high speed optical 
scanner. Lines with large aspect ratios are desired for their 
large electrical conductivity while keeping small the 
shadowing effect in final devices. The aspect ratio and the 
morphology depend on the properties of surface of the 
acceptor substrate, namely the roughness and the wettability
[20]. It has been shown that both ns- and ps-lasers are suitable 
for LIFT printing lines of high viscosity silver paste (Fig. 2).    

                                                                                                                                                                                                                                                                                                                                                                                                                                       

Fig. 2. False-colour confocal images of LIFT lines printed using (a) ns- and 
(b) ps-laser (c) cross-sectional profiles of the lines 

LIFT metallization can be thus used to print free-form 
front grids without the need of any screen (see figure 3a),
giving a great flexibility to the metallization process.

Typically, after printing the lines the metallization process 
need to be finished with series of heating steps in a furnace to 
evaporate the paste solvents (curing), melting the metal 
particles (sintering) and etching the anti-reflective coating and 
electrically contacting the paste and the substrate (firing). 

These thermal treatments can be also done by laser heating 
of the deposited material using continuous wave (CW) laser 
source [19]. This has the advantage of being a low-
temperature process (only the deposited material is heated up)
avoiding any furnace steps that could affect negatively the 
performance of the electronic device. This treatment allows to 
obtain a resistivity similar to the one shown by commercial 
screen-printed cells without the lines showing any mechanical 
problem or peeling off when the cell is bent (see figure 3b).

Fig. 3. (a) Front grid printed with LIFT on a c-Si cell; (b) LIFT printed lines 
on flexible CIGS cell bended using a test cylinder with radius ¾”.

3. The present: LIFT for high precision bioprinting.
Applications in fundamental studies in immunology

After more than ten years with a very important activity at 
Laser Center UPM focused in PV, and suffering the impact of 
economic crisis in this sector last years, we started to consider 
the possibility of amortizing the group experience in new 
strategic sectors.  Without abandoning completely our activity 
in PV, the huge experienced gained mainly in the 
development of LIFT processes of high viscosity materials, 
was the entrance door in a completely new range of 
applications that will be one of the fundamental activity lines 
of Laser Centre UPM in the upcoming years. In particular, 
since 2015, we have installed a full-equipped lab for cell 
culture to study the potential use of LIFT technologies for 
high precision bioprinting. Although the idea is not new, and 
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there are a number of groups working in different bioprinting 
applications using LIFT [21], our group is exploring specific 
applications in which high spatial resolution, high throughput 
in cell printing, high cell viability and high repeatability in the 
number of cells per drop transfer are required. In particular,
we have established a collaboration with the National Center 
for Microbiology (Instituto de Salud Carlos III) to develop in 
vitro models to help in fundamental studies in the response of 
the human immune system. We study the activation and 
migration of specific cells participating in the innate response 
of the immune system, printing specific cell patterns in 
predefined geometries. In this field we are applying all our 
experience in LIFT, not only in process parameterization to 
achieve excellent cell viability in the application, but as well 
in numerical modeling to help in the fundamental 
understanding of the process dynamics to improve the 
potential use of this technique to print living material. In fact,
we have obtained excellent results using different hydrogels 
as media to support antigen-presenting cells (APC) and 
lymphocytes. The results are so encouraging that, after almost 
15 years of intense research in laser processes for PV, 
bioprinting using LIFT is becoming the fundamental research 
line at Laser Centre UPM, addressing not only the cited 
studies in immunology, but studying applications in a number 
of other fields in biomedicine. 
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