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Abstract: For meeting the dynamic demands of customers on a product, development increasingly relies on expertise
from a diverse array of disciplines and domains. Only this collaboration makes it possible to provide comprehensive
and practical approaches to solutions for various challenges. However, in addition to variety-induced complexity, this
adds complexity due to increased collaboration. Particularly in developing modular product families, this circumstance
leads to an expanded consideration of collaboration in subsystems, enabling effective product-family-system
development. Collaboration in modular product families leads to a necessary integration of the consideration of
interfaces' dependencies, responsibilities, and specifications. This paper presents an approach to identify and manage
interface responsibilities in multi-disciplinary modular product-family systems using product and organization view
matrices. Results from previous studies are put into a processual context to coordinate the collaboration considered. A
matrix-based solution on product and allocated organizational elements improves collaboration.
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1 Introduction

Due to the increasing development of connected and intelligent products, the structuring of product architectures is
becoming much more extensive than before (Mertens et al., 2022). Many products have an expanding proportion of
additional software-specific components due to the transition to cyber-physical systems (Hehenberger et al., 2016). The
ratio of the electrical and other discipline- and domain-specific components is also increasingly important. Thus, these
products are increasingly evolving into multi-disciplinary (e.g., mechatronic) systems, and the increasing interdependence
also increases the resulting collaboration-induced complexity (EIMaraghy et al., 2012; Tomiyama et al., 2019). The
collaboration-induced complexity thus represents, in addition to the variety-induced complexity, a further level of
complexity that must be mastered in developing such systems (Yassine, 2021). Developing modular product families
represents a valid and effective way of mastering variety-induced complexity at the product architecture level. However,
to master the collaboration-induced complexity that arises in developing multi-disciplinary systems, new approaches have
to be elaborated (Beck et al., 2001; Cadavid et al., 2021). To master collaboration-induced complexity in modular
architectures, the responsibilities in those architectures must be addressed precisely and at which level in the system they
are. Those include, on the one hand, the responsibilities for the design and realization of the subsystems, modules, or
components and the responsibility and competence for defining and designing the interfaces in and outside a module
(Salvador, 2007; Krause and Gebhardt, 2023). The systematic analysis and design of interfaces in multi-disciplinary
systems enable the targeted derivation of collaboration in modular structures, adding value to the multi-disciplinary design
of modules and their overall systems. In this elaboration, this circumstance in multi-disciplinary modular product families
is considered in more detail by analyzing the given research background in Section 2 and a short insight into the
methodological approach and its previous studies in Section 3. Based on this work, collaboration and its impact on
responsibilities and competencies in a modular architecture are analyzed in Section 4. Subsequently, Section 5 shows an
application of the concept by treating an exemplary system of a robot vacuum cleaner accordingly. Finally, Section 6
critically examines the work presented here and provides an outlook on subsequent studies.

2 Research Background

This elaboration deals with collaboration in modular multi-disciplinary systems. For this purpose, the research background
focuses on the following areas of relevance. On the one hand, the development of mechatronic systems, which represent
a specific form of multi-disciplinary systems, and their collaboration will be discussed. On the other hand, the area of
modular product families is dealt with, providing the framework for considering a modular system. Subsequently, a brief
insight into research on collaboration is given in the Research Background.

2.1 Development of Mechatronic Products

In this paper, the development of multi-disciplinary systems is equated with the development of mechatronic systems.
Those Systems require increasing interaction of different development disciplines, such as mechanics, electronics, and
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software. In this case, disciplines are specific fields of engineering based on, e.g., VDI 2206, but in reality, they can vary
from organization to organization. Other multi-disciplinary systems, e.g., would be cyber-physical systems and cybertronic
elements (Eigner et al., 2014; Kichenhof et al., 2022). The V-model, therefore, is often used as a development framework
for developing mechatronic systems. This model helps to capture the requirements and to create discipline-specific system
designs on this basis. Subsequently, the discipline-specific designs are integrated into the overall system via the right-hand
side of the V-model and verified and validated via each integration state (Graessler et al., 2018). In the context of
mechatronic systems development, the VV-model is linked to the higher-level life cycle of the system, from which the
requirements for development and the functionality for usage emerge (Eigner et al., 2014). These requirements are
specified into functions, logic, and discipline-specific designs with discipline-specific components to implement the
requirements effectively (Cabrera et al., 2008; Graessler et al., 2018). The discipline-specific design phases form the basis
for the architecture of the resulting system and thus also influence the development of a modular Cyber Physical Product
Family (CPPF) (Kuchenhof et al., 2022). As Figure 1 illustrates, there is a jump from the abstract and generic level to the
mono-discipline components level, addressing collaboration and behavior in a multi-disciplinary system (Cabrera et al.,
2008).
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Figure 1. System descriptions from abstract to mono-disciplinary components in multi-disciplinary systems
adapted from Cabrera et al. (2008)

2.2 Development of Modular Product Families

In addition to mechanics, the relevance of other development disciplines is increasing in developing new products and
product families (Mertens et al., 2022). The rising variety-induced complexity of the emerging mechatronic systems due
to new components and increasing digital shares, which require both electronics and software, thus results in new
interactions and challenges for product development. To cope with the high variety-related complexity of such systems,
the development of modular product families is a possible solution (Simpson et al., 2014; Otto et al., 2016).

Generally, the approaches and methods for developing modular product families can be divided according to technical-
functional and product-strategic objectives. For technical-functional structuring, Design Structure Matrix (DSM) is
mentioned (Eppinger et al., 2014). One exemplary product-strategic approach is Modular Function Deployment (MFD),
using module drivers over diverse life phases for modularization (Erixon, 1998). In addition, there are also approaches in
which both objectives are integrated, such as the Product Family Master Plan (Simpson et al., 2014) or the Integrated
PKT-Approach (Krause et al., 2014). The Integrated PKT-Approach is used to investigate the cross-disciplinary product
architecture discussed due to the provided method with which the product architecture can be optimized regarding the
relationship between the external and the internal variety. Furthermore, analogous to the RFLP-Approach, the method
maps interactions across development levels in a branch & bound and divide & conquer-like manner (Eigner et al., 2014).
The method ensures that the existing product architecture is first analyzed and designed for necessary variety before
modularization (Krause et al., 2014).

A matrix-based approach like the DSM enables much potential for integrating the organizational view and the relevant
interfaces for collaboration into modularization. Those Approaches are used in various application areas, including
designing, analyzing, and structuring products, processes, and organizational tasks. A DSM is a square intra-domain matrix
representing system elements such as product components, process steps, or organizational structures in the diagonal cells
and couplings in the non-diagonal entries (Browning and Yassine, 2016). Relationships and interactions between and
within domains can be further analyzed in Multi-Domain Matrices (MDM) and Domain-Mapping-Matrices (DMM)
(Danilovic and Browning, 2007). The matrix-based approach allows linking relationships within and between different
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views, such as product structure in terms of DSM and product architecture, with an organizational view in terms of MDM
and DMM. Those possibilities enable the integrated analysis of product, process, and organization for coping with
complexity in product architecture (Sosa et al., 2004).

Different elaborations can be considered in the context of the multi-disciplinary development of modular product families.
The Mechatronic Modularization (van Beek et al., 2010), the Mechanics, Electronics, and Software Architecture (MESA)
(Askhgj etal., 2021), and the Module Harmonization Chart (MHC) (Zuefle and Krause, 2023) are exemplarily mentioned.
All these approaches consider interfaces in a modular product architecture. Askhgj et al. focus on the development
disciplines as the organizational domain and investigates logical interactions. Van Beek looks at the functional interfaces
of the product domain. In addition, Zuefle et al. aim to consider structural and organizational interfaces, including module
drivers for product-strategic modularization across disciplines and domains.

— Functional Mechatronic Modules ——— ~ Technical-Functional Mechatronic Modules — ~ Product-Strategic Mechatronic Modules ——
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Figure 2. Selection from three approaches for the modularization of mechatronic systems

Based on the presented approaches, extending the DSM to an MDM involving multiple development disciplines can be a
value-adding approach to modularization (Lambe and Martins, 2012). However, a detailed consideration of the multi-
disciplinary interface design on the product side and its effects on the organizational design, such as responsibilities for
modules, activities, and frequency of exchange, is missing in the literature and requires detailed consideration.

The specification of interfaces is already viewed in some concerns in literature, also in respect to matrix-based approaches
(Mikkola and Gassmann, 2003; Helmer et al., 2010). Also organizational interfaces in design team interaction are
implemented in matrix-based approaches for investigating internal and external system design interfaces (Sosa et al.,
2003). Furthermore, the standardization or a targeted specification of interfaces is often conveyed as a target image, but
the more detailed consideration and approach are only touched on or assumed (Salvador, 2007). Looking at this now, the
multitude of disciplines in mechatronic systems also results in many interfaces that must be regarded. In addition to the
interfaces between modules, there are interfaces between components within modules and the components and modules
themselves, which require discipline-specific but also cross-discipline exchange (You and Smith, 2016). After defining
the modules, development activities can begin in modular product development (Sanchez, 1996). The question arising
here is, how to cope with the knowledge and the interaction of various employees over different system and complexity
levels.

2.3 Collaboration in Engineering

In the development of products, various approaches deal with handling complexity through collaboration or the
cooperation of various developers from different departments. To address multiple disciplines involved in the development
process, different approaches for complex task solving, e.g., SCRUM, have been developed (Schmidt et al., 2018). Also,
DSM literature has included approaches from agile working and evolved into frameworks like Scaled Agile (Smith and
Eppinger, 1997; Narayanan et al., 2021). There are more forms of the basic idea of structured collaboration between
organizational units and individuals. Approaches in that field recommend the continuous exchange of information and the
regular validation of one's own results and the results of the entirety (Narayanan et al., 2021). For example, in SCRUM
sprints are used to enforce time-boxing in the execution of tasks and thus provide a continuous opportunity to validate the
intended work results and, if necessary, to adapt them to the new requirements and changed findings, even in the design
phase (Edin Grimheden, 2013). In addition, in the context of agile working, there is also the principle of distributing
responsibility among the teams that are assigned to the tasks. This clear accountability allows decisions to be made more
quickly and derived and executed by the direct experts in the design on their own responsibility (Schmidt et al., 2018).
However, these decisions should be cascaded and validated in a scalable form and thus also considered and reviewed in
the overall context of the entire system (Schmidt et al., 2018; Narayanan et al., 2021).
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3. Previous Studies and Contribution Focus

This contribution is based on the extended Design for Variety Framework, where a system architecture for a robot vacuum
cleaner is formed after deciding on relevant product features, defining product functions, developing suitable solutions,
and designing components. On the component level of the product architecture, the Product-DSM was obtained
(Ktchenhof et al., 2020). The Product-DSM was then extended by mapping the relevant development disciplines in a
Multi-Domain Matrix (MDM), including an additional organizational view, as shown in Figure 3, by the dark blue arrows
on the left. This MDM was transferred into the Module Harmonization Chart (MHC), where components and involved
disciplines are mapped, and discipline-specific modules have been formed via harmonization across disciplinary views
(Zuefle et al., 2022). The MHC is depicted on the right side of Figure 3, which was set in the context of the product life
cycle. The paper focuses on extending the existing MDM with further allocations to other domains (for example,
responsible employees). This additional allocation allows responsibilities, affiliations, and interactions to be analyzed
based on the interfaces and optimized for collaboration. The focus is on product-side and process-side interactions that
impact the interfaces in the organizational view addressing collaboration. These interactions are shown in Figure 3 as
colored arrows (yellow, pink, orange). Dashed arrows represent the collaboration of an employee concerning a component,
and solid arrows represent the collaboration with employees from their discipline.
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Figure 3. The paper's focus is illustrated by matrix-based fundamentals with product and organization domains (left).
Additonal placement in the product life phase, including multi-disciplinary modularization (right).
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4. Methodical Procedure

For further investigation into the introduced topic, relevant Interfaces and the underlying modular structures can be
extracted from the MHC, and the development disciplines involved can be allocated. For forming design teams, people or
employees are missing in this view. As mentioned in Section 3, the employees/developers involved are mapped to their
respective disciplines and related components in a 3x3 MDM. Team constellations can be derived by allocating people to
modules and components. The challenge arising is how to synchronize development teams favorably. In the following, a
procedure is derived to form team sprints based on components, modules, and their interfaces for supporting
responsibilities and activities in interface management.

4.1 Derivation of Design Sprints

Therefore, design sprints are defined to support the execution and communication of the multi-disciplinary developers
involved in design processes, as done by some agile frameworks or similar design techniques, as mentioned in Section
2.4. Because interactions in a modular system architecture take place on different levels and in different scopes, the
approach must also be capable of being adapted to these differences. So, a distinction is made between different sprint
types depending on the development complexity, e.g., on the level of the system, subsystem, or component level, and
temporal organization, e.g., who needs to interact with whom and others. For this reason, the collaboration considered
here is broken down into the different system levels: the overall product, the discipline, as a higher-level domain with
specific expertise, and the module, as the representation of a defined subsystem. A complete iteration in the V-Model
represents a system sprint in which all requirements are implemented in the product or the respective prototype and its
validation. Based on a modular architecture's scope in this paper, different modules exchange information (inter-module
collaboration). Due to the capable collaboration in small teams, this sprint idea can also work with a limited humber (< 9,
e.g., limit in SCRUM) of employees in a non-modular architecture. Furthermore, a discipline sprint is defined for cross-
module incorporating changes and designs in one specific discipline (inter-module, intra-discipline collaboration). Here,
it can also be possible to use those sprints in non-modular architecture for extended exchange in specific disciplines or
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domains, e.g., electrical infrastructure. Concluding, the lowest level is the module sprint with the highest proportion of
capacity. Here the employees from different disciplines meet for frequent exchange on a specific knowledge level within
the modules (intra-module, inter-discipline collaboration). In this case, a modular architecture could be necessary for an
explicit allocation to a subsystem and clear interfaces to other subsystems.

4.2 Systematic Assignment to Design Sprints

In the first step, we draw on the harmonized MHC, which has harmonized modules across the disciplines or domains, as
a preliminary effort. This preliminary work is a crucial basis since it can ensure that harmonized and uniform module
sections are available across all participating disciplines. On the one hand, this is relevant for classifying the employees
into modules and preventing discrepancies in the interaction (e.g., different ideas of module sections).

As shown in Figure 4, the interfaces between the modules can be taken from the clustered DSM (center). All the interfaces
for module interactions are depicted in the off-diagonals. In this example, components B and C are connected by a yellow
interface (e.g., electrical interaction). Therefore, it is clear that this electrical interaction has to be considered wisely due
to its effects on the module's overall integration into the system. In addition, between components A and B, there are two
interactions, green (e.g., fluidical interaction) and blue (e.g., spatial coupling). Both interfaces are not off-diagonals and
have intra-module connections. So, they are not relevant in this first regard. Up to here, this procedure is conventional in
matrix-based approaches.
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Figure 4. simplified MHC (left), Design-Structure-Matrix (center), and derived system graph with interfaces (right)

In the second step, developers are distributed to the components according to the interfaces. It is claimed that a previously
regarded component can have additional discipline-specific components due to the fractional behavior of systems. Here
each component was considered due to its discipline-specific components and so its assignment to a specific or a set of
specific disciplines, as depicted in Figure 4 (e.g., component A has mechanical and fluidical discipline assignment). That
assignment enables allocating the interface and connection between components to specific disciplines and considering
special allocations of discipline-specific components to others, resulting in a more transparent view of the system.
Afterward, those discipline-specific components can be assigned to specific employees with the necessary expertise.

Now different sprints can be derived. All employees working within a module are assigned to module sprints, which can
take place in short and regular intervals, e.g., daily. By reviewing the module interfaces, cross-module communication
channels can be made visible. All employees with their share of those cross-module communication activities are divided
into discipline sprints. Discipline sprints can take place, e.g., once a week. A system sprint represents the highest level of
communication effort. Here, all developers, project managers, and product owners should be present to evaluate the final
concept, which may already be at some prototype level. System sprints, where all modules are expected to work together
harmoniously, have the slowest pace and can be held, e.g., once a month or as project needs require, but frequently. Figure
5 shows a generic illustration of this coordination in sprints. On the right side of Figure 5, the different levels of sprints
presented in this section are visualized on a simple system graph. It can be seen that sprints cover every level, from
clustered modules or single components to discipline-specific interface interaction across different modules and the overall
system interaction for efficient integration across modules.
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Figure 5. MHC plus employees (left), Domain-Mapping-Matrix (center), and derived system graph with design sprints (right)

5. Analysis of Interface Specifications in Exemplary System Architecture

How the procedure described in Section 4 is used on an exemplary system architecture is now demonstrated. Here, it relies
on the MHC of the robot vacuum cleaner done in previous studies and extends it to include individuals' affiliation to their
disciplines and the components they are involved in developing, shown in Figure 7 (Zuefle et al., 2022). The MHC in
Figure 5 illustrates an abstraction of the 2x2 Multi-Domain-Matrix extended into a 3x3 Multi-Domain-Matrix. This 3x3
matrix allocates the employees working on the exemplary robot vacuum cleaner to the specific discipline and the specific
components bound. This allocation is relevant because an employee can work in different disciplines, as it could be in
small and medium-sized enterprises (SMES) or companies working with roles as Systems Engineer, Systems Architect,
and Software Architect. Otherwise, assigning a bound of different components or modules to multiple employees of the
same discipline is possible. This instance illustrates that the assignment between components or discipline-specific
components to employees is the most important allocation due to the goal of clarifying the responsibilities of interfaces.
Therefore, creating the 2x2 MDM with components and disciplines, then clustering the modules, and afterward allocating
the employees to the modules is necessary.
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Figure 6. Extended DMM based on 3x3 MDM from Zuefle et al. 2022 by new domain "employees" for assigning employees
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Next, the network graph is derived for further investigation. For this, the modules and their interfaces from the used MHC
(Figure 6) are represented as a system graph (Figure 7). The components from the system architecture are located in the
illustrated modules they belong to. The discipline-specific components are marked in their specific color, as in the MHC
depicted, and the number of components creating a discipline-specific cluster is highlighted in the system graph.
Additionally, the interfaces of the discipline-specific components, as the interfaces between the modules, are visualized
and colored in their specific discipline color. For instance, interfaces between components of the same discipline are
colored in grey because of their mono-disciplinarity and clear assignment. For increasing transparency and decreasing
colored line crossings, only the interfaces between modules are colored. Those interfaces are the off-diagonals in the
harmonized multi-disciplinary DSM.
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Figure 7. System graph of the different levels of design sprints on the exemplary robot vacuum cleaner

Now the introduced sprint teams can be derived. Due to the allocation of the engineers to the modules/components it is
possible to derive if the team cut fits the module cut. For example, looking at the "platform base" module, there are several
mechanical components, and it would be counter-productive to have two mechanical engineers responsible. It is way more
effective to assign two engineers to two different modules so that the responsibility and expertise in each module are
assigned unambiguously. If this is checked, the employees involved in each module are organized into the presented idea
of module sprints. In this sprint, the responsibility of intra-module interfaces is clarified. Afterward, the inter-module
interfaces in the off-diagonals from the previous DSM can be identified, and all relevant employees affected by them must
be assigned to the higher-level discipline sprints. In this sprint, the responsibility of interfaces connecting different
modules is clarified. Therefore, the interaction between the discipline-internal employees is relevant for communication
about designs, results, and parametrization in their various modules. Furthermore, all the relevant project participants are
included in the system sprints at the highest level in the scope of this system. In addition, it is mentioned that a System
here is not necessarily a product itself. In our use case of the vacuum robot, it is a whole product. Thinking about a more
complex system like a machine tool, transferring this system level to a subsystem level located as an additional sprint level
is recommended. The following definitions illustrate the different Sprints and collaborations using the mentioned robot
vacuum cleaner.

Definition of Module Sprints

Module sprints aim to be able to develop the module itself as a functioning subsystem. Regarding the black box approach,
the focus is exclusively on the module with its relevant requirements and functions. All disciplines in the respective module
exchange information on a short cycle level to achieve the best possible cooperation in the system context.
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Figure 8. Module core functionalities as an example of the constellation of one module sprint

Due to the different disciplines involved, going into external interfaces here is not expedient. The reason for this is that
the responsibility of the interface must be assigned according to the interface type. For example, a software developer
should not be responsible for spatial coupling. Only internal interfaces are discussed in a Module sprint, affecting mutual
interactions through design decisions. Figure 8 shows an example module sprint in the "Core Functionalities” module. As
seen here, no interfaces to other modules are part of this sprint. But the internal interfaces must be considered in this sprint
for efficient development of the module functionality.
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Definition of Discipline Sprints

Discipline sprints aim to work out how to ensure effective interactions between modules by discussing and developing
working interfaces between multiple modules. In this process, the interface's responsibility lies with the staff member or
the module itself, which creates the need for the interface. For example, Figure 10 shows that the Core Functionality
module requires the Brush Control module to implement the brushed floor cleaning functionality. The responsibility for
this interface and its coordination lies with the first module. The responsibility at the employee level then lies with the
employee for the specific discipline of the interface and the triggered module. In this figure, it is employee "C". As can
also be seen from Figure 9, it is possible to have an interface between two modules with the same discipline-specific
employee as the person responsible. So, the responsibility potentially does not need to be defined, but if the assignment
changes, it still needs to be clarified.
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Figure 9. Discipline sprint in electrical submodules across four modules.

Definition of System Sprints

Compared to the other two design sprint levels, the system sprint looks at the effects of all modules on the overall system
plus several subsystems in the case of more extensive systems.

Brush Control

Water Supply

//gy ste

Platform Base

Figure 10. The system sprint as integration and coordination of all five modules

The focus is on integrating the modules into the overall working system, including verifying and validating the previously
done development. The system sprint elaborates that the system can provide its functionality. This goal includes the
communication about the interaction of modules, the communication of the interaction of disciplines across modules (from
discipline sprints), and the verification and validation of implemented and defined interfaces. Figure 10 depicts this design
sprint based on the exemplary product family of the robot vacuum cleaner. It can be seen that the holistic interaction of
the modules is the targeted focus and not several interactions between discipline-specific module scopes and intra-module
interactions. This clear objective focuses on relevant information at each design sprint level and helps rely on essential
actions.

Additional Time Harmonization
Both module and discipline sprints can be subject to different temporal intensities. For example, development cycles in
software development are generally run through more frequently and faster than in mechanical design. Depending on the

development effort (e.g., programming or design) and discipline-related complexity, appropriate periods should be
provided. This results in the possibility of decoupling discipline-specific sprints and allows more flexibility (e.g., software
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engineers can meet twice a week, mechanical engineers only once a week) in organizing different topics but keeping
everything within a holistic framework.

6. Discussion & Outlook

Harmonizing development activities, especially with different development disciplines from other knowledge domains,
represents a significant challenge in product design. Primarily through new technologies and rising digital shares, the
rising systems complexity must be considered by structuring products accordingly and integrating the people collaborating
for successful product development. This contribution brings elements from the development of modular product families,
mechatronic systems, and the organizational view to cope with the systems' complexity and harmonize development
activities on the bottom of the V-model. A procedure has been shown to map people to their knowledge field/ development
discipline and relate them to the system under development. Then sprint teams based on the module, component interfaces,
and allocated developers have been formed. The method was applied to a vacuum cleaner robot as an exemplary system
architecture and derived a sprint plan. The interface and component specification can be supplemented by more
development data such as effort, e.g., working hours to complete a component, module, and their interfaces. This approach
can also be done with the help of model-based systems engineering. All relevant elements shown here can be implemented
and linked in a systems model in SysML. Development data can then be stored consistently and centrally. Also, the created
models can be easily extended, and metadata for the elements can be given to build more complex system models for
parametrized work scheduling to develop complex systems such as CPPF. The relations in the MDM between the product
and organization domain represent a flow of information that can be very valuable for systems design. A central question
is how the information needs to be distributed. Both physical and virtual assets in a complex product need structures and
processes to function correctly. Also, both need to be designed by multiple people; we see their coordination and
communication as critical success factors for developing future products and systems.
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