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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

Plastics' joining is used widely in food processing applications for the packaging of increasingly diverse food products. Laser transmission 
welding is an attractive proposition for such applications as it can significantly reduce tooling costs and potential downtime at product 
changeovers. In order to fulfil this promise in an industrial environment, an effective means of process parameter prediction is required. In this 
paper, goal driven optimization is conducted, utilizing numerical simulations as the basis for the prediction of optimal process parameters for 
the laser transmission welding of polyethylene film to a polypropylene substrate. A key consideration of the optimization process is the 
requirement for specific, pre-defined bonded track widths.
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1. Introduction

Laser transmission welding of polymers is a versatile 
method of plastics joining with a wide range of applications. 
The process involves the transmission of laser radiation, 
typically visible to infrared, through an optically transparent 
film and subsequent absorption of the laser radiation at an 
interface with an opaque substrate. The resulting temperature 
rise at this interface is used to either activate a resin or cause 
melting to form a weld between the two materials [1].  

The main advantage of laser transmission welding over 
conventional plastics joining techniques is its inherent 
flexibility, a result of the non-contact nature of the process. A 
particularly promising application area for laser transmission 
welding is food packaging, specifically the joining of a clear 
film to an opaque substrate in the packaging of ready meals
[2]. A key barrier to the application of laser transmission 
welding in food packaging applications has been the 
requirement for an effective means of process parameter 
prediction. 

The work presented in this paper outlines a method for 
process parameter prediction based on goal driven 
optimization of numerical simulations of the laser heating 
process. A key constraint for the optimization process is the 
requirement for specific, pre-defined bonded track widths.

2. Methodology

2.1. Experimental set-up

For this work, a bespoke material handling rig was 
developed in order to bring a 600 mm wide, 75 μm thick 
polyethylene film into contact with a 0.64 mm thick opaque
isotactic polypropylene substrate for the purposes of laser 
transmission welding [3]. The polyethylene film was supplied
pre-coated with a thin layer of thermally activated adhesive. 
The rig comprised a CO2 laser source (Fenix Flyer, Synrad, 
Inc.) with integrated scanning galvanometer. The working 
distance of the laser at focus was 450 mm. The film was 
drawn taught over the substrate using clutched reels. The 
substrate could subsequently be brought into contact with the 
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developed in order to bring a 600 mm wide, 75 μm thick 
polyethylene film into contact with a 0.64 mm thick opaque
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film by raising its height using a variable height stage. The 
incident laser spot diameter could be altered by varying 
working distance. This was achieved by varying the height of 
the laser source. The experimental set-up is shown in Figure 
1.

Fig. 1. Experimental set-up of the material handling rig.

2.2. Peel force measurement

The strength of the bond between the film and the substrate 
was determined by measuring the peel force using a tensile 
tester (3340 Single Column Testing System, Instron Corp.)
with a bespoke translation peel testing accessory (Constant 
90° Angle Peel Fixture, Instron Corp.) according to the 
standard ASTM: B571. The peel rate and sampling frequency 
were kept constant at 5 mm/s and 100 Hz, respectively, for all 
measurements. The peak peel resistance force were extracted 
from the software (Bluehill 2, Instron Corp.) for further 
analysis.

2.3. Finite element model development

A transient-thermal finite element model of the laser 
heating of polypropylene was developed in ANSYS 
Workbench (Version 18.1). The governing equation for 
conduction in the thermal analysis is:

𝜌𝜌𝜌𝜌𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿

= ∇. (𝑘𝑘𝑘𝑘∇𝑇𝑇𝑇𝑇)          (1)

where ρ is the density (kg/m3), Cp is the specific heat 
capacity (J/kgK), T is the temperature (K), t is the time (s) and 
k is the thermal conductivity (W/mK). The term ∇ is the 
differential or gradient operator (sometimes referred to as the 
Nabla operator) for three dimensional Cartesian co-ordinate 
systems. All boundaries were subject to convective and 
radiative heat transfer. Therefore, the heat flux q (W/m2) at a 
given boundary is given by:

−𝑛𝑛𝑛𝑛. 𝑞𝑞𝑞𝑞 = 𝑞𝑞𝑞𝑞0 + ℎ(𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑇𝑇) + 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀(𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎4 − 𝑇𝑇𝑇𝑇4)         (2)

where n is the normal vector of the boundary, h is the heat 
transfer co-efficient (W/m2K), Tamb is the ambient temperature 
(K), ε is the surface emissivity (1) and σs is the Stefan 
Boltzmann constant (W/m2K4) [4]. 

The intensity distribution I (W/m2) of the incident laser 
beam was approximated by a Gaussian distributed heat 
source, modelled using ANSYS Parametric Design Language 
(APDL). The Gaussian heat source is described by Eq. 3:

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼0𝑒𝑒𝑒𝑒
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where I0 is the peak intensity (W/m2), P is the average laser 
power (W), r is radial distance (m) and ω0 is the beam radius 
(m). An absorption co-efficient of 95.87% was specified for 
all simulations conducted, based on values for the refractive 
index and extinction coefficient of isotactic polypropylene. 

A plane of symmetry was specified along the zx-axis in
order to reduce the problem size and increase the 
computational efficiency of the simulation. Globally, the 
mesh element size was set to fine and determined by 
automatic meshing in ANSYS. A suitable maximum element 
size for use along the irradiation path was determined by a 
convergence study and found to be 50 μm. An example output 
from the model is shown in Figure 2.

Fig. 2. Typical temperature output (oC) from the transient-thermal finite 
element model (5 x 20 x 0.64 mm polypropylene, 0.6 mm spot size, 40 mm/s 
traverse speed, 8 W laser power, 85% absorption).

3. Results and discussion

The experimental work focused on determining the effect 
of laser power (P), traverse speed (v0) and spot size (d0) on
measured peel force. The numerical work focused on process 
parameter prediction by means of a multi-objective, goal 
driven optimization.

The aim of the work was to predict optimal process 
parameters for laser transmission welding/bonding of 
polyethylene film to a polypropylene substrate. The work
focused on (i) determination of the influence of process 
parameters on measured peel force and (ii) prediction of 
optimal process parameters.

3.1. Effect of laser parameters on measured peel force

A custom 672 design point parametric study was 
conducted in which the variables were P, v0 and d0. The upper 
and lower bounds for the parametric study are given in Table 
1.

Table 1. Input process parameters and their ranges for the parametric study.

Input variable Lower bound Upper bound

P (W) 4 27

v0 (mm/s) 35 85

d0 (mm) 0.6 2
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At each design point, the beam was traversed over a length 
of 15 mm with the aim of forming a bond between the film 
and substrate. Subsequently, the peel force was measured. At 
total of 480 of the 672 design points tested resulted in bonding 
between the film and substrate.

A useful parameter to consider when analyzing the effect 
of laser power, traverse speed and spot size on the measured
peel force is the irradiant exposure (Ir), as defined by Eq. 4, 
which is dimensionally equivalent to the energy density of the 
beam:

𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑0
𝜋𝜋𝜋𝜋𝑣𝑣𝑣𝑣0𝜔𝜔𝜔𝜔02

         (4)

The measured peel force as a function of Ir is shown in 
Figure 3.

Fig. 3. Measured peel force as a function of irradiant exposure.

Figure 3 reveals three distinct regimes. At irradiant 
exposures of less than 2.2x105 J/m2, a weak bonding regime 
exists in which bonds with measured peel forces of less than
0.1 N, in the majority of cases, are formed. As the irradiant 
exposure approaches 2.2x105 J/m2, peel forces in excess of 0.1 
N are measured but there remains a high degree of variability. 
For Ir values of between 2.2x105 J/m2 and 2.5x105 J/m2, a
consistent bonding regime is observed, in which measured 
peel forces lie invariably in the region of 0.1 N to 0.4 N. At Ir
values of above 2.5x105 J/m2 the variability in measured peel 
force for a given Ir increases.

In order to rationalize these experimental observations, the 
complex interrelation of process parameters was characterized 
through use of a finite element simulation of the laser heating
of polypropylene. A 40 simulation parametric study was 
conducted, based on a random sampling of the design space 
using Latin Hypercube sampling, the aim of which was to 
determine the peak temperature on the top surface of the 
polypropylene substrate (i.e. the bonding interface) as a 
function of process parameters. The input parameters were P, 
v0 and d0. The search domain is given in Table 1, the bounds 
of which reflect the full range of parameters used in the
experimental study. The results of the parametric numerical 

study are shown in Figure 4, revealing a strong positive 
quadratic correlation between Ir and peak surface temperature 
over the specified search domain, with a coefficient of 
determination (R2) of 93.35%. Simulated temperatures for Ir
values associated with the weak and consistent bonding 
regimes (that is, up to 2.5x105 J/m2) are below or close to the 
melting temperature of isotactic polypropylene (171 oC) [4]. 
This suggests that the mechanism of joining in the consistent 
bond regime involves thermal activation of the adhesive on 
the polyethylene film as opposed to laser welding by melting. 
As the irradiant exposure surpasses 2.5x105 J/m2, the 
mechanism is increasingly dominated by melting. 

Fig. 4. Maximum predicted temperature as a function of irradiant exposure.

3.2. Optimal process parameter prediction

Optimal processes parameters were predicted through 
application of a response surface optmization using the multi-
objective genetic algorithm (MOGA) in ANSYS Workbench.
A 29 simulation parametric study was conducted, with design 
points chosen according to the enhanced rotatable central 
composite design method of design of experiments. The input 
parameters were P, v0 and d0. The search domain is given in 
Table 1. A second order polynomial was used to generate the 
response surface.

The objective of the optimization was to produce peel 
forces (F) in the range of 0.1 N to 0.4 N though specification 
of thermally activated adhesive bonding as the mechanism of 
joining. To achieve this, the simultaneous goals and 
constraints for the MOGA optimization process were 
specified as follows:

• Seek a target d0 (higher importance);
• maximize Ir to within an upper bound of 2.5x105 J/cm2

(default importance) and; 
• maximize the peak surface temperature (T) to within an 

upper bound of 171oC, the melting temperature of 
polypropylene (default importance). 

The results of the optimization (that is, candidate points A, 
B and C), their subsequent numerical verification and 
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validation against the closest corresponding experimental 
design point are shown in Tables 2-5. 

Table 2. Results of the MOGA optimization (target d0 = 0.6 mm).

P
(W)

v0

(mm/s)
d0

(mm)
T (oC) Ir (J/m2)

F
(N)

Candidate A
6.30 56.06 0.60

170.32
2.38x105 -

Verification 174.77
Validation 5.97 54.00 0.60 - 2.35x105 0.41
Candidate B

7.17 59.25 0.65
170.86

2.39x105 -
Verification 172.42
Validation 7.38 60.75 0.60 - 2.58x105 0.44
Candidate C

9.21 62.76 0.76
170.37

2.45x105 -
Verification 170.32
Validation 9.44 60.75 0.60 - 3.34x105 0.36

Table 3. Results of the MOGA optimization (target d0 = 1 mm).

P
(W)

v0

(mm/s)
d0

(mm)
T (oC) Ir (J/m2)

F
(N)

Candidate A
14.54 73.49 1.02

168.88
2.47x105 -

Verification 165.67
Validation 14.57 74.25 1.00 - 2.50x105 0.23
Candidate B

11.65 59.68 0.99
158.17

2.50x105 -
Verification 157.52
Validation 11.42 60.75 1.00 - 2.39x105 0.18
Candidate C

17.12 82.45 1.09
169.48

2.42x105 -
Verification 166.74
Validation 16.95 81.00 1.00 - 2.66x105 0.23

Table 4. Results of the MOGA optimization (target d0 = 1.4 mm).

P
(W)

v0

(mm/s)
d0

(mm)
T (oC) Ir (J/m2)

F
(N)

Candidate A
19.85 69.12 1.45

147.55
2.52x105 -

Verification 149.73
Validation 19.74 67.50 1.40 - 2.66x105 0.24
Candidate B

17.56 72.73 1.23
157.60

2.50x105 -
Verification 157.22
Validation 17.52 74.25 1.40 - 2.15x105 0.21
Candidate C

18.58 77.48 1.23
160.66

2.49x105 -
Verification 160.11
Validation 18.65 74.25 1.40 - 2.28x105 0.24

Table 5. Results of the MOGA optimization (target d0 = 2 mm).

P
(W)

v0

(mm/s)
d0

(mm)
T (oC) Ir (J/m2)

F
(N)

Candidate A
20.02 52.52 1.99

128.18
2.44x105 -

Verification 124.20
Validation 20.27 54.00 2.00 - 2.39x105 0.21
Candidate B

12.98 36.11 1.85
120.42

2.47x105 -
Verification 117.13
Validation 12.71 40.00 2.00 - 2.02x105 0.07
Candidate C

18.58 77.48 1.23
160.66

2.49x105 -
Verification 160.11
Validation 18.09 74.25 2.00 - 1.55x105 0.02

Upon validation against the closest corresponding 
experimental design point it can be seen that candidates listed 
in Tables 2, 3 and 4 fall within or close to the consistent bond 
regime associated with thermally activated adhesive bonding.

However, the algorithm fares less well at a target d0 of 2 mm. 
Only one of the three candidate points in Table 5 fall within 
the consistent bond regime upon validation against the closest 
corresponding experimental design point. This can be 
attributed to the sensitivity of maximum temperature to the 
input parameters, shown in Figure 5. As the spot size 
increases, the sensitivity of maximum temperature to P and v0
is increasingly marginalized by d0, which has the largest 
magnitude of influence.

Fig. 5. Local sensitivities of maximum predicted temperature (P = 15.73 W, 
v0 = 60.5 mm/s).

4. Conclusions

An experimental and numerical study into the laser 
transmission welding of polyethylene film to a polypropylene 
substrate has been conducted. A correlation between the 
measured peel force and irradiant exposure (Ir) was observed 
experimentally. In conjunction with results from numerical 
simulations of laser heating, a consistent bond regime
producing peel forces of between of 0.1 N to 0.4 N was 
identified in which thermal activation of the adhesive on the 
polyethylene film was the mechanism of joining. Optimal 
process parameter combinations were predicted numerically 
through application of a multi-objective genetic algorithm. 
The goal of the optimization was to produce peel forces in 
consistent bond regime for a specified spot diameter. 
Validation against the closest corresponding experimental 
design point showed that this is an effective means of process 
parameter prediction.
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