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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 

Hybrid bending plates consisting of fibre-metal laminates (FML) facilitate an individual spring rate at constant component geometry for a wide 
variety of vehicles, sports equipment and prostheses. The spring rate of such a FML is adjusted by an alternating layer setup of the two materials. 
Based on the technological potential of hybrid bending plates, this paper evaluates and compares the production costs of hybrid bending plates 
against composite bending plates in different manufacturing scenarios. For this purpose, the manufacturing processes RTM and prepreg pressing 
are compared. Three applications scenarios (automotive, sports equipment and running prosthesis), each with different production volumes and 
number of variants serve the bases for the economic evaluation. The production costs of the resulting process chains are modeled based on the 
value stream method. While fibre-metal laminates cause reduced tooling costs in all assessed scenarios, higher material costs tend to 
overcompensate this effect. Material costs seem to have the biggest lever in reducing total costs. Further research hence may be undertaken to 
investigate the effect of an optimised FML layer structure on the material costs. 
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1. Introduction 

Variant production, an efficient use of materials and cost-
pressure are constant requirements for lightweight structures in 
large-scale production. The challenges within this context are 
the realization of a high variant diversity with a reduction of the 
manufacturing effort, a reduction of the number of semi-
finished products and the shortening of cycle times in 
production, a tool-independent production and the robustness 
of the manufacturing process to avoid rejects. Inspired by the 
combination of advantageous properties of multiple materials, 
the above-mentioned requirements lead to the development of 
load-bearing hybrid designs [1, 2] that are created by the 
intrinsic combination of composites and metals [3, 4]. As an 

example, bending stressed plates made of composites, such as 
leaf springs [5], offer a weight saving potential up to 75 % for 
automotive leaf springs in comparison to conventional steel leaf 
springs [6, 7]. Customer wishes for individualization and 
product differentiation lead to various vehicle classes, 
individually adapted prostheses and sports equipment and thus 
to a high number of variants. However, due to the material 
characteristics of their unidirectional fibre architecture, the 
variant formation for composites bending stressed plates is 
strongly limited. Consequently, the variation of the spring rate 
of composite bending plates is only adjustable by the change of 
the surface cross section over the contour. However, this type 
of variation requires the use of several forming tools [8, 9], 
which drive production costs upward. The variation of the 
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Variant production, an efficient use of materials and cost-
pressure are constant requirements for lightweight structures in 
large-scale production. The challenges within this context are 
the realization of a high variant diversity with a reduction of the 
manufacturing effort, a reduction of the number of semi-
finished products and the shortening of cycle times in 
production, a tool-independent production and the robustness 
of the manufacturing process to avoid rejects. Inspired by the 
combination of advantageous properties of multiple materials, 
the above-mentioned requirements lead to the development of 
load-bearing hybrid designs [1, 2] that are created by the 
intrinsic combination of composites and metals [3, 4]. As an 

example, bending stressed plates made of composites, such as 
leaf springs [5], offer a weight saving potential up to 75 % for 
automotive leaf springs in comparison to conventional steel leaf 
springs [6, 7]. Customer wishes for individualization and 
product differentiation lead to various vehicle classes, 
individually adapted prostheses and sports equipment and thus 
to a high number of variants. However, due to the material 
characteristics of their unidirectional fibre architecture, the 
variant formation for composites bending stressed plates is 
strongly limited. Consequently, the variation of the spring rate 
of composite bending plates is only adjustable by the change of 
the surface cross section over the contour. However, this type 
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which drive production costs upward. The variation of the 



14 Felix Rothe  et al. / Procedia CIRP 85 (2019) 13–19
 Rothe et al./ Procedia CIRP 00 (2019) 000–000  3 

hybrid laminates is thus largely determined by the layer 
structure. The layer-by-layer structure thus enables a large 
number of possible combinations for the demand-oriented 
design of FML under bending load. 

3. Methodology to determine production costs 

3.1. Cost modeling of manufacturing processes 

The cost of production is an important metric for a decision, 
which manufacturing process to choose from a set of 
alternatives. The concept of process cost modeling aims at 
incorporating an engineering and operational functionality into 
estimating production costs [20]. To this end, cost modeling is 
broken down into three interrelated and interdependent models: 
process, operations and financial model. While the process 
model describes the technical characteristics of the process 
chain, the operations model includes information about the way 
the products are manufactured. This ends in an enumeration of 
resource requirements, which are paired with their costs in the 
financial model [20].  

Growing market dynamics, volatile production volumes, 
more product variants and shorter product life cycles require a 
more flexible cost modeling approach. These led to the 
development of a simulation-based framework for the 
economic evaluation of flexible manufacturing systems [21]. 
The selection of a manufacturing process/-technology goes 
however beyond the isolated evaluation of costs. It is a multi-
dimensional problem with the need for the integrated 
assessment of economic, environmental and functional criteria 
[22]. Recent publications have undertaken several case studies 
in the context of economic and/ or multi-dimensional 
evaluation of alternative manufacturing processes. SOARES et 
al. [23] carried out a cost comparison of automated processes 
in composite parts production. Further studies focused in 
addition to a cost comparison on the environmental [24] and 
functional  [25] evaluation of manufacturing scenarios. 

3.2. Procedure for the value stream mapping based cost 
modeling of hybrid laminates 

The characteristics of a process chain (e.g. type and 
productivity of manufacturing process, number of process 
steps, machines, tools and material efficiency) shape the 
production, tooling and material costs. In this paper, the 
number of required machines is determined based on the value 
stream methodology [26]. Starting from the yearly customer 
demand in an application scenario and the shift system of the 
factory, the customer takt time is defined. This is the minimum 
rate, at which the process chain has to produce the components. 
In cases of multiple product variants and variant-specific tools, 
changeover times need to be taken into account as well. In order 
to guarantee the required throughput on machine level, the 
number of machines is defined depending on individual 
process times in each process step. The cycle time 𝑐𝑐𝑡𝑡 describes 
the throughput (the rate of production) of a process step. The 
difference between customer takt time 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 and cycle time of 
a process step is the idle time 𝑖𝑖𝑝𝑝𝑝𝑝,𝑎𝑎 , whereby the cycle time 
must always be greater than or at least equal to the process time. 
 

 
𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 + 𝑖𝑖𝑝𝑝𝑝𝑝,𝑎𝑎 = 𝑐𝑐𝑡𝑡 

𝑐𝑐𝑡𝑡  ≥ 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 (1) 

 
The goal is to find a process chain configuration where the 

cycle times are close to even across the process steps and non-
value adding idle times minimal. Two options exist when the 
process time exceeds the customer takt time. First, by 
increasing the number of machines and secondly, by increasing 
the number of parts that are processed at the same time.  

Based on the value stream method, the component costs 𝐶𝐶𝐶𝐶 
are determined, which consist of material costs 𝑀𝑀𝐶𝐶, production 
costs 𝑃𝑃𝐶𝐶 and tooling costs 𝑇𝑇𝐶𝐶: 

 
 𝐶𝐶𝐶𝐶 = 𝑀𝑀𝐶𝐶 + 𝑃𝑃𝐶𝐶 + 𝑇𝑇𝐶𝐶 (2) 

 
The material costs 𝑀𝑀𝐶𝐶 result from the sum of the product of 

the material price per mass 𝑝𝑝𝑚𝑚 and the mass of the material 𝑤𝑤𝑚𝑚 
and a percentage offcut 𝑜𝑜𝑚𝑚 for each material 𝑚𝑚  in the 
component. This way, the material efficiency of the processes 
is also accounted for: 

 

 𝑀𝑀𝐶𝐶 = ∑ 𝑝𝑝𝑚𝑚 ∙ 𝑤𝑤𝑚𝑚 ∙ (1 + 𝑜𝑜𝑚𝑚)
𝑀𝑀

𝑚𝑚=1
 (3) 

 
The production costs 𝑃𝑃𝐶𝐶 can be divided into machine costs 

(first term of equation 4) and costs for production staff (second 
term of equation 4). Machine costs are divided into costs 
incurred during parts processing and waiting for parts, since the 
energy costs of the machines differ significantly between these 
two states. These costs result from the product of the machine 
hour rates 𝑀𝑀𝐻𝐻𝑎𝑎, the process time 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎  or idle time 𝑖𝑖𝑝𝑝𝑝𝑝,𝑎𝑎  and 
the number of Plants 𝑛𝑛 for each process steps 𝑝𝑝 and machine 𝑎𝑎. 
The product is then summed up over all the required process 
steps 𝑃𝑃 and machines 𝐴𝐴. The costs for production staff are the 
product of the cycle time 𝑐𝑐𝑡𝑡, staff hour rate 𝑝𝑝𝑠𝑠 and number of 
staffs for the entire production line 𝑛𝑛𝑠𝑠. It is assumed that the 
qualifications and consequently the wages of the production 
staff are the same for all jobs. 

 

 
𝑃𝑃𝐶𝐶 = ∑ ∑(𝑀𝑀𝐻𝐻𝑎𝑎

𝑝𝑝𝑡𝑡 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 + 𝑀𝑀𝐻𝐻𝑎𝑎
𝑖𝑖𝑡𝑡 ∙ 𝑖𝑖𝑝𝑝𝑝𝑝,𝑎𝑎)

𝐴𝐴

𝑎𝑎=1

𝑃𝑃

𝑝𝑝=1
∙ 𝑛𝑛𝑝𝑝,𝑎𝑎 + 𝑐𝑐𝑡𝑡 ∙ 𝑝𝑝𝑠𝑠 ∙ 𝑛𝑛𝑠𝑠 

(4) 

 
The energy costs, depreciation, space costs, interest costs 

and repair and maintenance costs are taken into account for the 
machine hour rates. Depending on whether the machine is in 
the processing or waiting state, the energy costs are determined 
from the product of the power demand and time period in the 
respective machine state  PRp,a pt or PRp,a it and the electricity 
price 𝑝𝑝𝐸𝐸. Depreciation is calculated on the basis of a straight-
line loss in value, by dividing the acquisition cost 𝐴𝐴𝐶𝐶 of the 
machine by its life cycle 𝐿𝐿𝐶𝐶. The area costs result from the 
product of the are requirement of a machine 𝐴𝐴𝐴𝐴 and the area 
cost rate pg. Interest as well as repair and maintenance costs are 
calculated in a similar way. For this purpose, the acquisition 
costs 𝐴𝐴𝐶𝐶 are multiplied by the respective cost rate 𝑟𝑟𝑖𝑖 or 𝑟𝑟𝑅𝑅𝑀𝑀. 
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cross-section therefore may put an additional burden for the 
economic manufacturing of composite bending plates in large 
scales. Hybrid bending plates offer in contrast to composite 
bending plates an individual spring rate at the same geometry 
by an alternating layer-by-layer structure of metal and fibre 
laminates (Fig. 1).   

 
Nomenclature 

FRP fibre reinforced plastics 
FML fibre metal laminate 
RTM resin transfer moulding 
 
A, a machines 
AC acquisition cost 
AR area cost rate 
CC component cost 
MC material cost 
MH machine hour rate 
P, p process steps 
PC production costs 
PR machine state 
PQ production quantity 
T tool 
TC tooling cost 
 

ct cycle time 
itp idle time 
np,a number of machine 𝑎𝑎 for process step 𝑝𝑝 
nS number of staffs 
nT number of tools 
pE the electricity price 
ps staff hour rate 
pT manufacturing costs 
pw price per mass 
pg area costs 
ri rate of interest 
rRM repair and maintenance rate  
wm mass of material 
ε elongation 
σ tension 

The individually adjustable spring rate at constant outer 
geometry eliminates the need for different tools for forming 
product variants. This may lead to the reduction of production 
costs. Against the background, this paper evaluates and 
compares the production costs of hybrid bending plates against 
composite bending plates in different manufacturing scenarios, 
alternative manufacturing processes and potential use cases. 
after reviewing the mechanical advantages of an FML under 

bending load [9], the methodology of assessing production 
costs based on the value stream method is explained. This is 
followed by the introduction to the case study and its main 
constrains, which is concluded by the discussion on the results. 

2. Qualification of hybrid laminates for bending 
applications 

Current research works [9–13] combine a wide variety of 
composites and metal layers to generate a two- or three-layer 
material structure. FINK [14] determines the degree of 
utilization of various combinations of composites and metals in 
a hybrid laminate. According to this work, an efficient material 
pairing results when the stiffness and yield strength of the metal 
are consistent to the composite. Following this argumentation, 
the combination of glass-fibre composites and spring steel 
achieves the highest degree of utilization for hybrid bending 
plates. Further works describe the interlaminar adhesion of this 
material pair [15–19].  

Fig. 2 schematically illustrates the bilinear stress-strain 
behavior of a hybrid laminate [14]. For an application case like 
a leaf spring, the combination of metal-fibre laminates lead to 
a reduction in weight and design space in comparison to 
conventional steel  leaf springs [14]. Furthermore, the 
capability for elastic energy absorption increases. The 
composite increases the fatigue behavior, strength and 
stiffness, while the spring steel increases the shear and 
transverse tensile strength. In addition, the steel plates lead to a 
more benign failure behavior due to their plastic energy 
absorption. After curing and cooling of the resin, residual 
tensile stresses can result from a higher coefficient of thermal 
expansion of the metal ( 𝜎𝜎𝑡𝑡,𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚 ) [14]. These reduce the 
maximum elastic elongation under tensile stress, but increase 
the elongation at break under compressive stress of the hybrid 
laminate. Taking process and geometry parameters into 
account, ROTHE et al. has shown a large number of possible 
layer combinations for hybrid laminates [9]. The spring rate of 

Figure 2: Bilinear mechanical behaviour of a FML [12] 

Figure 1: Schematic of a hybrid-FRP-metal laminate 
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hybrid laminates is thus largely determined by the layer 
structure. The layer-by-layer structure thus enables a large 
number of possible combinations for the demand-oriented 
design of FML under bending load. 

3. Methodology to determine production costs 

3.1. Cost modeling of manufacturing processes 

The cost of production is an important metric for a decision, 
which manufacturing process to choose from a set of 
alternatives. The concept of process cost modeling aims at 
incorporating an engineering and operational functionality into 
estimating production costs [20]. To this end, cost modeling is 
broken down into three interrelated and interdependent models: 
process, operations and financial model. While the process 
model describes the technical characteristics of the process 
chain, the operations model includes information about the way 
the products are manufactured. This ends in an enumeration of 
resource requirements, which are paired with their costs in the 
financial model [20].  

Growing market dynamics, volatile production volumes, 
more product variants and shorter product life cycles require a 
more flexible cost modeling approach. These led to the 
development of a simulation-based framework for the 
economic evaluation of flexible manufacturing systems [21]. 
The selection of a manufacturing process/-technology goes 
however beyond the isolated evaluation of costs. It is a multi-
dimensional problem with the need for the integrated 
assessment of economic, environmental and functional criteria 
[22]. Recent publications have undertaken several case studies 
in the context of economic and/ or multi-dimensional 
evaluation of alternative manufacturing processes. SOARES et 
al. [23] carried out a cost comparison of automated processes 
in composite parts production. Further studies focused in 
addition to a cost comparison on the environmental [24] and 
functional  [25] evaluation of manufacturing scenarios. 

3.2. Procedure for the value stream mapping based cost 
modeling of hybrid laminates 

The characteristics of a process chain (e.g. type and 
productivity of manufacturing process, number of process 
steps, machines, tools and material efficiency) shape the 
production, tooling and material costs. In this paper, the 
number of required machines is determined based on the value 
stream methodology [26]. Starting from the yearly customer 
demand in an application scenario and the shift system of the 
factory, the customer takt time is defined. This is the minimum 
rate, at which the process chain has to produce the components. 
In cases of multiple product variants and variant-specific tools, 
changeover times need to be taken into account as well. In order 
to guarantee the required throughput on machine level, the 
number of machines is defined depending on individual 
process times in each process step. The cycle time 𝑐𝑐𝑡𝑡 describes 
the throughput (the rate of production) of a process step. The 
difference between customer takt time 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 and cycle time of 
a process step is the idle time 𝑖𝑖𝑝𝑝𝑝𝑝,𝑎𝑎 , whereby the cycle time 
must always be greater than or at least equal to the process time. 
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𝑐𝑐𝑡𝑡  ≥ 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 (1) 

 
The goal is to find a process chain configuration where the 

cycle times are close to even across the process steps and non-
value adding idle times minimal. Two options exist when the 
process time exceeds the customer takt time. First, by 
increasing the number of machines and secondly, by increasing 
the number of parts that are processed at the same time.  

Based on the value stream method, the component costs 𝐶𝐶𝐶𝐶 
are determined, which consist of material costs 𝑀𝑀𝐶𝐶, production 
costs 𝑃𝑃𝐶𝐶 and tooling costs 𝑇𝑇𝐶𝐶: 

 
 𝐶𝐶𝐶𝐶 = 𝑀𝑀𝐶𝐶 + 𝑃𝑃𝐶𝐶 + 𝑇𝑇𝐶𝐶 (2) 

 
The material costs 𝑀𝑀𝐶𝐶 result from the sum of the product of 

the material price per mass 𝑝𝑝𝑚𝑚 and the mass of the material 𝑤𝑤𝑚𝑚 
and a percentage offcut 𝑜𝑜𝑚𝑚 for each material 𝑚𝑚  in the 
component. This way, the material efficiency of the processes 
is also accounted for: 

 

 𝑀𝑀𝐶𝐶 = ∑ 𝑝𝑝𝑚𝑚 ∙ 𝑤𝑤𝑚𝑚 ∙ (1 + 𝑜𝑜𝑚𝑚)
𝑀𝑀

𝑚𝑚=1
 (3) 

 
The production costs 𝑃𝑃𝐶𝐶 can be divided into machine costs 

(first term of equation 4) and costs for production staff (second 
term of equation 4). Machine costs are divided into costs 
incurred during parts processing and waiting for parts, since the 
energy costs of the machines differ significantly between these 
two states. These costs result from the product of the machine 
hour rates 𝑀𝑀𝐻𝐻𝑎𝑎, the process time 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎  or idle time 𝑖𝑖𝑝𝑝𝑝𝑝,𝑎𝑎  and 
the number of Plants 𝑛𝑛 for each process steps 𝑝𝑝 and machine 𝑎𝑎. 
The product is then summed up over all the required process 
steps 𝑃𝑃 and machines 𝐴𝐴. The costs for production staff are the 
product of the cycle time 𝑐𝑐𝑡𝑡, staff hour rate 𝑝𝑝𝑠𝑠 and number of 
staffs for the entire production line 𝑛𝑛𝑠𝑠. It is assumed that the 
qualifications and consequently the wages of the production 
staff are the same for all jobs. 

 

 
𝑃𝑃𝐶𝐶 = ∑ ∑(𝑀𝑀𝐻𝐻𝑎𝑎

𝑝𝑝𝑡𝑡 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 + 𝑀𝑀𝐻𝐻𝑎𝑎
𝑖𝑖𝑡𝑡 ∙ 𝑖𝑖𝑝𝑝𝑝𝑝,𝑎𝑎)

𝐴𝐴

𝑎𝑎=1

𝑃𝑃

𝑝𝑝=1
∙ 𝑛𝑛𝑝𝑝,𝑎𝑎 + 𝑐𝑐𝑡𝑡 ∙ 𝑝𝑝𝑠𝑠 ∙ 𝑛𝑛𝑠𝑠 

(4) 

 
The energy costs, depreciation, space costs, interest costs 

and repair and maintenance costs are taken into account for the 
machine hour rates. Depending on whether the machine is in 
the processing or waiting state, the energy costs are determined 
from the product of the power demand and time period in the 
respective machine state  PRp,a pt or PRp,a it and the electricity 
price 𝑝𝑝𝐸𝐸. Depreciation is calculated on the basis of a straight-
line loss in value, by dividing the acquisition cost 𝐴𝐴𝐶𝐶 of the 
machine by its life cycle 𝐿𝐿𝐶𝐶. The area costs result from the 
product of the are requirement of a machine 𝐴𝐴𝐴𝐴 and the area 
cost rate pg. Interest as well as repair and maintenance costs are 
calculated in a similar way. For this purpose, the acquisition 
costs 𝐴𝐴𝐶𝐶 are multiplied by the respective cost rate 𝑟𝑟𝑖𝑖 or 𝑟𝑟𝑅𝑅𝑀𝑀. 
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cross-section therefore may put an additional burden for the 
economic manufacturing of composite bending plates in large 
scales. Hybrid bending plates offer in contrast to composite 
bending plates an individual spring rate at the same geometry 
by an alternating layer-by-layer structure of metal and fibre 
laminates (Fig. 1).   

 
Nomenclature 

FRP fibre reinforced plastics 
FML fibre metal laminate 
RTM resin transfer moulding 
 
A, a machines 
AC acquisition cost 
AR area cost rate 
CC component cost 
MC material cost 
MH machine hour rate 
P, p process steps 
PC production costs 
PR machine state 
PQ production quantity 
T tool 
TC tooling cost 
 

ct cycle time 
itp idle time 
np,a number of machine 𝑎𝑎 for process step 𝑝𝑝 
nS number of staffs 
nT number of tools 
pE the electricity price 
ps staff hour rate 
pT manufacturing costs 
pw price per mass 
pg area costs 
ri rate of interest 
rRM repair and maintenance rate  
wm mass of material 
ε elongation 
σ tension 

The individually adjustable spring rate at constant outer 
geometry eliminates the need for different tools for forming 
product variants. This may lead to the reduction of production 
costs. Against the background, this paper evaluates and 
compares the production costs of hybrid bending plates against 
composite bending plates in different manufacturing scenarios, 
alternative manufacturing processes and potential use cases. 
after reviewing the mechanical advantages of an FML under 

bending load [9], the methodology of assessing production 
costs based on the value stream method is explained. This is 
followed by the introduction to the case study and its main 
constrains, which is concluded by the discussion on the results. 

2. Qualification of hybrid laminates for bending 
applications 

Current research works [9–13] combine a wide variety of 
composites and metal layers to generate a two- or three-layer 
material structure. FINK [14] determines the degree of 
utilization of various combinations of composites and metals in 
a hybrid laminate. According to this work, an efficient material 
pairing results when the stiffness and yield strength of the metal 
are consistent to the composite. Following this argumentation, 
the combination of glass-fibre composites and spring steel 
achieves the highest degree of utilization for hybrid bending 
plates. Further works describe the interlaminar adhesion of this 
material pair [15–19].  

Fig. 2 schematically illustrates the bilinear stress-strain 
behavior of a hybrid laminate [14]. For an application case like 
a leaf spring, the combination of metal-fibre laminates lead to 
a reduction in weight and design space in comparison to 
conventional steel  leaf springs [14]. Furthermore, the 
capability for elastic energy absorption increases. The 
composite increases the fatigue behavior, strength and 
stiffness, while the spring steel increases the shear and 
transverse tensile strength. In addition, the steel plates lead to a 
more benign failure behavior due to their plastic energy 
absorption. After curing and cooling of the resin, residual 
tensile stresses can result from a higher coefficient of thermal 
expansion of the metal ( 𝜎𝜎𝑡𝑡,𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚 ) [14]. These reduce the 
maximum elastic elongation under tensile stress, but increase 
the elongation at break under compressive stress of the hybrid 
laminate. Taking process and geometry parameters into 
account, ROTHE et al. has shown a large number of possible 
layer combinations for hybrid laminates [9]. The spring rate of 

Figure 2: Bilinear mechanical behaviour of a FML [12] 

Figure 1: Schematic of a hybrid-FRP-metal laminate 
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infiltrated with the resin in the RTM tool. Heat and pressure are 
applied oven to consolidate and cure. In the prepreg press 
process pre-impregnated fibre-resin semi-finished products are 
used. An infiltration in the tool with resin is therefore not 
necessary.  

Both manufacturing processes have been analysed in two 
production scenarios that differ in the logic of the material flow 
and the flexibility of variant formation (Figure 3). 

Scenario 1 represents a matrix production system with a 
pool of machines for each process step and automated material 
handling between the machines. It is assumed, that the product-
family-specific tools on the RTM or prepreg press machines 
are changed only once during a working shift. Individual spring 
rates inside the product family are adjusted by an individual 
layer structure in the stacking process. Afterwards, the parts 
pass through a curing process in a conveyor oven and are 
trimmed to the final geometry in machining centers. Scenario 
2 also has a machine pool for stacking preparation and 
mechanical post-treatment. In contrast to the first scenario, it 
has for each product family a permanent RTM or prepreg press 
machine. Tool changes during working shifts are therefore not 
necessary. Depending on the product and respective tool 
variants, process times, yearly production volumes and number 
of cavities in a tool, the number of necessary machines and 
tools may differ in the two scenarios. 

4.3. Major constraints and assumptions for the case study 

The case study underlies several assumptions regarding 
material prices, investments for production equipment and 
costs during operation. Table 4 summarizes the material costs 
and assumed investments for the production equipment. 
Operation costs of machines are based on a life time of 8 years, 
0.19 €/kWh electricity price, 5 % interest and maintenance rate 
and 4.5 €/ m²/month space costs. Due to the assumption of 
highly automated handling and transportation processes, 
manual workers are needed only for process and quality control 
and tool changes. Therefore, two manual workers with labor 
costs of 31.52 €/h are estimated to run the process chains. 

While the customer takt time is calculated for a three shift 
production system (7 hours effective working time) for leaf 
springs and skis, prostheses are produced in one shift system 

due to lower production volumes. Working days are assumed 
to amount to 230 in a year. If necessary, tool changes are 
carried out once in a shift and are estimated to last half an hour. 
Machine failures and the quality rate are accounted for by the 
overall equipment effectiveness, which amounts to 90 %. 
Tooling costs of RTM and prepreg are estimated with a 
degression factor of 0.7. 

In order to compare FML and FRP equally, the same 
mechanical function needs to be taken into account.  Therefore, 
FRP (fibre volume content 40 %) must be 67% thicker due to 
its low stiffness to achieve the same spring stiffness as an FML. 
The hybrid laminate contains 50 % spring steel in the present 
analysis. 

Table 4. Material, machine and tool costs, based on [25] 

Material Costs 

UD-glassfibre (dry) 4.80 €/kg 

Epoxy resin 27.70 €/kg 

Prepreg (UD) 25.00 €/kg 

Steel (1.4310) 10.00 €/kg 

Machine  

Press 560,000.00 € 

Injection tool 30,000.00 € 

Handling robot 30,000.00 € 

CNC 5-axis milling machine 280,000.00 € 

Conveyor oven 56,000.00 € 

Cooling chamber 56,000.00 € 

Tool  

RTM tool (cavity no.: 12) 224,000.00 € 

Prepreg tool (cavity no.:12) 28,000.00 € 

 

5. Results 

The following diagrams (Fig. 4) show the component costs 
for the described use cases in Chapter 4. Basically, it can be 
seen that in all applications the component costs in the prepreg 
press process are higher than in the RTM process. The reason 
lies in the higher material costs of the prepreg material and the 
higher production costs. In particular, the higher curing time 
for prepregs necessitates several parallel press machines to run 
simultaneously in order to maintain the same cycle time as in 
the RTM process. This increases investments, tooling and 
operation costs. 

Production scenario 2 is more favourable for both prepreg 
and RTM laminates for automotive as well as for ski. This is 
independent of the considered laminate, FRP or FML. The 
reason for this is the low tooling costs as fewer tools are 
required, since a separate prepreg press or RTM system is 
available for each ski length or vehicle class. As a consequence, 
line production is profitable for large series production. The 
matrix production shown in Scenario 1 guarantees higher 
flexibility but also leads to higher tool costs. In the RTM 
process, Scenario 1 is more cost-effective for the running 
prosthesis and Scenario 2 for the prepreg process. 

Figure 3: The process chain and production scenarios for manufacturing 
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The last cost element for determining the component costs 

are the tool costs. For each machine 𝑃𝑃 that requires a tool, the 
tool costs are determined as follows: 

 

 𝑇𝑇𝐴𝐴 = ∑𝑝𝑝𝑇𝑇 ∙ 𝑛𝑛𝑇𝑇
𝑃𝑃𝑃𝑃

𝑃𝑃

𝑝𝑝=1
 (7) 

 
𝑝𝑝𝑇𝑇 are the manufacturing costs of a tool 𝑇𝑇, 𝑛𝑛𝑇𝑇 is the required 

quantity of the tool and 𝑃𝑃𝑃𝑃  is the production quantity of 
components manufactured over the life cycle of a tool. 

4. Case study 

4.1. Use cases for hybrid laminates 

Regardless of their application, the main function of 
bending plates ranges from the reduction of shocks and the 
isolation of vibration, the storage of potential energy, force 
limitation and the creation of a force-locking connection. Such 
functions are required in vehicles, highly dynamically stressed 
sports equipment such as skis and running prostheses as well. 
Each of these applications has different production volumes 
and a certain number of product variants through 
individualization. In the automotive industry, different model 
variants and vehicle weights lead to diverse geometry and 
spring rate requirements. Sport equipment and prostheses must 
also be adapted to the person's weight and individual movement 
style. The consideration of different branches allows to analyze 
the production costs of FML in comparison to pure FRP 
depending on production volumes and number of variants. The 
following production volume and product variant scenarios 
have been developed based on statistical data. 

Table 1. Production volume and variants for the automotive industry, based 
on [27, 28]. 

Vehicle classes Number of stiffness variants Sales quantity [pcs/a] 

Small cars 

40 variants each per vehicle 
class 

330,000 

Middle class car 930,000 

Sports car 50,000 

SUV/Minivan 1,220,000 

Taking the automobile market of Germany, the USA and 
China into account, four vehicle classes are selected. The 
classes differ from each other in terms of weight, shape, size 
and sales quantity. Consequently, each vehicle class requires 
different geometries for the leaf springs. Resulting from the 
weight distribution of vehicles inside a class (e.g. due to 
drivetrain, chassis, comfort packages, etc.), each vehicle class 
requires 40 variants (40 different spring rates). This results in 
160 leaf spring variants (Table 1). 

Table 2. Production volume and variants for the sports equipment (ski) 
industry, based on [29]. 

Ski lengths [cm] Number of stiffness variants Sales quantity [pcs/a] 

155 

5 variants each per ski length 

270,000 

165 1,070,000 

175  1,100,000 

185  600,000 

The choice of suitable skis usually depends on the size of 
the person. The bigger the person, the longer the skis. Five 
different variants are offered for all four ski lengths, each with 
a different stiffness. While the stiffness for FRP is adjusted by 
the thickness of the skis, the geometry for FML remains 
constant for all variants. The volumes are derived from the size 
distribution of people (Table 2). 

Table 3. Production volume and variants for running prostheses, based on 
[30]. 

shoe size (cm) Number of stiffness variants Sales quantity [pcs/a] 

34-36 

5 variants each per shoe size 

3,700 

37-39 22,300 

40-42 25,000 

43-45 13,500 

46-48 3,000 

Running prostheses are available in individualized and 
standardized models. Within the scope of this paper, the focus 
is on standardized prostheses. These are categorised according 
to the shoe size. The larger the patient's shoe size, the higher, 
wider and longer the prosthesis is. In addition, body weight is 
another important factor for the spring rate. For the different 
weight classes, the stiffness of FRP prostheses is adjusted by 
the thickness. The geometry of FML however remains constant 
and the spring rate is adjusted by an individual layer structure. 
In total, there are five different stiffness for each shoe size 
(Table 3). 

4.2. Manufacturing of composite and hybrid laminates 

The production of composite or hybrid laminates can be 
broken down into four generic process steps, as shown in 
Figure 3. 

The production starts with the stacking preparation (1) that 
involves the pre-cutting of composites and steel. In the case of 
hybrid laminates, the steel coils are cleaned before stacking and 
wetted with the bonding agent in an immersion bath. During 
handling and consolidation (2) the stacked preforms are 
consolidated under the application of heat, pressure and time. 
This follows the thermal post-treatment (3) that ensures the full 
curing of the resin. In the last step, the product geometry is 
finalized by a mechanical post-treatment (4). 

Although many manufacturing processes are suitable for the 
production of FML, the processes prepreg pressing and resin 
transfer moulding (RTM) have been chosen for the evaluation 
of costs due to their established application in large series 
production [31]. The RTM and prepreg press processes differ 
with regard to the semi-finished product to be used. In the RTM 
process, dry fibres are produced into a preform and then 
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infiltrated with the resin in the RTM tool. Heat and pressure are 
applied oven to consolidate and cure. In the prepreg press 
process pre-impregnated fibre-resin semi-finished products are 
used. An infiltration in the tool with resin is therefore not 
necessary.  

Both manufacturing processes have been analysed in two 
production scenarios that differ in the logic of the material flow 
and the flexibility of variant formation (Figure 3). 

Scenario 1 represents a matrix production system with a 
pool of machines for each process step and automated material 
handling between the machines. It is assumed, that the product-
family-specific tools on the RTM or prepreg press machines 
are changed only once during a working shift. Individual spring 
rates inside the product family are adjusted by an individual 
layer structure in the stacking process. Afterwards, the parts 
pass through a curing process in a conveyor oven and are 
trimmed to the final geometry in machining centers. Scenario 
2 also has a machine pool for stacking preparation and 
mechanical post-treatment. In contrast to the first scenario, it 
has for each product family a permanent RTM or prepreg press 
machine. Tool changes during working shifts are therefore not 
necessary. Depending on the product and respective tool 
variants, process times, yearly production volumes and number 
of cavities in a tool, the number of necessary machines and 
tools may differ in the two scenarios. 

4.3. Major constraints and assumptions for the case study 

The case study underlies several assumptions regarding 
material prices, investments for production equipment and 
costs during operation. Table 4 summarizes the material costs 
and assumed investments for the production equipment. 
Operation costs of machines are based on a life time of 8 years, 
0.19 €/kWh electricity price, 5 % interest and maintenance rate 
and 4.5 €/ m²/month space costs. Due to the assumption of 
highly automated handling and transportation processes, 
manual workers are needed only for process and quality control 
and tool changes. Therefore, two manual workers with labor 
costs of 31.52 €/h are estimated to run the process chains. 

While the customer takt time is calculated for a three shift 
production system (7 hours effective working time) for leaf 
springs and skis, prostheses are produced in one shift system 

due to lower production volumes. Working days are assumed 
to amount to 230 in a year. If necessary, tool changes are 
carried out once in a shift and are estimated to last half an hour. 
Machine failures and the quality rate are accounted for by the 
overall equipment effectiveness, which amounts to 90 %. 
Tooling costs of RTM and prepreg are estimated with a 
degression factor of 0.7. 

In order to compare FML and FRP equally, the same 
mechanical function needs to be taken into account.  Therefore, 
FRP (fibre volume content 40 %) must be 67% thicker due to 
its low stiffness to achieve the same spring stiffness as an FML. 
The hybrid laminate contains 50 % spring steel in the present 
analysis. 

Table 4. Material, machine and tool costs, based on [25] 

Material Costs 

UD-glassfibre (dry) 4.80 €/kg 

Epoxy resin 27.70 €/kg 

Prepreg (UD) 25.00 €/kg 

Steel (1.4310) 10.00 €/kg 

Machine  

Press 560,000.00 € 

Injection tool 30,000.00 € 

Handling robot 30,000.00 € 

CNC 5-axis milling machine 280,000.00 € 

Conveyor oven 56,000.00 € 

Cooling chamber 56,000.00 € 

Tool  

RTM tool (cavity no.: 12) 224,000.00 € 

Prepreg tool (cavity no.:12) 28,000.00 € 

 

5. Results 

The following diagrams (Fig. 4) show the component costs 
for the described use cases in Chapter 4. Basically, it can be 
seen that in all applications the component costs in the prepreg 
press process are higher than in the RTM process. The reason 
lies in the higher material costs of the prepreg material and the 
higher production costs. In particular, the higher curing time 
for prepregs necessitates several parallel press machines to run 
simultaneously in order to maintain the same cycle time as in 
the RTM process. This increases investments, tooling and 
operation costs. 

Production scenario 2 is more favourable for both prepreg 
and RTM laminates for automotive as well as for ski. This is 
independent of the considered laminate, FRP or FML. The 
reason for this is the low tooling costs as fewer tools are 
required, since a separate prepreg press or RTM system is 
available for each ski length or vehicle class. As a consequence, 
line production is profitable for large series production. The 
matrix production shown in Scenario 1 guarantees higher 
flexibility but also leads to higher tool costs. In the RTM 
process, Scenario 1 is more cost-effective for the running 
prosthesis and Scenario 2 for the prepreg process. 

Figure 3: The process chain and production scenarios for manufacturing 
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The last cost element for determining the component costs 

are the tool costs. For each machine 𝑃𝑃 that requires a tool, the 
tool costs are determined as follows: 

 

 𝑇𝑇𝐴𝐴 = ∑𝑝𝑝𝑇𝑇 ∙ 𝑛𝑛𝑇𝑇
𝑃𝑃𝑃𝑃
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𝑝𝑝𝑇𝑇 are the manufacturing costs of a tool 𝑇𝑇, 𝑛𝑛𝑇𝑇 is the required 

quantity of the tool and 𝑃𝑃𝑃𝑃  is the production quantity of 
components manufactured over the life cycle of a tool. 

4. Case study 

4.1. Use cases for hybrid laminates 

Regardless of their application, the main function of 
bending plates ranges from the reduction of shocks and the 
isolation of vibration, the storage of potential energy, force 
limitation and the creation of a force-locking connection. Such 
functions are required in vehicles, highly dynamically stressed 
sports equipment such as skis and running prostheses as well. 
Each of these applications has different production volumes 
and a certain number of product variants through 
individualization. In the automotive industry, different model 
variants and vehicle weights lead to diverse geometry and 
spring rate requirements. Sport equipment and prostheses must 
also be adapted to the person's weight and individual movement 
style. The consideration of different branches allows to analyze 
the production costs of FML in comparison to pure FRP 
depending on production volumes and number of variants. The 
following production volume and product variant scenarios 
have been developed based on statistical data. 

Table 1. Production volume and variants for the automotive industry, based 
on [27, 28]. 

Vehicle classes Number of stiffness variants Sales quantity [pcs/a] 

Small cars 

40 variants each per vehicle 
class 

330,000 

Middle class car 930,000 

Sports car 50,000 

SUV/Minivan 1,220,000 

Taking the automobile market of Germany, the USA and 
China into account, four vehicle classes are selected. The 
classes differ from each other in terms of weight, shape, size 
and sales quantity. Consequently, each vehicle class requires 
different geometries for the leaf springs. Resulting from the 
weight distribution of vehicles inside a class (e.g. due to 
drivetrain, chassis, comfort packages, etc.), each vehicle class 
requires 40 variants (40 different spring rates). This results in 
160 leaf spring variants (Table 1). 

Table 2. Production volume and variants for the sports equipment (ski) 
industry, based on [29]. 

Ski lengths [cm] Number of stiffness variants Sales quantity [pcs/a] 

155 

5 variants each per ski length 

270,000 

165 1,070,000 

175  1,100,000 

185  600,000 

The choice of suitable skis usually depends on the size of 
the person. The bigger the person, the longer the skis. Five 
different variants are offered for all four ski lengths, each with 
a different stiffness. While the stiffness for FRP is adjusted by 
the thickness of the skis, the geometry for FML remains 
constant for all variants. The volumes are derived from the size 
distribution of people (Table 2). 

Table 3. Production volume and variants for running prostheses, based on 
[30]. 

shoe size (cm) Number of stiffness variants Sales quantity [pcs/a] 

34-36 

5 variants each per shoe size 

3,700 

37-39 22,300 

40-42 25,000 

43-45 13,500 

46-48 3,000 

Running prostheses are available in individualized and 
standardized models. Within the scope of this paper, the focus 
is on standardized prostheses. These are categorised according 
to the shoe size. The larger the patient's shoe size, the higher, 
wider and longer the prosthesis is. In addition, body weight is 
another important factor for the spring rate. For the different 
weight classes, the stiffness of FRP prostheses is adjusted by 
the thickness. The geometry of FML however remains constant 
and the spring rate is adjusted by an individual layer structure. 
In total, there are five different stiffness for each shoe size 
(Table 3). 

4.2. Manufacturing of composite and hybrid laminates 

The production of composite or hybrid laminates can be 
broken down into four generic process steps, as shown in 
Figure 3. 

The production starts with the stacking preparation (1) that 
involves the pre-cutting of composites and steel. In the case of 
hybrid laminates, the steel coils are cleaned before stacking and 
wetted with the bonding agent in an immersion bath. During 
handling and consolidation (2) the stacked preforms are 
consolidated under the application of heat, pressure and time. 
This follows the thermal post-treatment (3) that ensures the full 
curing of the resin. In the last step, the product geometry is 
finalized by a mechanical post-treatment (4). 

Although many manufacturing processes are suitable for the 
production of FML, the processes prepreg pressing and resin 
transfer moulding (RTM) have been chosen for the evaluation 
of costs due to their established application in large series 
production [31]. The RTM and prepreg press processes differ 
with regard to the semi-finished product to be used. In the RTM 
process, dry fibres are produced into a preform and then 
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The higher costs in the RTM process of Scenario 2 for 
prostheses (small production volumes) result from higher 
production costs because the equipment is not optimally 
utilized in line production. With a prepreg process, they would 
be fully utilized. Due to the higher flexibility of matrix 
production, the capacity utilization for prostheses is higher. 

The cost trends between the use cases shows that the costs 
for automotive and ski behave similarly between RTM and 
prepreg due to identical production volumes and vehicle 
classes or ski lengths. However, total production costs of FML 

exceed the cost of FRP. It has been shown that for the 
production volume and variants of prosthesis, the FML 
production costs are below the costs of FRP in all 
manufacturing processes and scenarios. 

In general, the main driver for total costs are material costs. 
Spring steel is more expensive than FRP, which results in 
higher total material costs for FMLs. These higher material 
costs cannot be compensated by a smaller number of tools for 
vehicles and skis. However, material costs are expected to 
decrease in large-scale production due to degression effects. In 
order for material costs for FML to be competitive with FRP, 
they would have to decrease by a factor of 6 for automotive and 
by a factor of 14 for skis. 

6. Summary and Conclusion 

This paper compares the manufacturing costs based on 
different production volumes and product variants in three 
different use cases for bending plates based on FRP and FML. 
A value stream based methodology has been applied to 
estimate production costs. While fibre-metal laminates cause 
reduced tooling costs in all assessed scenarios, higher material 
costs overcompensate this effect for vehicles and skis and lead 
to higher total part costs. FML have proven to be more cost-
efficient only for prostheses with low production volumes at a 
high product variety. Material costs seem to have the biggest 
lever in reducing total costs. The volume of the spring steel was 
set at 50 % in this case study. However, this ratio may be 
reduced by positioning the individual layers in the laminate 
structure with optimized stiffness, which would lead to the 
reduction of material costs.  
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Figure 4: Unit costs for FRP and FML for leaf springs, skis and prosthesis at 
different process scenarios. 
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utilized in line production. With a prepreg process, they would 
be fully utilized. Due to the higher flexibility of matrix 
production, the capacity utilization for prostheses is higher. 

The cost trends between the use cases shows that the costs 
for automotive and ski behave similarly between RTM and 
prepreg due to identical production volumes and vehicle 
classes or ski lengths. However, total production costs of FML 

exceed the cost of FRP. It has been shown that for the 
production volume and variants of prosthesis, the FML 
production costs are below the costs of FRP in all 
manufacturing processes and scenarios. 

In general, the main driver for total costs are material costs. 
Spring steel is more expensive than FRP, which results in 
higher total material costs for FMLs. These higher material 
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different production volumes and product variants in three 
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estimate production costs. While fibre-metal laminates cause 
reduced tooling costs in all assessed scenarios, higher material 
costs overcompensate this effect for vehicles and skis and lead 
to higher total part costs. FML have proven to be more cost-
efficient only for prostheses with low production volumes at a 
high product variety. Material costs seem to have the biggest 
lever in reducing total costs. The volume of the spring steel was 
set at 50 % in this case study. However, this ratio may be 
reduced by positioning the individual layers in the laminate 
structure with optimized stiffness, which would lead to the 
reduction of material costs.  
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Figure 4: Unit costs for FRP and FML for leaf springs, skis and prosthesis at 
different process scenarios. 


