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Abstract

In this paper the concept of the modular lightweight design as a method to combine the opposing views of lightweight-
optimized- and modular product family-design is presented. Therefor specifics of these views are presented based on the use-case
of civil aviation and aircraft cabins. Subsequently the concept of modular lightweight design and its concomitant benefits and
challenges are outlined as well as the Model-Based Systems Engineering to assist the implementation of the approach into the
product development processes for developing the modular hybrid design.

© 2021 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 31st CIRP Design Conference 2021.

Keywords: Modular Lightweight Design, Model-Based Systems Engineering, Aircraft Cabin

1. Introduction

In terms of product development, aviation is characterized
by the conflicting goals of weight reduction and simultaneous
high individualization. On the one hand, the aim is to reduce the
weight of aircraft in order to save resources. This induces the
complete product architecture to be optimized in terms of
weight. On the other hand, individual customer wishes, in this
case by the airlines, effectuate a high number of different
variants offered to the market. The respective requirements are
particularly pronounced in the aircraft cabin, as this is where
airlines have to differentiate themselves the most from their
competitors. A modular product architecture leads to
standardized and, thus, usually oversized interfaces, which have
a higher overall weight. [1,2]

In addition, with such a historically grown product
architecture of variant-rich product families, data management
is often inefficient, since changes are constantly made, which
are often insufficiently documented, but on the other hand the
data basis is usually document-based, which means that the
effort of the maintenance process is high. Only a few models of
current development statuses are available, which is
particularly evident in finite-element (FE) modeling and the
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product architecture. A uniform development process that
incorporates the opposing views of lightweight vs.
modularization is missing. This leads to considerable effort,
since a complete development process must be run through for
each newly developed variant, which is usually not clearly
defined. A standardized process optimized for lightweight
design and modularization can provide a remedy, if it is
supported by a consistent, holistic and digitalized data
management system [3,4]. The problem discussed here is on the
one hand on the process level, where different data and
information are used in different steps of the development
process. On the other hand, there is a deficit in the description
of a design that is both modular and lightweight optimized.
The aim of this paper therefore is to demonstrate a
methodical procedure with which modular lightweight design
can be implemented but also to show how a modular hybrid
design can be implemented in an aircraft cabin. The question
here is in particular how the iterative process of modular
lightweight design can be implemented and how its data can be
linked consistently and traceably in order to develop a design
that does justice to both; modularization and lightweight.
Therefore section 2 described the state of the art. Whereas in
section 3 the analysis of modular lightweight design with regard
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to temporal consistency is described. Section 4 presents the
process model for the development of modular lightweight
design. Section 5 uses the example of aircraft cabins to show
how the application can be implemented.

2. State of the art
2.1. Methodical development of modular product families

Modular product architectures are often used to reduce
internal variance when external variance is high. According to
Salvador, modularization can be understood as a gradual
property, which can be described by the five gradual properties
of decoupling, interface standardization, commonality,
combinability and function binding [5]. In the literature
different methods for the development of modular product
families are presented. These methods can be divided into two
strategies: technical-functional modularization and product-
strategic modularization. The Integrated PKT Approach for the
Development of Modular Product Families by Institute of
Product Development and Mechanical Engineering Design
(PKT) combines these two strategies and includes numerous
method modules for reducing internal variance. A modular
product architecture can achieve advantages in all lifecycle
phases, but can sometimes lead to oversizing and an increased
weight due to the standardized interfaces [2].

2.2. Lightweight design

In the literature, a distinction is made between economical,
functional and ecological lightweight design [4]. In the case of
functional lightweight design, the realization of the function
requires a reduction in weight, while in the case of economical
lightweight design, a reduction in costs is aimed for by reducing
the material required, and in the case of ecological lightweight
design, an indirect cost saving is aimed for over the life cycle
of the product. Furthermore, lightweight design is divided into
three different strategies [6,7]: In lightweight material design,
materials with high weight-specific stiffness and strength are
used, e.g., fiber-reinforced plastic composites or sandwich
structures. In lightweight structural design, on the other hand,
the load spectrum is fulfilled by optimizing the structure with a
minimum of dead weight, while in lightweight system design,
material requirements and connection points are reduced by
integrating additional functions into the load-bearing structure.
The design methods, which represent an implementation of the
product architecture, can be distinguished between integral,
differential and integrated design methods [7,8,9]. In the
integral design, a combination of components is used to achieve
a compression of functions with minimal interfaces. In contrast,
in the differential design, sub-functions are realized by
individual components and combined into an overall function
via intersections. The integrating design attempts to combine
the advantages of the integral and differential design
positioning of individual interfaces. However, this must be
distinguished from the modular design, which considers
product family variants, in which products are divided into
modules that have close internal relationships, while the
modules are strongly decoupled [2].

2.3. Modularization in combination with lightweight design

Laufer et al. described an investigation into the influence of
mass distribution on conceptual lightweight design [10]. In
order to solve the contrast between lightweight design and
modularization, Gumpinger presented a first methodical
procedure consisting of four phases [3]. First, a system model
is created, a module layout is revised, the module dimensions
are adjusted, and only then are module-specific lightweight
design measures derived [3]. Graessler and Yang described an
approach to estimate the product life cycle cost for modular
lightweight design [11]. In the sequential forms of modular
lightweight design, lightweight design is carried out first,
followed by modularization, or modularization is carried out
first, followed by optimization of lightweight design. In both
approaches, data is exchanged only sequentially). In contrast to
these two forms of modular lightweight design, in which one of
the two areas is focused on, in the parallel form the aspects of
modularization and lightweight design optimization are not
considered one after the other, but simultaneously. This enables
a continuous exchange of data throughout the entire product
development process, in contrast to the one-off transfer of data
in the sequential approach. [4,12] The considerations so far
have just focused on the product architecture of a combined
design, but have not yet taken the influence of the specific
development process into account.

2.4. Model-based System Engineering

In product development, there are different types of models.
Some show products, while others, for example, show
processes. The product models represent new products and their
environment in an as-is state. The focus is on different aspects,
such as requirements, behavior or structure. Process models are
used for other reasons. They are used to design, communicate,
plan or monitor processes. They can also be used to enable
process transfer. However, the use of the workflow approach
for product development is considered insufficient because the
product data and the process are closely linked and dynamic
[13,14].

Paetzold describes that process model and a product data
model should be used and consistently coupled with each other,
whereby workflow approaches can be used for documentation
and communication [16]. Konrad et al. enable the complexity
management through merging business process modeling with
Model-Based Systems Engineering (MBSE) [17].

MBSE can further strengthen collaborative design based on
models. Model-Based Systems Engineering was originally
developed using abstract system models [18]. For example, the
language SysML, which was developed specifically for this
case, is used for the description. Software like the Cameo
Systems Modeler software can be used as the modeling
environment. With the help of software like this, the various
SysML diagrams can be created. In contrast to other software,
partly also free software, the advantage of the Cameo Systems
Modeler is that the diagrams are created based on a consistent
data tree. There is therefore a single source of truth. [18, 19]
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Based on this aspect, there already are approaches to support
the data management of extensive product architectures as they
can be found for example in aircraft cabin development. [20]

3. Analysis of Modular Lightweight Design with regards
to the product and process viewpoint

In this section the product model of modular lightweight
design and the existing process models for methods are
presented.

3.1. Product model of Modular Lightweight Design and its
challenge

In section 2.3 was presented that modular lightweight design
is characterized by the fact that modularization and lightweight
design should be considered simultaneously and not
consecutively. However, the particular challenge lies in the fact
that different data are used in both areas. In order to satisfy the
divergent requirements of both areas, an optimal strategy
requires comprehensive requirements management, in which
all relevant requirements should be recorded, analyzed and
related to the developed product architecture. The methodical
product development should start from the customer
requirements in order to align the modular product architecture
with the variant customer-relevant product characteristics [2].
Regarding lightweight design, product development should
start from the required design process. For example, for
obtaining the data the finite element models used and the tests
carried out should be taken into account. Implicit knowledge
should be fully documented and linked together with explicit
knowledge to support data management. Previous approaches
to link the two areas do not take their respective special features
into account. So, there is a need for a closer linkage of
modularization and lightweight design. A product data model
is a good choice for modular lightweight design, which links
both the models and data of modularization and lightweight
design with one another and thus provides a redundancy-free
and consistent basis for the development of a modular
lightweight design strategy (see Fig. 1).
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Fig. 1. Product data model of Modular Lightweight Design, adapted from
[12]

The existing data model of the modular lightweight design
for identifying and presenting the links between different types
of data (see Fig. 1) helps to enable consistency across the

divisions development of modular product architectures (blue
colored) and design of lightweight structures (white colored).
However, it does not support the process aspects, and changes
over time are not yet taken into account. Different process steps
should, however, also be taken into consideration. In modular
lightweight design, development runs in parallel and iteratively,
which poses a particular challenge for data management. [12]

Thus, a process model is needed due to the missing process
situation and the parallel and iterative approach of modular
lightweight design. In addition, the aerospace industry is
characterized by the use of implicit knowledge and different
types of data in the methodical development of modular product
development and in lightweight design optimization. This can
be improved by end-to-end data management and data linking
of different data types. Dynamic product data due to iterative
product development process occurs, which can be remedied by
a consistent data model linked to an end-to-end process model.
A digital implementation can provide support here.

3.2. Existing process models for methods

Process-oriented methods are used in product development.
They are used to divide complex problems into individual sub-
problems, which are then easier to handle [2, adapted from 8].
In this context, methods are therefore procedures. The
development of modular lightweight design is also a complex
problem, which can be divided into individual sub-problems if
a process view is taken, see 4.1. The idea of storing process
models with a kind of data repository has already been
presented by Albers [21], but here the data store is rather to be
understood as a continuous ideas store.

4. Process model of Modular Lightweight Design

In this section the process model for the development of
modular lightweight design is presented.

4.1. Meta-model of the development process
The Meta-model of the development process of the modular

lightweight design is presented in Fig. 2.
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Fig. 2. Meta-model of the parallel development process of Modular
Lightweight Design

The first step is a detailed requirements analysis to take the
requirements of all relevant stakeholders into account. The
specific requirements must be determined and analyzed from
the perspective of lightweight design and modularization. For
example, the variant-relevant properties and their
characteristics are important from the variant-oriented product
design, which can be determined and visualized for example
with a tree of external variety. From a lightweight design
optimization point of view, weight-influencing requirements
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are decisive. These include, for example, the design-relevant
loads acting on the structure, the materials used and their
mechanical properties, and the position and number of load
application points.

For the second step, the analysis of the actual state of the
product architecture, design data such as CAD models are taken
into account, as well as, when using the Integrated PKT
approach for the development of modular product families, the
Module Interface Graph, in which all components of the
product family, the kind of their variance, their location and
their connecting flows are identified. With regard to lightweight
design, existing design processes and existing data, for example
from FE models, are analyzed.

The collected data and documents are then implemented in
a consistent data model. This enables consistent data
management for the use case, in which the existing models from
the different areas are linked. On this basis, a concrete process
model of the use case can be created with the networking of the
product model.

Based on this, the development of the product architecture is
started, with concepts for modular and lightweight design being
developed iteratively. In the sense of modular product
structuring, concepts are developed for a modular design on the
one hand and for a lightweight design on the other. Within the
concrete product data model created in step three, the concepts
developed in both areas will be modeled and existing data
adapted. In addition to technical and functional aspects, the
modular product family design should also take product
strategy aspects into account in order to consider the advantages
of all life phases. For example, there are numerous module
drivers in the production life cycle phase that should be taken
into account in the modular product architecture.

This is followed by harmonization to the modular hybrid
design, in which the module and lightweight design concepts
are merged. In an iterative process, the concepts are harmonized
to achieve optimum graduality between modularization and
lightweight design. In the modular hybrid design, for example,
individual modules can have different lightweight designs. The
resulting concept is then consistently incorporated back into
modularization and lightweight design in the product data
model. The fourth and fifth steps (outlined in orange in Fig. 2)
are the core steps of modular lightweight design. In them, the
consistent data exchange of the product architectures developed
in parallel and their harmonization takes place through data
networking.

Finally, the product family is implemented in development
and production. For this purpose, the development procedure
should enable the maintenance and further development of the
product family. The application of the modular lightweight
design to other product families within the product range can be
easily adapted via the steps of the process model for methodical
procedure using the existing consistent data management of the
modular lightweight design, since the recorded data on the
requirements, the product and process structure, the concepts
and the harmonized modular lightweight design can be
consistently adopted and adapted.

4.2. SysML-based process model of Modular Lightweight
Design

As already described in previous sections, the storage of a
consistent data model for processes can lead to the added value
that the data relationships, as well as decisions, can be traced.
For this reason, the meta model for the development process
(see Fig. 2) was implemented in SysML in the Cameo Systems
Modeler.
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Fig. 3. SysML-based process model of Modular Lightweight Design

The individual steps of the process are implemented using
an activity diagram, as in [12]. The steps each provide an output
that serves as input for the next step. Thus, a continuity is given.
Based on this, individual steps of the process can be detailed
and also stored in the SysML-model. Example contents can be
seen in section 5.

5. Application on aircraft cabin for development of
modular and lightweight optimized galleys

In this section, it is shown how modular and lightweight
aircraft cabin monuments can be developed with the process
model of modular lightweight design, presented in section 4.

The rear entrance area of the A320 aircraft type has a larger
installation space at the back, in which the so-called AFT
monument is installed, and two smaller installation spaces in
front of it. The AFT monument is often used as a complete
galley area, whereas the other two installation spaces are each
occupied by a lavatory or another galley area. However, some
airlines are currently demanding that additional seats be
accommodated in the aircraft cabin in order to increase
efficiency, and a large galley storage area is no longer
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considered so important. At the same time, a flexible adaptation
of the configuration to the corresponding airline wishes is
required. For this reason, in step four of the process model (see
Fig. 2) a new variant-oriented and modular concept was
developed for the AFT Monument, see Fig. 4.
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Fig. 4. Modular product program for the AFT monument, adapted from [22]

Conventional sandwich design techniques do not represent a
load-path-compatible design for the application case of aircraft
cabin monuments. Therefore, there is a lightweight design
potential in the development of new design methods with the
help of load path optimization. Such an optimization in the form
of a topology optimization for an aircraft cabin monument was
implemented in step four of the process model. In addition,
different variants should already be taken into account during
lightweight design optimization. The approach pursued is to
determine load-path reinforced panels or modules for several
product families or their configurations by means of multi-
model optimization (MMO), which can be used for several
variants, since the variants have already been taken into account
in the lightweight design. Fig. 5 shows two possible product
families and their variants for the same installation space of the
simplified cabin monument.

Product families

Galley Galley

Product variants

TR | TR TR TR TR TR | TR

TR | TR

TR | TR TR | TR TR

Fig. 5. Possible product families and product variants for the AFT monument

Due to parallel development and consistent data exchange,
the two views of modular design and load-path-optimized
lightweight design are merged in step five into the modular
hybrid design in Fig. 6. It combines several lightweight design
methods in a sensible way in order to exploit the lightweight
potential as far as possible on the one hand and to implement
an effective variant design across all life phases on the other.
The data of the resulting concept are consistently entered in the
product data model to support continuous development.

Load path
optimized load
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points
(attachments)

Standardized
module in load
path reinforced
sandwich design

T

1LE

Variant module
in conventional
sandwich design

,Panel” as open
trusses

Fig. 6. Modular Hybrid Design of an aircraft galley

In order to achieve optimal graduality between
modularization and lightweight design, the approach is
iterative, aligning the two concepts. In modular hybrid design,
for example, individual modules can be designed in different
lightweight design methods. The focus here is particularly on
lightweight structural design. Different designs can now be
used for the individual modules, so that certain areas can be
designed in a load-path reinforced or open design method [12].

6. Outlook and conclusion

The potential of modular lightweight design lies in the
possibility of offering a high degree of external variety in a
product family while at the same time exploiting the
lightweight potential. Standardized processes and consistent
data management can accelerate the development of new
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variants, reduce the number of errors and simplify the
implementation of an innovation process. Further development
processes can also be implemented on this basis. This makes
modular lightweight design particularly suitable for aviation. It
is also mainly due to the fact that it enables a more efficient
development of new variants. Inconsistencies are also reduced
throughout the development process.

The particular challenges, however, are that the
requirements must be clearly defined and there must be explicit
documentation of the product and process structure.

As this need for a detailed documentation of the product,
even after its production, is a currently uprising topic, there are
approaches to create these required digital representations, for
instance in form of Digital Twins. The accumulation of
information of Digital Twins of already existing lightweight
products makes for a good base of data to use for further
optimizations. Combining this information for instance with
detailed data about the flight missions of the fleet’s aircrafts
allows to get a better picture about the actual use and, thus,
actual requirements of these lightweight structures. [23,24,25]

The combination of modularity and lightweight design
exploits the various potentials. The support of this process for
process-oriented methods leads to the fact that this process can
be reproduced and thereby optimized. The application of a
model-based procedure leads to the fact that the decisions,
which are transacted during the execution of the method, are
traceable. The storage of the data model plays a major role in
this process. The long-term goal is the integration of this
information. The description of the method should identify the
method steps for which access to the stored data model must be
enabled. Additional information, such as the effects of modular
product architectures, will also be included in order to
strengthen the methodical process for modular lightweight
design in aircraft cabin [26]. In addition, the consistent linking
of the product data model and the process data model could be
implemented in the future in order to facilitate the exchange of
information about the development process.
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