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Abstract: This paper proposes a DSM-based approach to support the comparison of alternative kinematic concepts by
explicitly accounting for potential failure-inducing interactions. The method is applied to the redesign of a Residual
Current Circuit Breaker (RCBO) integrating a Differential Trip Indicator (DTI), where three concept variants showed
equivalent functional performance but uncertain robustness. A harmonized component mapping enables cross-concept
comparability, after which kinematic joints are clustered and weighted according to their interaction type and associated
failure likelihood. The resulting weighted DSMs provide aggregated indicators of interaction complexity, which are
further integrated with a probability—severity risk model. Results highlight how differences in joint configuration and
interaction density influence robustness, enabling the identification of the most reliable concept. The study demonstrates
how DSM can effectively support early-stage concept selection in safety-critical mechanisms.
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1 Introduction

In engineering design practice, a substantial share of development activities concerns the modification and evolution of
existing, well-established products rather than the creation of entirely new ones. While the exact proportion depends on
the industrial context, prior studies consistently highlight redesign as the dominant mode of product development (Smith
et al., 2012). Such redesign activities are typically driven by the need to introduce new functionalities, improve product
quality, reduce costs, extend product lifecycle, or mitigate environmental impacts.

Several methodological approaches have been proposed in the literature to support redesign processes, including
extensions of Design Structure Matrix (DSM) methods such as Delta DSM (Suh et al., 2010), as well as approaches like
Design for Adaptation (DfAD) (Kasarda et al., 2007) and Design Dependency Matrix (DDM) (Chen et al., 2006). These
methods provide valuable support in managing structural dependencies, modularity, and change propagation. However,
their effectiveness becomes limited when applied to complex kinematic systems. In such systems, the same functional
requirement can be achieved through significantly different configurations of components and interaction patterns, making
it difficult to obtain a consistent and comparable representation across alternative concepts. In parallel, project risk
management research (Fang & Marle, 2013; Fang et al., 2013) has also recognized that risks rarely occur in isolation,
proposing models that capture interdependencies among risks and the emergence of second-order risks resulting from
cascading interactions. However, these approaches are generally focused on project execution and management processes
rather than on the propagation of design changes and safety-critical interactions within engineering system architectures.

Moreover, compared with the approaches available in the literature, existing change propagation methods primarily
evaluate the degree of coupling within the system, while largely neglecting the severity of the interactions involved. As a
result, a highly coupled system characterized by relatively simple and low-risk interactions may be assessed as more
critical than a system with fewer dependencies but interactions associated with substantially higher safety risks.
Consequently, current change propagation analyses provide only a qualitative assessment of dependency relationships and
do not explicitly account for the safety implications associated with different types of interactions. This limitation reduces
their effectiveness in supporting redesign decisions in safety-critical engineering systems.

This limitation becomes particularly critical in safety-critical applications, where design decisions must account not only
for functional correctness but also for robustness under uncertain operating conditions. In these contexts, failures often
originate not from individual component malfunctions, but from the accumulation and propagation of interaction effects
among moving parts. Despite the relevance of this phenomenon, existing approaches provide limited support for
comparing alternative kinematic concepts from the perspective of interaction-induced failure risk, especially during early
design stages when detailed testing data is not yet available.

To address this gap, this paper proposes a DSM-based analytical approach for the systematic comparison of alternative
kinematic concepts generated during the redesign of an existing product. The core idea is to represent and quantify
kinematic interactions through a structured matrix formulation, and to integrate this representation with a risk-oriented
evaluation framework. By assigning weights to different types of interactions based on their complexity and susceptibility
to failure, the method enables the derivation of synthetic indicators that capture both interaction density and failure
criticality.
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The research question addressed in this work can be formulated as follows: how can a DSM-based approach be used to
objectively compare alternative kinematic concepts by explicitly accounting for the introduction of potential failure-
inducing interactions?

The proposed approach is demonstrated through the redesign of a Residual Current Circuit Breaker (RCBO) integrating a
Differential Trip Indicator (DTI), where multiple concept variants achieve equivalent functional performance but differ in
terms of robustness. However, the methodology is intended to be general and applicable to a broader class of engineering
systems characterized by complex interaction structures.

2 State of the art

The literature on early-stage design evaluation highlights the importance of assessing how the introduction of new
technologies affects system robustness and reliability. In safety-critical systems, even minor modifications can introduce
unforeseen interactions, increasing the risk of technical failure and generating additional redesign, validation, and testing
effort (Otto et al., 2020). Existing approaches for early technical risk assessment can generally be divided into two research
streams. The first relies on deterministic and experience-based methods, such as FMEA and digital-twin frameworks,
which model failure mechanisms through engineering knowledge, testing, and physical relationships. These approaches
are effective when operational data and experience are available (Booth et al., 2023).

The second stream emphasizes the limitations of deterministic modelling in complex systems characterized by uncertainty,
limited data, or high testing costs. In these contexts, probabilistic approaches are preferred because they estimate risk
propagation through dependency structures rather than explicitly modelling every physical interaction. More recently,
hybrid methods combining deterministic and probabilistic reasoning have emerged to improve prediction accuracy while
maintaining manageable computational effort. Among matrix-based approaches for early-stage risk analysis, the Change
Prediction Method (CPM; Clarkson et al., 2004; Brahma and Wynn, 2023) is one of the most established. CPM models
how design modifications propagate across interconnected components through dependency networks represented in
matrix form. The method effectively captures direct and indirect interactions and supports the analysis of evolving product
architectures. However, CPM was originally developed for design-change propagation rather than resilience analysis
under failure conditions. Since propagation effects are intentionally limited through diminishing likelihoods and
reachability constraints, the method cannot fully represent systemic disruptions in highly interconnected mechanical
systems, where failures may propagate throughout the entire network of interactions (Koh et al., 2013).

The Design Structure Matrix (DSM) is a foundational element of change propagation management (CPM) approaches, as
it provides a compact representation of system dependencies, enabling the analysis of interaction patterns and the
prediction of change propagation across system components. Building upon this representation, several approaches
integrate risk assessment to evaluate the potential consequences of propagated changes. However, these methods generally
rely on the codification of likelihood and impact using predefined scales that are largely qualitative and experience-based,
making the assessment inherently subjective. Moreover, they primarily evaluate the degree of coupling within the system
while paying limited attention to the severity of the interactions themselves. As a result, a highly coupled system with
relatively benign interactions may be considered more critical than a system with fewer, but safety-critical, dependencies.
Furthermore, these approaches have limited capability to represent resilience-oriented scenarios characterized by low-
likelihood but extremely high-impact events, whose criticality is often underestimated by conventional risk metrics Koh
et al. (2022). Consequently, current CPM methods provide only a qualitative assessment of change propagation and do
not explicitly account for the safety implications associated with different types of interactions, limiting their effectiveness
in supporting redesign decisions for safety-critical engineering systems.

To overcome some of these limitations, recent studies have extended matrix-based approaches toward resilience analysis
(Koh et al., 2022). Nevertheless, most existing DSM-based resilience approaches have been developed for large-scale
infrastructure or organizational systems, where interactions are relatively static and abstracted at a high functional level.
Comparatively little attention has been devoted to technically deeper mechanical applications in which interactions are
strongly dependent on kinematic behavior, contact conditions, and dynamic joint relationships. In mechanisms, failures
often emerge not only from component malfunction but also from the accumulation and propagation of interaction effects
between moving parts (Alonso Fernandez et al., 2024). These interactions can vary depending on joint type, motion
transmission, tolerances, and contact sequencing, making the dependency structure significantly more dynamic and
physically coupled than in traditional infrastructure networks.

This gap becomes particularly relevant in the design of safety-critical electromechanical devices such as Residual Current
Circuit Breakers (RCBOs), where multiple kinematic concepts may satisfy the same functional requirements while
exhibiting different levels of robustness under operational disturbances or failure scenarios. Existing approaches provide
limited support for comparing such concepts from the perspective of interaction-induced failure risk, especially during the
early stages of mechanism design when physical testing is still unavailable.
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3 Methodology

To address this gap, this paper proposes a DSM-based analytical approach for the systematic comparison of alternative
kinematic concepts generated during the redesign of an existing product. The method aims to support objective decision-
making by enabling a consistent evaluation of multiple design variants that achieve equivalent functional performance.
The underlying rationale is to identify the solution that minimizes the introduction of critical interactions associated with
redesigned or newly introduced components, which are inherently characterized by higher uncertainty and increased
likelihood of failure, particularly relevant in safety-critical applications.

The proposed approach is structured into six main phases:

Scope definition and kinematic abstraction: reducing model complexity while preserving decision-relevant
information. The analysis begins by identifying the subset of components involved in the kinematic chain and
affected by the redesign. Elements that are unchanged and do not contribute to the kinematic behavior are
excluded to ensure model focus and consistency. In contrast, unchanged elements that contribute to the
kinematic behavior are included in the analysis. Additionally, components are classified based on their degree
of modification (unchanged, modified, or newly introduced), providing an initial characterization of the
redesign effort.

Function-oriented alignment of alternative concepts: enabling cross-concept comparability of alternative
solutions. Components across different design variants are harmonized based on their functional role within the
kinematic chain. This step establishes a common reference structure that enables consistent comparison across
heterogeneous mechanism architectures.

DSM-based modeling of kinematic interactions: formalizing the representation of kinematic systems in a
structured and comparable framework. For each concept, a Design Structure Matrix is constructed to represent
pairwise kinematic interactions among components. Interactions are encoded using a standardized set of
relation types, ensuring consistency and scalability of the representation.

Interaction classification and complexity-driven weighting: linking kinematic complexity to potential failure
behavior through a structured, quantitative approach. Identified kinematic interactions are categorized
according to their type (e.g., revolute, sliding, trigger, spring) and assigned weights reflecting their intrinsic
kinematic complexity and criticality. These weights capture the inherent susceptibility of each interaction type
to kinematic (technical) failures, independently of the specific design concept, and provide a proxy for
assessing the criticality of interactions in safety-critical mechanisms.

Integration with probability—severity risk assessment: bridges structural (DSM) analysis with risk-based
evaluation. While the DSM-derived weights represent the intrinsic criticality of different kinematic interaction
types, the probability—severity assessment evaluates the likelihood and consequences of the corresponding
kinematic failures within each specific design concept. The two contributions are combined to evaluate
robustness at both component and system level.

Single-score synthesis for concept selection: enabling objective, quantitative decision-making through a unified
evaluation metric. The weighted interactions are aggregated into a synthetic indicator representing the overall
interaction complexity and risk evaluation of each concept. This indicator supports the comparison and ranking
of alternative solutions by capturing system-level properties derived from local interaction characteristics.

4 Case study

The proposed methodology is applied to the redesign of a low-voltage Residual Current Circuit Breaker (RCBO)
developed by ABB, in which a Differential Trip Indicator (DTI) functionality is integrated into an existing and well-
established mechanism. The redesign process led to the development of three alternative kinematic concepts, all capable
of fulfilling both the original protection function and the newly introduced DTI functionality (Figure 1). The key challenge
was therefore not functional feasibility, but the identification of the concept ensuring the highest robustness and reliability
in operation, given the safety-critical nature of the device.

In this context, robustness is interpreted as the ability of the mechanism to maintain stable and predictable behavior despite
the introduction of new or modified components. The problem can thus be framed as a trade-off between (i) the extent of
modification introduced by the redesign, since newly introduced or altered components inherently increase uncertainty,
and (ii) the complexity and type of kinematic interactions, some of which are intrinsically more prone to failure or
assembly-related issues. The objective is to support this trade-off through objective and comparable metrics.
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Figure 1. 3D models of the three versions designed for the same product, showing only the components involved in the kinematic
mechanism (from left to right: Concept 1 (C1), Concept 2 (C2), and Concept 3 (C3)). Parts with the same colour indicate that they
perform the same function within the mechanism, even if they differ in geometry or have undergone modifications.

The analysis starts from the full CAD models of the three variants, each originally consisting of approximately 300
components. To ensure tractability and focus on decision-relevant aspects, the system is reduced by considering only
components directly involved in the kinematic chain or significantly affected by the redesign (in terms of geometry or
interaction type). Components that are unchanged and do not influence the mechanism behavior are excluded. This
abstraction process leads to a substantial reduction in system complexity: the models are reduced to 17 components for
Concept 1 and Concept 2, and 18 components for Concept 3. A key modeling assumption concerns elastic elements
(springs), which are not treated as standalone components but rather as kinematic interactions between parts. This choice
simplifies the representation while preserving their functional role; their criticality is subsequently accounted for through
the weighting scheme introduced in later phases.

To enable a consistent comparison across the three variants, all identified components are harmonized based on their
functional role within the kinematic chain. This step is necessary because the same function may be implemented through
different geometries, naming conventions, or component configurations in the CAD models. A unique functional naming
scheme is therefore defined, assigning a consistent identifier to components performing the same or equivalent function
across all concepts. When a function is not present in a specific variant, the corresponding entry is left intentionally empty.
This phase, which allowed the identification of 19 unique functional components, constitutes a critical prerequisite for the
subsequent DSM modeling, as it ensures that all concepts are described within the same structural and functional reference
space.

The outcome of this phase is a mapping table linking the functional identifiers to the original CAD component names. In
addition, components are classified according to their degree of modification (unchanged, modified, or newly introduced),
providing an initial characterization of the redesign effort and enabling a first comparison across variants. The results show
that the three concepts are broadly comparable in terms of number of components and degree of modification. Although
Concept 2 includes a slightly lower number of new or modified parts, it requires an additional spring (identified as one of
the most critical interaction types). Concepts 1 and 3 exhibit similar characteristics, with Concept 1 including one
additional non-critical component. Based on this preliminary assessment, no concept can be excluded at this stage.

Based on the harmonized component set, a DSM is constructed for each concept to represent pairwise kinematic
interactions. All DSMs share the same structure: rows and columns are defined using the 19 functional components
identified in Phase 2, ordered consistently across all variants to guarantee comparability. Each off-diagonal cell of the
matrix captures the type (or combination of types) of kinematic interaction occurring between two components, while
diagonal elements are left empty. In this case study, the following interaction types are identified as sufficient to describe
all relevant relations within the three mechanisms:

no interaction (---)

revolute joint (R), representing relative rotational motion

pin/contact interaction (P), representing force transfer through contact

contact with sliding (C), involving both contact and relative sliding motion

trigger interaction (T), characterized by constrained contact followed by sudden release

guided contact (G), where motion is constrained by a guiding feature

spring interaction (S), representing preloaded elastic elements enabling force transmission and motion activation
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These interaction types define a standardized vocabulary for representing kinematic relations across all concepts. The
resulting DSMs are presented in Table 1, 2 and 3; for clarity, rows and columns associated with components exhibiting no
relevant kinematic interactions have been omitted.
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Table 2. DSM of Concept 2
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With the fourth phase, a numerical value is assigned to each of the seven kinematic interaction types identified in the
previous step, in order to quantify their relative complexity. Starting from a baseline value of zero for the absence of
interaction, increasing integer weights are assigned as follows: 1 for revolute joints and pin/contact interactions, 2 for
contact with sliding, 3 for trigger interactions, 4 for guided contacts, and 5 for spring interactions, regardless of whether
they are torsional or compression springs. A discrete integer scale is deliberately adopted to maintain interpretability and
ease of application. The assigned weights are defined in collaboration with domain experts from ABB and reflect the
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intrinsic complexity and criticality of each kinematic interaction type (i.e. its intrinsic susceptibility to kinematic technical
failures), such as jamming, incorrect motion transmission, or assembly-related malfunctions. At this stage, the assessment
intentionally focuses only on failures directly related to the kinematic behavior of the mechanism, since these represent
the primary source of uncertainty during early concept design and are the aspects that designers can directly influence
through architectural decisions. Other failure modes, such as structural failures caused by mechanical loads, wear, or
material degradation, are typically addressed in subsequent design verification and testing phases, where more detailed
information becomes available. In particular, spring interactions are assigned the highest weight due to their intrinsic
criticality: they introduce additional components into the system, require preloading during assembly, and generate forces
that may compromise the correct functioning of the mechanism if not properly balanced. This makes them particularly
sensitive to variations and potential sources of malfunction in safety-critical devices. Once the weighting scheme is
defined, each DSM entry is replaced with the corresponding numerical value. Row-wise (or column-wise) aggregation is
then performed to compute a score for each component, representing its overall involvement in the kinematic behavior of
the mechanism. This score captures both the number and the complexity of interactions associated with the component:
higher values indicate either a larger number of interactions, a higher proportion of complex interactions, or both.

Table 3. DSM of Concept 3
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The component-level scores are further aggregated to obtain a global indicator of kinematic complexity for each concept.
This is computed by summing all interaction values in the DSM and dividing the total by two to account for the symmetry
of the matrix representation. This indicator provides an initial, objective comparison of the overall interaction density and
complexity of the alternative mechanisms. The results show that Concept 1 and Concept 3 exhibit very similar
performance, with total scores of 73 and 72 respectively, the only difference being a single additional revolute joint, which
does not represent a significant source of concern. In contrast, Concept 2 reaches a higher score of 84, indicating a
significantly denser and more complex interaction structure. This increased complexity is mainly due to a higher number
of contact-and-sliding interactions and spring-based relations, as well as the presence of multiple combined interactions
between specific component pairs. Based on this evidence, Concept 2 is excluded from the subsequent analysis, as its
higher interaction complexity suggests a greater susceptibility to failure. The evaluation is therefore continued focusing
on Concept 1 and Concept 3.

The final phase introduces a risk-based evaluation to complement the structural analysis derived from the DSM. While the
DSM weights capture the intrinsic criticality of each type of kinematic interaction, the probability—severity assessment
evaluates the likelihood and consequences of those failures in the specific design concept under analysis. For each
remaining concept, a probability—severity framework (Figure 2) is applied to assess the potential impact of failures
associated with each component. The severity dimension captures the consequences of a failure on the system and is
defined according to four discrete levels: from known risks already present in the baseline design (score 0), to DTI
malfunctioning risks (score 1), inability to close the switch (score 2), and finally user safety risks (score 3). In parallel, the
probability dimension represents the likelihood of occurrence, ranging from known or negligible risks (score 0) to high-
probability failure scenarios (score 3).
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Figure 2. Probability—severity risk assessment framework used for component-level evaluation. The final risk score is computed as the
product of severity, probability, and the DSM-derived interaction weight

The combination of these two dimensions defines a risk matrix in which each cell corresponds to a risk level (null, low,
medium, high), associated with a numerical score ranging from 0 to 9. This score is then combined with the DSM-derived
weight associated with each component, which reflects its kinematic criticality within the mechanism. The final risk score
for each component is therefore computed as:

Risk score = Severity x Probability x DSM-derived Weight
where the weight is obtained from the interaction-based complexity analysis performed in the previous phases.

This formulation enables the integration of two complementary perspectives: on the one hand, the structural and kinematic
complexity captured by the DSM; on the other hand, the potential impact and likelihood of failure captured by the
probability—severity model. As a result, components that are both highly connected (or involved in complex interactions)
and associated with critical failure modes contribute more significantly to the overall concept score. The total score of
each concept is obtained by aggregating the risk contributions of all components. Lower scores indicate more robust
solutions, as they reflect both reduced interaction complexity and lower exposure to high-impact failure scenarios.

The resulting total scores are 108 for Concept 1 and 95 for Concept 3. Since lower values indicate lower overall risk,
Concept 3 emerges as the most robust solution among the alternatives. Beyond the numerical comparison, the analysis
also enables the identification of the underlying design drivers of this difference. In particular, the most relevant distinction
lies in the configuration of the joints associated with the long rod. In Concept 3, the long rod interacts with the moving
contact through a sliding relation, rather than with the DTI flag as in Concept 1. Given that the spring involved in the
former configuration is stiffer, this arrangement reduces the likelihood of jamming phenomena and contributes to a more
reliable kinematic behavior.

Table 4. Analysis of the potential risk of lack of robustness for Concept 1 (left) and 3 (right)
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5 Discussion and conclusion

Among the most widely analysis techniques for technical risks are Failure Modes and Effects Analysis (FMEA) and Fault
Tree Analysis (FTA). FMEA is a bottom-up approach that identifies and prioritizes potential component-level failures
through qualitative risk indices, making it effective for documenting failure modes and mitigation actions. However, its
local perspective makes it difficult to assess how individual failures propagate and contribute to system-level hazards.
Conversely, FTA is a top-down method that models the logical relationships leading to a system failure using Boolean
operators, providing an effective representation of overall system reliability. Nevertheless, its hierarchical structure
assumes predefined causal relationships, making it difficult to capture bidirectional interactions, feedback loops, and
dependencies between different branches of the fault tree (Israelski and Muto, 2003).

These limitations are particularly evident in complex Kinematic systems, where the behaviour of the mechanism emerges
from multiple interacting components and alternative motion transmission paths. The proposed DSM-based approach
overcomes these limitations by representing the system as a network of interdependent elements, naturally capturing
bidirectional interactions and change propagation across the architecture. Furthermore, the proposed methodology
incorporates kinematic complexity, considering both the complexity of the individual kinematic elements and that of the
overall kinematic layout, thus providing a more comprehensive representation of safety-critical interactions during
redesign.

Through the function-oriented alignment of components and the explicit modeling of kinematic interactions, the
methodology enables both system-level and component-level insights. In particular, the combined use of weighted DSM
indicators and risk assessment metrics allows designers to move beyond purely qualitative reasoning and to quantify
aspects that are traditionally difficult to assess, such as kinematic complexity and failure susceptibility. As shown in the
case study, although Concept 3 exhibits only a marginal improvement in the aggregated score compared to Concept 1 (95
vs. 108), the structured analysis makes it possible to identify the specific interaction responsible for this difference (i.e.
the configuration of the joint associated with the long rod).

This capability represents a key advantage of the proposed approach. Rather than providing only a final ranking of
alternatives, the method supports a deeper understanding of why a given concept performs better. This, in turn, enables
targeted design improvements. In the presented case, the analysis suggested a modification of the joint configuration in
Concept 1, effectively combining the advantageous features of both concepts. As a result, the company was able to
converge toward an improved solution that preserves the overall architecture of Concept 1 while incorporating the more
robust interaction scheme identified in Concept 3. This refined concept ultimately informed the product configuration
brought to market.

From a design process perspective, this leads to a dual benefit. First, the methodology supports the identification of the
most promising concepts based on explicit and quantifiable criteria. Second, it enables the iterative refinement of these
concepts by highlighting critical interactions and suggesting concrete design modifications. This is particularly valuable
in redesign contexts, where the objective is not only to select among alternatives but also to incrementally improve them
while minimizing disruption to the existing architecture.

The effectiveness of the approach could be further enhanced by its integration into digital design environments. Since
kinematic constraints and joint definitions are typically already encoded within CAD models, the extraction of interaction
data could be at least partially automated. This would enable the semi-automatic generation of DSMs and the rapid
evaluation of alternative configurations, significantly reducing the effort required to apply the methodology and making
it suitable for iterative and real-time design exploration.

Beyond the specific application to electromechanical safety devices, the proposed methodology shows strong potential for
generalization to other engineering domains characterized by complex interaction networks. For instance, in hydraulic or
fluid systems, interactions between components can be interpreted in terms of flow dependencies and pressure
transmission. In electronic systems, signal propagation and component coupling could be modeled through analogous
interaction matrices. Similarly, in software and cyber-physical systems, dependencies between modules or services can be
represented as interaction networks, where complexity and failure propagation are critical concerns. In all these contexts,
the key idea remains the same: representing system elements and their interactions in a structured matrix form, assigning
weights based on criticality, and aggregating them into meaningful indicators to support decision-making.

More broadly, the methodology contributes to bridging the gap between structural modeling approaches and risk-based
evaluation in early design stages. By combining DSM representations with a weighting logic grounded in engineering
judgment and a probability—severity assessment, the approach provides a scalable and interpretable framework for
analyzing robustness under uncertainty. Compared to traditional methods such as FMEA, which often require detailed
failure modes and extensive data, the proposed approach can be applied earlier in the design process, when information is
still incomplete but key architectural decisions must be made.
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Nevertheless, some limitations should be acknowledged. The weighting of interaction types relies on expert judgment,
which may introduce subjectivity and context dependency. While this was mitigated in the case study through
collaboration with domain experts, future work could explore data-driven or learning-based approaches to calibrate these
weights. Additionally, the current formulation assumes static interaction structures, whereas real mechanisms may exhibit
dynamic behaviors that evolve over time. Extending the approach to account for temporal aspects or operational variability
represents a promising direction for further research.
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