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ABSTRACT 
Lightweight design in interconnected systems becomes more and more complex as the 
interdependencies cannot be overseen by the product developer. Varying one component might not 
only influence the interfaces to other components but also the underlying production systems. 
Therefore, this contribution focuses on the product/production interdependencies and how they can be 
supported within lightweight design. Based on a functional description of the product it is possible to 
derive new lightweight design solutions and also to evaluate the change propagation in the production 
system. For this, a method for the impact and risk analysis is integrated in the lightweight design 
method Extended Target Weighing Approach (ETWA). By doing so, a risk value for the adapted 
production system can be calculated and different design concepts can be compared. 
The application of the developed method on a simplified use-case shows great potentials when 
evaluating the impact of a newly developed lightweight design solution on an already existing 
production system supporting the product development in decision making. 
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1 INTRODUCTION 

The mass of a product is an important factor in all phases of the product life cycle (Ponn and Lindemann, 

2011). Not only in the use phase, where lighter accelerated products have a lower energy consumption, 

but also in the production or transport phase. Therefore, lightweight design strategies and methods have 

been developed in the past to support product developers in the development of lightweight design 

solutions. Most of the methods have different objectives, but all of them can be said to contribute to at 

least one of the dimensions technology, economy or ecology (cf. Laufer et al. (2019)). All of the 

mentioned dimensions have in common that they are not only affected by the mass but also by the 

production of the product as product and production are closely related. To address all requirements in 

the product development of highly interconnected products, integrated product/production co-designs are 

needed. 

Therefore, this paper investigates how production systems can be systematically integrated in 

lightweight design. A method is proposed that allows the consideration of production systems in the 

lightweight design concept generation in early phases of product development. With this, it is possible 

to assess potentials and risks of changing a product design for lightweight reasons with regard to the 

(existing) production system infrastructure. The aim of the method is the modelling of 

interdependencies of complex systems with little effort to evaluate development risks of alternative 

solutions at a very early stage in the product development process. 

2 STATE OF THE ART 

2.1 Lightweight design & Production 

In order to design lightweight products, product developers can rely on various lightweight design 

strategies (see e.g. Kopp et al. (2011)). These are used for the targeted application of design methods 

such as multi-material design (MMD). MMD, which means the right material in the right place to 

fulfill a desired function optimally, is a design method that is said to have great potential for exploiting 

the full lightweight design potential (Kopp et al., 2011). The use of different lightweight materials 

tailored to the load case results in a material mix in the system that poses challenges for product 

developers not only in design but also in the right choice of the corresponding production systems. 

Changes in product design usually lead to changes in the corresponding production system. According 

to Lindemann and Reichwald (1998), later changes in the design lead to higher costs. The “Rule of 

Ten” states, that costs of changes increase in each development stage by the factor 10 (Reinhart et al., 

1996). One approach for the integrated development of the product and production system and 

therewith the reduction of development `ime and costs is Simultaneous Engineering (Frankenberger et 

al., 1998). The approach in this paper contributes to the early consideration of an integrated 

development of product and production system. 

2.2 The model of PGE - Product Generation Engineering 

Albers et al. (2015) state, that products are developed in generations. The description model of PGE - 

Product Generation Engineering explains, that a product generation 
nG  is developed with carryover 

variation (CV), embodiment variation (EV) and principle variation (PV) from the reference system with 

its reference product 
n 1G 

. Albers et al. (2020a) describe that other systems, e.g. production systems are 

varied in a similar way. It can be described with CV and PV as well and with attribute variations (AV). 

AVs can be a change of a tool in a machine or the change of production process parameters. It is the 

equivalent to EV in product development. A completely new development is a special case in the model 

of PGE, a Generation 1 development, in which no predecessor product element exists. 
A higher share of new development of a product generation 

nG  currently under development leads to 

an increased development risk. The new development share 
N n  consists of the combination of the 

share of the principle variation 
PV n  and the share of the shape variation 

PV n . (Albers et al., 2015). 

2.3 Extended Target Weighing Approach (ETWA) 

Large amounts of the later product weight are already determined by the choice of the product design 

in early phases of product development. In order to achieve the full lightweight design potential of 

products in early phases, the use of solution-open lightweight design methods based on functions is an 

appropriate approach. The first research work on function-based lightweight design methods was 
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carried out by Feyerabend (1991), who transferred the classical approach of value analysis for cost 

optimization to lightweight design. Subsequently, further researchers dealt with function-based 

approaches in the context of lightweight design (Ponn and Lindemann, 2011; Posner et al., 2013). 

Albers et al. presented the Target Weighing Approach (TWA) in 2013, which supports the function-

based identification and evaluation of lightweight design potentials. The TWA takes into account the 

factors mass and cost. In recent years, however, the additional consideration of environmental 

influences has become more and more important, which is why Albers et al. (2017) developed the 

Extended Target Weighing Approach (ETWA). The ETWA additionally takes CO2 emissions into 

account and supports to achieve the mass, cost and CO2 targets of new product generations. 

 

Figure 1. Workflow of the Extended Target Weighing Approach (left) according to Albers et 
al. (2020b) and Function-Effort-Matrix (right) according to Albers et al. (2018) 

Figure 1 (left) shows the workflow of the ETWA. Based on a functional analysis of an existing 

product generation as an element of the reference system, the Function-Effort-Matrix (see Figure 1 

(right)) assigns the percentage contributions of subsystems to the fulfillment of the functions. This 

allows the determination of functional masses, costs and CO2 emissions, which can be analyzed by 

additionally determining the relative importance of the previously identified functions, for example in 

a function portfolio (see Figure 2 (left)) or by benchmarking, which includes competitor products (see 

Figure 2 (right)). With the help of these analyzes, lightweight design potentials can be identified that 

are to be realized in new product generations through lightweight design approaches. The greatest 

potentials often result from the combination of different materials in a multi-material design. 

Therefore, an evaluation of the production systems required for the newly developed concepts is 

essential in order to be able to evaluate not only the impact on the product mass, but also on the 

production systems available to the company. 

   

Figure 2. Function Portfolio (left) according to Albers et al. (2018) and Function Portfolio for 
Benchmarking (right) according to Albers et al. (2019) 
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2.4 Impact & risk analysis 

When developing new design solutions in the product generation engineering process, an impact on 

other design embodiment elements, e.g. lightweight elements and the production system are very 

likely and lead to necessary changes. To evaluate the development risk, it is necessary to identify the 

change propagation of an occurring change (Eckert et al., 2004). For the visualization of 

interdependencies in products and to show the propagation of changes, matrices are established 

(Clarkson et al., 2001; Pimmler and Eppinger, 1994). 

An interview study of Clarkson et al. (2001) states, that the interrelations between design elements are 

often unknown to the product development engineers and that there is often an unknown change 

propagation. They developed a method to rate the likelihood and impact of change propagation 

between product elements, and therewith the development risk (see Figure 3). This method allows an 

evaluation and rating of interdependencies between single product subsystems but does not include the 

production system. 

 

Figure 3. Direct likelihood, impact and risk matrices of product sub-systems (Clarkson et al., 
2001). 

On this basis, Gausemeier et al. (2012) model the interdependencies between product and production 

system in the aspects requirements, functions and components. This model is used for the evaluation 

of the robustness of a completely new developed product but does not include the use of information 

of a reference system. Stürmlinger et al. (2020) developed a method to display the change propagation 

of variations in the product and production system considering product functions, product 

embodiment, production processes, production machines and strategic factors. By including the 

production system, the method is complex in finding the interdependencies, however the likelihood 

and impact of changes are not calculated in detail to reduce the modelling effort. The matrix is 

displayed for a reference system in chapter 3. 

For a holistic model in product development, the mentioned interdependencies can be modelled using 

Model Based Systems Engineering (MBSE), e.g. in SysML. This ensures the consistency and 

availability of information for the relevant stakeholders in the product engineering process. (Steimer et 

al., 2016; Mandel et al., 2020). 

3 APPROACH FOR PRODUCTION TECHNOLOGY TO FUNCTION 

Following the state of the art, this paper presents an approach that couples the lightweight design 

method ETWA with the impact and risk analysis for production systems. By doing so, a function-

based method is developed which allows the evaluation of lightweight design concepts with regard to 

the necessary production systems. The results indicate the underlying impact and risks which arise 

from the decision when heading for new lightweight design solutions. The impact and risk analysis is 

independent from lightweight design solutions in principle. However, the trend to MMD strengthens 

the demand for an impact and risk analysis due to the effects of different materials on the respective 
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production processes and the strong interdependencies. This approach is a useful element for the 

product-production system co-design and can be transferred for different kind of design principles 

besides lightweight design. 

The developed method is based on the ETWA and, essentially, on the Function-Effort-Matrix, which 

assigns the subsystems share of the function fulfilment. Through this matrix, the technical functions 

are directly linked to the product embodiment. By taking this as a basis, the impact matrix can be 

modelled as shown in Figure 4.  

 

Figure 4. Impact matrix for the reference system including the gear box shown in 
chapter 4.1 

The information is directly taken over from the ETWA analysis and complemented by the 

interdependencies between product embodiment and production processes, production machines and 

strategic factors like costs and throughput time. Figure 4 shows interdependencies between the single 

elements marked with “X”, elements without interdependencies are marked with “0”. By enhancing 

ETWA with the impact matrix including the production system, the impacts of the production system 

to alternative lightweight design solutions can be investigated. When changing a product embodiment 

element in the product generation engineering process, the impacts to other product embodiment 

elements and to the production system get obvious. This supports the engineer in evaluating whether 

these impacts are relevant in the particular project and gives hints which system elements should be 

paid a larger attention to. For alternative solutions, the engineer can develop alternative impact 

matrices that are based on the reference matrix. Embodiment variations on the product side and 

attribute variations (see Albers et al. (2020a)) on the production system side are colored in the matrix, 

however principle variations mean that matrix elements have to be deleted or added. The matrix for an 

alternative solution of the reference system is shown in chapter 4.1. 

The degree of change propagation 
CD  indicates how strong other system elements are affected by a 

single change and is defined by the number of relevant change propagation 
rC  divided by the sum of 

all total possible change propagation (the sum of all cells) pC . The cells for strategic influences are 

not considered in the calculation for alternative solutions (cf. application example in chapter 4.3). 

r
C

p

C
D  

C



 (1) 

With the characteristic numbers 
N  (see chapter 2.2) and 

CD , the development risk  DR of alternative 

solutions is displayed in Figure 5 and calculated in equation 2. 
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Figure 5. Diagram for the visualization and comparison of development risks of alternative 
solutions (left), Indicators based on criticality for weighing the new development shares and 

degree of change propagation for each affected system element (right) 

The factors 
1k  and 

2k  represent the weights of 
N  and 

CD  and are in the range between 0 and 1. The 

factor 
1k is introduced to weigh the new development share in the calculation of 

DR . It has to be 

defined by the product developers, depending on the criticality of the variations. In general, PVs have 
a higher criticality and therewith risk than AVs. However, AVs can still be very critical, especially if it 
leads out of the boarders the company is familiar with or critical product functions are affected by it. 
In contrast, other AVs can have a very low risk, e.g. small variations that the company is familiar with. 

   
2 2

D 1 N 2 CR   k   k D    (2) 

Contrary to Clarkson et al. (2001), the criticality of the degree of change propagation - here expressed 

by the factor 
2k  - is not evaluated by conducting workshops for the likelihood and risk of these change 

propagations. In this contribution, the focus on the weight 
2k  of 

CD  is on the criticality of the 

production system variations. If there is a PV in the production processes, tools or machines, in 

general 
2k  is rated higher than for an AV which is often just a change of production process 

parameters or the change to a smaller or bigger tool. However also AVs of the production system can 

be very critical, e.g. if production processes come close to their process limits. Both factors 
1k and 

2k  

can be defined with little effort but are less precise then the mentioned approach by Clarkson et al. 

(2001). This is motivated by the aim of this research to model interdependencies and impacts in 

complex systems consisting of the product and production system with little effort to enable the 

application of the method for single development engineers or small teams. 

To support the definition of the factors, Figure 5 (right) shows a classification depending on the 

criticality of product and production system variations: 

For each affected system element, the weighing factor can be defined individually. For production 

processes or production machines and tools, the kind of variation and their criticality define how much 

the weight is. New principles in production often lead to a higher weight than well-known processes. 

The same counts for the embodiment variation of the product. The total factors of 
1k  and 

2k  are the 

sum of the single weights divided by the number of relevant elements. 

4 APPLICATION EXAMPLE 

The proposed approach for evaluating the production system impacts to lightweight design and 

functions is described in this chapter on a simplified use-case of a scooter gearbox housing. 

4.1 Modelling of the Reference System 

As a lightweight design development project, a fictitious company has received the task to reduce the 

mass of the scooter gearbox housing shown in Figure 6 (left). The reference product in the reference 

system consists of four components which are welded together. They are indicated with the numbers 

1-4. The product developers decide to use the ETWA for lightweight optimization. In order to conduct 

the ETWA, they have analyzed the reference product with regard to its functions and their relative 
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importance. Moreover, they assigned the components percentagewise to the functions in whose 

fulfilment they are involved. By doing so, they were able to set up the function portfolio shown in 

Figure 6 (right). Based on this, the functions indicating lightweight design potential have been derived: 

(a) Dissipate heat, (b) Seal against medium intrusion, (c) Absorb axial forces and (d) Absorb bending 

moments. The subsystem, which contributes to all four functions and also has a high mass, is the 

center section (4). For a better overview and to enable a better comprehensibility of the method for this 

simplified example, the paper from here on focusses on just two functions namely “Seal against 

medium intrusion” (short: “seal mediums”) and “Absorb axial forces” (short: “absorb forces”). 

The company developing and producing the gearbox is a medium-sized company. The simplified 

reference production system consists of a CNC-machine for milling, turning and drilling and a casting 

machine. 

 

Figure 6. (left) Reference product (Albers et al., 2017), (right) Function portfolio according to 
Albers et al. (2020b) 

In Figure 4, the reference system with its interdependencies is modelled. The four product 

embodiment elements belong to the housing and are all casted before they get milled, drilled or turned. 

It can be seen that there are 24 out of 45 possible interdependencies in the reference system. Strategic 

factors are not modelled in the reference system, because they are just modelled for alternative 

solutions relatively to the reference system. 

4.2 Concept Evaluation 

Based on the four identified functions which indicate lightweight design potential (see Figure 6 

(right)), the product developers decided to generate new designs for the center section with the use of 

creativity methods. As a result, they developed a multi-material concept by adding a polymer insert. 

Thus, a separation of the function “seal mediums” has been realized. The MMD concept is shown in 

Figure 7.  

 

Figure 7. Concept for an alternative lightweight solution (left), detailed section view of the 
polymer insert (right) 
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Figure 8. Impact matrix of the new gear box design 

Following the impact matrix in Figure 8, the initially changed design of the “center section” has 

possible impacts on all other product embodiment elements as they are directly attached to it, as well 

as on both functions and on the production processes “milling” and “casting”. By evaluating the kind 

of design change, the product developers realize that the integrated gaps just affect the milling process 

and not the upstream casting process. Same counts for the other possible impacts: In this case, the 

impacts are not relevant, except the affected function “seal mediums”. The changed design of the 

“center section” leads to an initial change of the belonging “milling process” due to more production 

time needed compared to the reference design and has the effect, that the function “seal mediums” 

can’t be fulfilled anymore due to the holes. In a first change propagation, this means that the function 

has to be fulfilled by another element, the newly integrated “polymer insert”, which is manufactured 

by “injection molding” in a “molding machine”. This machine is not part of the previous production 

system generation, which means it leads to high investment costs. Due to the polymer insert design, 

the assembly has to be done from the backside, and the contact surface of the “bearing seats” has to be 

produced with higher requirements to the surface quality (see Figure 7 (right)), which means a 

secondary change propagation from the design change of the “center section”. By the change of the 

“bearing seats”, its “turning” process is changed. In this example, the product and production 

engineers can conclude, that the change of the “center section” design has an impact on the “turning” 

process of another embodiment element. This interdependency is no obvious correlation, so the 

engineers are supported by evaluating impacts of changes by a multi-step analysis of the change 

propagation. This gives a clear hint, which product and production system elements have to be 

considered in the product generation engineering process and can help to estimate the development 

risk. 

4.3 Risk analysis 

To evaluate the development risk of the described example, according to chapter 2 the new development 

shares are calculated and combined with the degree of change propagation (see chapter 3). 

In the example, the number of relevant change propagation 
rC  is 7, the number of possible change 

propagation pC  is 71. According to equation 1, the degree of change propagation 
CD  is 0.0985 

(9.85 %). The production processes “Milling” and “Turning” are affected little because it is just an AV 

with a change of the process parameters. Therefore, considering Figure 5 (right) their individual 

weight is estimated to 0.1. In contrast, the newly required production process “Injection Molding” 

with the new “Molding Machine” shows a high weight of 1.0 because the company has no know-how 

in this process which leads to a high criticality. All in all, the factor 
2k  is (0.1+0.1+1.0+1.0)/4 = 0,55. 

Out of the five embodiment elements, the “lid side (1)” and the “mounting (2)” are carried over in the 

new product generation. The “center section” is a principle variation because material is removed and 

gaps are created. The new “polymer insert” is another PV, while the variation of the “Bearing Seat” is 
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an embodiment variation. The new development share is therewith calculated to 60 %. The weight of 

the two carried over embodiment elements is determined to 0.0. Due to the “polymer insert” is a new 

part, its weight is determined to 1.0 and the “center section” with a non-critical PV to 0.5. In total, 
1k  

is (0.0+0.0+1.0+0.5)/4 = 0.375. 
The total development risk 

DR  for this integrated development task is 0.23 according to equation 2. 

The risk value supports the product and production system developers in decision making between 
different alternative solutions. The risk value gives orientation and decision support if two or more 
alternative solutions are compared and thus evaluated for the lowest risk. 

5 CONCLUSION & OUTLOOK 

By applying the ETWA, product subsystems are assigned to product functions to identify lightweight 

design potentials. On this basis, alternative solutions to optimize the product mass can be designed. 

The interrelations between product functions and product embodiment are complemented by the 

respective production processes and machines in an impact matrix that can be set up for the reference 

system and the alternative solutions. Using the impact matrix, the product and production system 

developers can analyze the impact of changes and calculate the change propagation. By combining the 

change propagation with the new development share of an alternative solution, the development risk 

can be calculated considering the weights of single impacts and product embodiment variations. 

It can be concluded that this approach supports product developers, production system developers and 

development teams in evaluating the impact of changes within and between the different domains and 

to estimate development risks. Depending on the level of maturity of alternative solutions and the 

knowledge of interrelations between production system and product development, the level of detail in 

the modelling can be varied. The method gives a good overview and support in decision making with 

little modelling effort, however can lack in accuracy due to the easy approach of weighing the single 

impacts and product embodiment variations. Furthermore, the evaluation of the criticality of impacts is 

dependent on subjective estimations. The proposed approach is applicable to different kinds of 

development tasks and application cases due to its generic character. 

In a next step, the coherent ETWA and impact analysis can be implemented in a software tool, e.g. 

under application of Model Based System Engineering (MBSE) to ensure consistency and to simplify 

the evaluation of development risks by automating the analysis of the model. To this end, the authors 

will build on previous research where the ETWA has already been linked to MBSE (Albers et al., 

2018).  
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