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Abstract

The contribution addresses the integration of lightweight design
principles into the product development process while managing
the challenges posed by increasing product variety. The paper
highlights the conflict between the necessity for weight
optimization and the proliferation of product variants driven by
market trends. It proposes using multi-model optimization (MMO)
to resolve this conflict. By implementing MMO, weight reduction
can be achieved in components and modules, before and after
the modularization process. The paper details how MMO can be
applied at different stages of product development. This
approach supports economic constraints and improves the
overall product structure through iterative optimization of
interfaces and modules.
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1. Introduction

The optimization of mechanical products has become a pressing concern in light of the
numerous technological innovations that have emerged. Consequently, the systematic
integration of lightweight design principles in the design process has become of crucial
importance [1]. However, existing megatrends such as individualization, which are influencing
today's product development, are counteracting the increasing importance of lightweight
design requirements due to the growing number of product variants. The growth in internal
variety within companies, as a result of the expansion of product portfolios, has a
correspondingly detrimental impact on costs [2]. This causes cost pressure in product
development, which can be understood as an economic constraint [3]. The development of
modular product architectures represents a viable approach to reducing the internal variety of
components without limiting the external variety, as reflected in the product portfolio. Moreover,
the approach can contribute to the fulfilment of economic constraints due to the resulting
economies of scale. To address the different customer requirements, modular product
architectures put a focus on the standardization of interfaces and the oversizing of components
to be able to use modules commonly [4]. In contrast, lightweight design strategies tend to
prioritize the reduction of the weight of individual product variants, with less attention paid to
the product architecture and the variety of products.

This paper presents an approach to address the conflict between weight optimization and
variety by suggesting different use cases of multi-model optimization in the product
development process.

2. State of the Art

This chapter provides a concise overview of general lightweight design strategies.
Furthermore, the impact of variety and modular design on lightweight design is presented,
along with the associated challenges. In conclusion, we present a summary of the essential
characteristics of MMO and an overview of its operational principles.

2.1. Lightweight design and variety

The concept of lightweight design can be defined as a systematic approach to product
development that aims to produce a product with minimal weight while still satisfying the prior
specified requirements. This may entail considerations pertaining to the achievement of the
desired stiffness of the product. The most prevalent lightweight design strategy is material
lightweight design, which utilizes high-performance, low-density materials to substitute heavier
materials [5], [6]. Requirements for the materials used in material lightweight design are
generally high weight-specific mechanical properties like strength and stiffness, which are
present in composite materials like fiber-reinforced polymers or sandwich structures [7]. This
is a common initial strategy employed to reduce weight when the system lightweight design
approach has already been completed [8]. Another lightweight design strategy that is
particularly relevant to this publication is the form lightweight design strategy. Form lightweight
design is a strategy that considers the change of design in response to a given load case, with
the objective of optimizing the load path through structural modifications to the product [6], [8].
Notably, none of the mentioned design strategies have been developed with the explicit
intention of accommodating product variety or considering lightweight design and variety
specifically in the product development process.

High product variety is a high-level customer demand in today’s market. In the product
development process, the divergent customer requirements that result in the creation of
different product variants to satisfy the individual customer needs should be considered as the
initial point of reference [9]. To achieve this variety in products while still keeping the internal
variety low, modular product architectures can be used [2].



2.2. Modular design and interfaces

Modular product architectures are often used to realize the previously presented needed
variety in a product to fulfill the customer's demands. In modular design, the objective is to
identify the optimal compromise between integral and differential design, which is then applied
to the definition of modules. Through the standardization of interfaces modules can be used
commonly between different product configurations to reduce the internal variety [2], [10].

High commonality in modules counteracts lightweight design because the implementation
of standardized interfaces frequently results in an oversizing of interfaces [11]. This is due to
the necessity of considering the most demanding configuration at the design stage. The
fundamental concept of modular products therefore challenges the principles of lightweight
design to a certain extent, as modular products prioritize economic performance over product
performance [12]. Different existing strategies tackle this conflict. Gumpinger proposed a
weight optimization after the modularization of the product, where the modularized product
configurations are reanalyzed and the potential of weight reduction of a reconfiguration of
modules and interfaces is evaluated [11]. Another suggested approach is the combination of
lightweight design and variety respecting modularization through data linking in the early
development process. This approach is conducted before the modularization and was
presented by Hanna et al. as modular lightweight design [13], [14].

2.3. Multi-model optimization

Topology or load-path optimization is usually carried out individually for the different variants
of a product, considering only the specific product configuration that is examined. The multi-
model optimization (MMO) approach can be used to optimize multiple product configurations
simultaneously regarding the common design spaces in between them [15]. The MMO
framework, implemented in Altair's OptiStruct solver, enables the simultaneous optimization of
multiple models, each with distinct objective functions, constraints, and design spaces. The
solver permits the optimization of common parts or interlinked design variables across the
models. Figure 1 provides a simplified illustration of the advantage of using MMO in
comparison to single-model optimization (SMO). It demonstrates how MMO can be used to
effectively reduce weight while maintaining component commonality.
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Figure 1: Use case of MMO based on an Example of MMO compared to SMO based on Zagorski et al. [15]



Variants one and two are composed of two equivalent surfaces (green and red) and are
connected in alternative ways (blue and yellow). In this example, Zagorski et al. demonstrated
that with MMO, identical elements can be optimized collectively while realizing different load
paths due to the distinct configuration [15]. The green and red elements, when optimized with
MMO, can be used in both configurations, therefore reducing the number of needed
component variants.

The literature contains numerous examples of the application of MMO. For instance, there
are numerous publications on the optimization of structures with regard to structural failure
[16-18]. In these publications, MMO is also combined with Realiability-based design
optimization (RBDO), for example, to consider damage variations in the design [19]. In this
particular use case, MMO has been employed to evaluate the potential failure scenarios while
simultaneously optimizing for weight across these scenarios. Jeong et al. apply MMO to the
equivalent static loads method to calculate multiple models simultaneously [20]. In the recent
past, MMO was also discussed in the weight optimization of modular product families to
consider components in different configurations [14], [21]. The authors propose an approach
to utilize MMO to determine which component of a modular product family should be optimized
individually or in combination with another component. In this process, the congruent
implementation of information exchange between the topology optimization and the product
structure is of high importance and could be realized with a custom interface between the finite
element method (FEM) software and system models of the product [21].

3. Integration of MMO into Product Development

The product development process can be divided into six distinct phases, as depicted in
Figure 2. The initial planning phase incorporates market research and technology
assessments to prepare the entire product development process. The concept development
phase is oriented towards the generation and assessment of product concepts that are aligned
with the previously identified market needs and strategic objectives. In phase two, the selected
concept is designed at the system level, including the definition of interfaces and sub-systems.
Subsequently, the design is refined in phase three through the incorporation of detailed design
and drawings. In the fourth phase, the product is tested with the use of prototypes to ascertain
its quality. In the final phase, the manufacturing process is scaled up in preparation for mass
production [22].
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Figure 2: Product development process after Ulrich et al. [22]

This paper addresses the implementation of lightweight design methods within the product
development process, specifically in the context of high-variety product families. The authors
propose that the Integrated PKT Approach is particularly well-suited to the development of
modular product families, and thus serves as a foundation for optimizing product performance
while accounting for variety [2]. The following section outlines the five steps of the process.
Firstly, a Requirement Analysis is conducted to define the goals of the development process.
Following the identification of these goals, the Design for Variety step is carried out to reduce
the number of overall components to a minimum. The resulting components are then grouped
into modules in the Modularization step, to reduce the overall complexity and cost of the
product family, lowering the cost pressure for the producing company. Subsequently, a Design
Evaluation is conducted to ascertain whether the developed product is consistent with the



previously identified requirements. The stage in the process, where the fifth step Multi-Model/
Optimization is carried out represents the core research question addressed in this
contribution.

3.1. Early-stage optimization

Placing the MMO before the Modularization phase is depicted in Figure 3 and creates some
advantages for the product development process which must be weighed against the
disadvantages. The primary advantage of inserting the step in this order is the potential for
identifying common structures before the modules of the product architecture are configured.
This creates the opportunity to use MMO for a variety of components, compare the
commonality between different optimizations, and decide on this basis which components
could be merged into one component for different variants. Therefore, by identifying common
structures, the internal variety can be reduced. The identification of common structures can be
used in structural optimization as well as an information indicator for the Modularization, to
configure the modules. Furthermore, the topology optimization of the different components can
be carried out together while using the MMO to reduce the needed optimization time. The
results of a simultaneous optimization, such as MMO, will, on average, yield a lower weight
reduction compared to SMO. However, the additional economic benefits demonstrate a viable
compromise between weight reduction and economic performance.
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Figure 3: Procedure of MMO in the Integrated PKT Approach before the Modularization

The MMO in this case can be used as a tool in the Design for Variety step to reduce the
internal variety of the product family. One significant tool employed to mitigate internal variety
inherent to the Integrated PKT Approach is the Variety Allocation Model (VAM). The VAM
provides a visual representation of variant functions and components of a product family and
allocates them to the customer-relevant properties. The objective is to achieve a one-to-one
allocation by modifying the architectural framework to restrict the number of variants [23]. MMO
can be employed to further reduce component variety by combining variant structural
components into one and simultaneously incorporating a lightweight design.

Due to the already conducted optimization, the Modularization can be carried out with
already optimized components reducing the effort to optimize each module configuration. As
the modularization procedure is conducted with optimized components, this variation is best



suited for new products or product families that have not yet undergone modularization. In
cases where the procedure is applied to preexisting modular product families, the
modularization must be carried out again, resulting in an iterative development process.

3.2. Late-stage optimization

In comparison to the approach presented in Section 3.1, implementing the MMO after the
Modularization procedure presents a different set of advantages and disadvantages. This
allows for the utilization of MMO for existing product families to optimize separate modules in
different product configurations, as shown in Figure 4. The application of MMO in this order
presents two main opportunities.
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Figure 4: Procedure of MMO in the Integrated PKT Approach after the Modularization

Firstly, MMO can be employed to optimize modules while not changing interfaces of the
existing commonly used module but simultaneously optimizing the structure considering loads
of different product configurations. Once the MMO has been conducted, the product variants
can remain unchanged, and the modularization that has already been realized can be
maintained with the optimized modules. In this variation, the primary objective is to optimize
the weight of modules. Similarly to the strategy proposed in Section 3.1, the internal variety
may be reduced due to the combination of multiple modules.

The second opportunity is to utilize the MMO to optimize the modules in consideration of
varying product configurations, while also modifying interfaces to achieve the full potential of
structural optimization. This necessitates a comprehensive restructuring of the modularized
product architecture, which could potentially yield even greater benefits regarding structural
optimization. This is because the optimization is not constrained by the given conditions due
to the interfaces. Furthermore, in addition to the weight optimization, this variation of the
procedure also allows for a weight-oriented interface design, due to the gained information
about the optimal placement of interfaces derived from the topology optimization.

The second variation of the procedure can be understood as an iteration of the
Modularization procedure, while MMO is utilized to optimize the structure as well as the
interfaces to achieve better product commonality. Both variations have in common, that the
potential for optimization of modules can be identified, similar to the proposed modul
lightweight design by Gumpinger [11]. The author also considered combining or changing
interfaces to reduce the weight of the entire product portfolio. By realizing the MMO regarding



interface redesign, the oversizing of interfaces can also be quantified in comparison to the old
modules and existing interfaces. The primary disadvantage of utilizing MMO following the
Modularization is the alteration of the existing product structure, which is a complex and time-
consuming endeavor.

3.3. Opportunities and challenges in product development

The two proposed variations of incorporating MMO into the Integrated PKT Approach
present different opportunities for product development. Mainly the identification of structures
with high commonality, to decide how to carry out the modularization and the optimization of
existing components while changing or not changing the current interfaces.

In Figure 5 a flow chart is shown, where the presented opportunities to use MMO are
displayed regarding the different approaches. The initial decision that must be made is whether
the product under consideration is newly developed or if it is an existing product family to be
weight-optimized through the alteration of components and modules. In the context of
developing a new product, it is recommended that the MMO is conducted before the
Modularization. Conversely, for product family overhauls, the MMO should be carried out after
the Modularization. Optimizing components before modularization is preferable because
iterations of modularization are prevented, since product family overhauls can result in a new
iterative modularization because with changed interfaces the existing product structure is not
congruent with the newly developed modules.

The second decision when using MMO in the product development process is to consider
how many variants of a product exist and how many different load cases are given for the
different components. The relative advantages of MMO compared to SMO become more
evident when the number of variants and load cases increases. This is due to the increasing
effort to optimize the components in every variation and for every load case when using SMO.
The potential of MMO therefore lies not in the extremes of the load cases but in the in-between
load cases to identify and optimize the components concerning commonly occurring loadpaths
during the optimization. A more comprehensive, systematic investigation is still necessary to
determine the specific product attributes under which individual components and modules can
be merged into one component or module. Before trying to use MMO at this step, it should be
evaluated if the given conditions suit the employment of MMO or if an SMO is also feasible or
even more efficient due to the low quantity of product variants or product configurations.
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Figure 5: Flowchart of possible use cases of MMO in the Integrated PKT Approach with resulting outcomes



The broadly accessible use case of MMO in product development with a low implementation
barrier is the upper path in Figure 5 due to the untouched Modularization step. This approach
enables the identification of the component's commonalities and the subsequent optimization
of its weight. Furthermore, data and information for the subsequent modularization can be
obtained.

Following the lower path of the flow chart implies that regardless if the interfaces are
untouched or changed the product structure is modified. This follows the modification of
modules to achieve weight-optimized modules with identical interfaces and the possible
combination of optimized modules due to high commonality after the topology optimization.

When considering changing the interfaces of existing modules the achieved optimization
affects the whole product structure and possibly leads to a preferable location and design of
the interfaces. The optimization of interfaces and modules using MMO thus results in an
iterative modularization process, enabling the configuration of efficient product variants with
optimized modules. Therefore, changing interfaces needs to be carefully evaluated and the
effort involved needs to be considered.

4. Conclusion

This contribution gives an overview of different possibilities for implementing the approach
of MMO into the product development process, specifically the Integrated PKT Approach for
the development of high-variety product families. The different stages at which the MMO could
be introduced into the development process are illustrated and analyzed. While the early-stage
implementation is particularly proposed to reduce the internal variety in addition to the weight
reduction before the Modularization, the implementation of MMO in later stages of the product
development process offers different opportunities. In the later stages interface changes may
or may not be considered as a design change for the modules. Maintaining the interface design
in the MMO, the modules can be weight-optimized and used in all existing product
configurations, if modules with high commonality are identified they could even be combined.
A redesign of the interfaces would result in an overall optimized product structure and lead to
an iteration of a previously conducted modularization.

The findings highlight the necessity of conducting a thorough analysis of interface
alterations, as they exert a considerable influence on the configuration and modularization of
the product. In general, additional performance indicators should be defined to ascertain the
value of implementing MMO in addressing the current problem.

5. Outlook

Concerning the proposed utilization of MMO in the product development process, the
subsequent step will be to perform distinct topology optimizations to evaluate the potential for
weight reduction associated with the various approaches. First, the MMO will be considered
before the modularization, with later investigations regarding the MMO after the
modularization. Another noteworthy aspect is the analysis of the potential for quantifying the
oversizing of interfaces and the classification of additional information gained through the
optimization procedure in relation to potential influences on modularization. A further
investigation is required to determine the conditions under which economic constraints result
in the combination of components to form a commonly used component and to identify the
specific boundary conditions under which lightweight design is the dominant constraint.



Acknowledgment

This work was supported by the LuFo VI-3 projects: DISKUS - Disruptive Kabine fir
umweltschonendes Lufttransportsystem (20K2202H), eKabKlima - Effiziente Kabinen-
technologien fir ein klimaneutrales Flugzeug (20K2203B) and the LuFo VI-1 project DEPOSE
- Additive Fertigung von Kabinenmonumenten mittels Direct Energy Deposition (20Q1905B)
funded by the Federal Ministry for Economic Affairs and Climate Action (BMWK) based on the
decision by the German Bundestag.

Literaturverzeichnis

[1] KLEIN, BERND; GANSICKE, THOMAS: Leichtbau-Konstruktion: Dimensionierung, Strukturen, Werkstoffe und
Gestaltung, Springer Lehrbuch. 11., Uberarbeitete und erweiterte Auflage. Wiesbaden [Heidelberg]: Springer
Vieweg, 2019 — ISBN 978-3-658-26845-9

[2] KRAUSE, DIETER; GEBHARDT, NicOLAS: Methodical Development of Modular Product Families: Developing High
Product Diversity in a Manageable Way. Berlin, Heidelberg : Springer Berlin Heidelberg, 2023 — ISBN 978-
3-662-65679-2

[3] HOLTTA, KATJA; SUH, EUN Suk; WECK, OLIVIER; OTHERS: Tradeoff between modularity and performance for
engineered systems and products. In: DS 35: Proceedings ICED 05, the 15th International Conference on
Engineering Design, Melbourne, Australia, 15.-18.08. 2005, 2005, pp. 449-450

[4] RaPp, THOMAS: Produktstrukturierung: Komplexitdtsmanagement durch modulare Produktstrukturen und-
plattformen, St. Gallen, Univ., Diss., 1999

[5] ALBERS, ALBERT; HOLOCH, JAN; REVFI, SVEN; SPADINGER, MARKUS: Lightweight design in product development:
a conceptual framework for continuous support in the development process. In: Procedia CIRP, 31st CIRP
Design Conference 2021 (CIRP Design 2021). Bd. 100 (2021), pp. 494—499

[6] KRAUSE, DIETER; SCHWENKE, JOHANN; GUMPINGER, THOMAS; PLAUMANN, BENEDIKT: Leichtbau. In: Handbuch
Konstruktion. 2. aktualisierte Auflage., 2018, pp. 487-507

[71 ZENKERT, DAN.; NORDISK INDUSTRIFOND (Hrsg.): The handbook of sandwich construction, North European
engineering and science conference series. Cradley Heath, West Midlands: Engineering Materials Advisory
Services Ltd. (EMAS), 1997 — ISBN 978-0-947817-96-1

[8] Kopp, GUNDOLF; BURKARDT, NORBERT; MAJIC, NEVEN: Leichtbaustrategien und Bauweisen. In: Handbuch
Leichtbau. Stuttgart: Carl hanser Verlag, 2011 — ISBN 978-3-446-42267-4, pp. 57—-75

[9] KRAUSE, DIETER; BECKMANN, GREGOR; EILMUS, SANDRA; GEBHARDT, NICOLAS; JONAS, HENRY; RETTBERG, ROBIN:
Integrated Development of Modular Product Families: A Methods Toolkit. In: SiMPSON, T. W.; JIAO, J.;
SIDDIQUE, Z.; HOLTTA-OTTO, K. (Hrsg.): Advances in Product Family and Product Platform Design. New York,
NY: Springer New York, 2014 — ISBN 978-1-4614-7936-9, pp. 245-269

[10] FixsoN, SEBASTIAN K.: The Multiple Faces of Modularity — A Literature Analysis of a Product Concept for
Assembled Hardware Products (Technical Report Nr. 03-05): University of Michigan: Industrial and
Operations Engineering, 2003

[11] GUMPINGER, THOMAS: Modulleichtbau: methodische Unterstiitzung des Leichtbaus modularer Produktfamilien,
Hamburger Schriftenreihe Produktentwicklung und Konstruktionstechnik. 1. Auflage. Hamburg: TuTech
Verlag, 2016 — ISBN 978-3-946094-03-6

[12] WHITNEY, DANIEL E.: Physical limits to modularity (Nr. ESD Working Papers; ESD-WP-2003-01.03-ESD
Internal Symposium), 2002

[13] HANNA, MICHAEL; SCHWENKE, JOHANN; KRAUSE, DIETER: Inconsistency Management for Product Families with
many Variants Through a Model-Based Approach in Modular Lightweight Design. In: Proceedings of the
Design Society: DESIGN Conference. Bd. 1, 2020, pp. 917-926

[14] HANNA, MICHAEL; SCHWENKE, JOHANN; SCHWEDE, LEA-NADINE; LAUKOTKA, FABIAN; KRAUSE, DIETER: Model-based
application of the methodical process for modular lightweight design of aircraft cabins. In: Procedia CIRP Bd.
100 (2021), pp. 637-642

[15] ZAGORSKI, NICOLAS; NELSON, ERIC; CALISKAN, ARI; LI, ALLEN: Design of Automotive Structures Using Multi-
Model Optimization. 2017

[16] CiD BENGOA, CLARA; BALDOMIR, AITOR; HERNANDEZ, SANTIAGO; ROMERA, Luis: Multi-model reliability-based
design optimization of structures considering the intact configuration and several partial collapses. In:
Structural and Multidisciplinary Optimization Bd. 57 (2018), Nr. 3, pp. 977-994

[17] BALDOMIR, AITOR; HERNANDEZ, SANTIAGO; ROMERA, Luis; Diaz, JAcOBO: Size Optimization of Shell Structures
Considering Several Incomplete Configurations. In: 53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics and Materials Conference. Honolulu, Hawaii : American Institute of Aeronautics and Astronautics,
2012 — ISBN 978-1-60086-937-2

[18] ZHou, MING; FLEURY, RAPHAEL: Fail-safe topology optimization. In: Structural and Multidisciplinary
Optimization Bd. 54 (2016), Nr. 5, PP. 1225-1243



[19] Cib BENGOA, CLARA; BALDOMIR, AITOR; HERNANDEZ, SANTIAGO; JARRETT, JEROME P.: Multi-model optimization
approach of aircraft structures under uncertainty using horsetail matching and RBDO methods. In: AIAA
Scitech 2020 Forum. Orlando, FL: American Institute of Aeronautics and Astronautics, 2020 — ISBN 978-1-
62410-595-1

[20] JEONG, MIN-HO; PARK, SANG-OK; PARK, GYUNG-JIN: Multi-model optimization for various disciplines using the
equivalent static loads method. In: Structural and Multidisciplinary Optimization Bd. 66 (2023), Nr. 3, pp. 56

[21] ScHwaAN, LUKAS; HANNA, MICHAEL; SCHWENKE, JOHANN; KRAUSE, DIETER: Modeling of an Interface Between
System Models and FEM Models for the Support of Model-Based Development in Modular Lightweight
Design for Aircraft Cabins. In: Proceedings of the Design Society Bd. 2 (2022), pp. 1965-1974

[22] ULRICH, KARL T.; EPPINGER, STEVEN D.: Product design and development. Sixth edition. New York, NY:
McGraw-Hill Education, 2016 — ISBN 978-0-07-802906-6

[23] KiPP, THOMAS; BLEES, CHRISTOPH; KRAUSE, DIETER: Anwendung einer integrierten Methode zur Entwicklung
modularer Produktfamilien. In: DFX 2010: Proceedings of the 21st Symposium on Design for X. Hamburg,
2010, pp. 157-168



