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Abstract

Autonomous robotic systems operating in residential environments must maintain safe,
reliable, and adaptive performance under heterogeneous conditions characterized by envi-
ronmental uncertainty. Achieving this performance is difficult because such systems must
simultaneously cope with variable contact states and complex subsystem interactions. Con-
ventional component-oriented engineering approaches often fail to capture how internal
faults, external disturbances, and architectural decisions interact to generate system-level
instabilities and hazards. This paper proposes a Systems Thinking-based Safety-by-Design
framework to support the sustainable early-stage design of autonomous residential robotic
systems. The methodology formalizes the relationships among internal faults (F), environ-
mental variability (E), system behaviour (S), architecture (A), instabilities (I), hazards (H),
and safety barriers (B) through the dependencies S = {(FE), I = g(S,A), and H = h(I,B). Envi-
ronmental variability is treated as an active design driver influencing system behaviour,
architectural decisions, and safety requirements. The framework is evaluated as a proof-
of-concept, semi-quantitative analytical demonstration, rather than an experimentally
validated result, using an autonomous window-cleaning robot: its functional subsystems
are mapped to the conceptual model and fault-dominated, environment-dominated, and
coupled degradation scenarios are assessed through a semi-quantitative index. The results
show that risk emerges from subsystem interactions rather than isolated component failures
and that adaptive architectures reduce instability propagation under uncertain operating
conditions. The proposed framework supports early engineering decisions that improve
robustness, resilience, safety, maintainability, and sustainability.
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1. Introduction

Autonomous residential robotic systems execute maintenance, inspection, cleaning,
and monitoring tasks under high operational autonomy. Integration within smart home
ecosystems transforms residential spaces into interconnected cyber—-physical architectures,
optimization networks for energy efficiency, and resource management frameworks [1,2].
Modern residential automation evolves from independent components toward distributed
ecosystems capable of multi-sensor fusion, centralized decision-making, and coordinated
autonomous operation [3], optimizing operational safety and overall environmental perfor-
mance [4]. Consequently, these safety-critical systems must guarantee functional perfor-
mance, reliability, and long-term robustness throughout their entire product life cycle.

Unlike industrial platforms operating in structured environments, residential robots
must adapt to dynamic operating conditions. While recent developments in wall-climbing
and window-cleaning systems validate the viability of autonomous locomotion, main-
taining reliable adhesion, compensating for environmental disturbances, and ensuring
operational safety remain fundamental design challenges [5,6]. Reconfigurable mechani-
cal architectures are required to maintain kinematically stable locomotion across varying
structural boundaries [7]. Furthermore, residential robots interface with communication
networks and building management systems to support automated asset management [8].
Therefore, overall operational reliability emerges from system-level interactions rather than
the isolated reliability of individual hardware components.

These challenges require sustainable engineering frameworks where the performance
of autonomous robotic configurations emerges from multi-domain interactions between
technical subsystems rather than isolated component dynamics [9]. The operational per-
formance of these platforms depends simultaneously on the internal system architecture
and the environmental, operational, and infrastructural boundary conditions [10]. Because
autonomous robotic systems constitute complex cyber—physical architectures governed by
continuous hardware-software-environment interactions, system-level analysis is manda-
tory; isolated component testing cannot validate or guarantee safe system-level states [11].
Furthermore, safety parameters must be embedded into the initial design stages via sys-
tematic risk assessment matrix methodologies rather than retrofitted during final validation
phases [12]. Incorporating structural robustness and environmental adaptability during
conceptual design directly enhances safety, reliability, maintainability, and life-cycle efficiency.

The scaling complexity of autonomous systems highlights the limitations of traditional
component-oriented engineering, which fails to map how Internal Faults (F), environmental
disturbances, architectural variants, control loops, and user inputs propagate failure modes
through the system. Systems Thinking (ST) mitigates this by analyzing engineering systems
strictly within their complete operational contexts [11]. Under this paradigm, System Be-
haviour (5) is defined as an emergent property of the coupled interactions between physical
components, system architecture, operational bounds, and user inputs [10], while system
architecture plays a central role in resilience by influencing how degradation propagates
across subsystem interactions [9]. Testing alone is insufficient; robotic autonomous systems
require integrated validation and verification throughout the development lifecycle [13],
whereas hazardous states typically stem from subsystem interface failures rather than
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single component faults [14]. Safety is thus defined as the system’s capacity to maintain
controlled operational states despite structural degradation and input uncertainty.

System resilience is the capacity to maintain target functional parameters under in-
ternal degradation and external disturbances. Resilience is an emergent property arising
from the coupled dynamics between system architecture, environmental variability, and
operational constraints. Theoretical performance computed during early design phases
deviates from real-world behavior if these boundary interactions are unmodeled [10]. To
eliminate this variance, hazard analysis and risk assessment must be initiated during the
conceptual design phase of the autonomous system [15]. Early engineering trade-offs
directly dictate life-cycle robustness, maintainability, and resource optimization [10]. Con-
sequently, safety assurance must be integrated into the core engineering workflow from
the initial concept phase rather than treated as a post-design certification requirement [16].
Resilience must be engineered systematically via model-based design, continuous monitor-
ing, and life-cycle learning loops, transforming Safety-by-Design (SbD) into an intrinsic
architectural characteristic.

Current autonomous cleaning robots prioritize trajectory planning and coverage
efficiency [17]. Conventional design methods isolate component reliability, environmental
adaptation, and safety analysis, limiting the capability to evaluate how architecture, control
loops, and human factors collectively govern system states during conceptual design [10,14].
Safe deployment requires embedding active safety mechanisms directly into the control
architecture rather than applying safety as a superficial wrapper [18]. An integrated
engineering framework is therefore necessary to formally map the causal relationships
between F, Environmental Variability (E), S, System Architecture (A), Instabilities (I),
Hazards (H), and Safety Barriers (B) within a unified methodology.

Several systems-level hazard-analysis methods already address the limitations of
purely component-based reliability engineering, including System-Theoretic Process Anal-
ysis (STPA) [19], the Functional Resonance Analysis Method (FRAM) [20], and long-
established techniques such as Hazard and Operability Analysis (HAZOP) and Fail-
ure Mode and Effects Analysis (FMEA). These methods provide valuable qualitative or
semi-formal representations of hazard generation but, as summarised in Table 1, none of
them formalises environmental variability as an independent, quantifiable design driver
acting jointly with internal faults through an explicit interaction term, and none pro-
vides a lightweight numerical index suitable for comparing candidate architectures before
a detailed control structure or component list exists.

Table 1. Positioning of the proposed ST-based Safety-by-Design (SbD) framework relative to estab-
lished systems-level hazard-analysis methods.

Method Core Focus Treatment .of ].Er’lv1r0nmental Typlcal‘Sta.ge
Variability (E) of Application
. Environment is a contextual Requires a defined control
Inadequate control actions . .
o . . factor in the control structure, structure; typically
STPA within a hierarchical . .
not an independently mid-to-late conceptual /
control structure oo - . .
quantified variable detailed design
Performance variability ffr?c‘gt)%r;miﬁi{cralgsg? c.e;O Requires defined functional
FRAM arising from the resonance q Y model; mid-to-late design or

explicit quantitative

of everyday functions coupling with internal faults

operational analysis
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Table 1. Cont.

Treatment of Environmental Typical Stage
Method Core Focus Variability (E) of Application
Deviations from design i?égg;ﬁegééiaﬁfﬁlliizz? Requires a defined
HAZOP/FMEA intent/component-level . 5 component/process list;
. words or failure causes, not . .
failure modes and effects . detailed design stage
a modelled driver
Joint propagation of
internal faults (F) and E is an explicit, quantifiable Early conceptual design,
Proposed ST-based environmental variability =~ design driver coupled with F before a detailed control
SbD framework (E) through architecture (A) through an interaction term structure or component
into instabilities (I) and (Equation (5)) list exists

hazards (H)

Source: authors” own creation.

The specific gap addressed by the present work is therefore the early, pre-architectural
quantification of the combined effect of F and E on system instability. The proposed
ST-based SbD framework is positioned as a complementary, lightweight analytical layer
intended to inform and precede, rather than replace, a subsequent STPA-, HAZOP-, or
FMEA-type analysis once the architecture is sufficiently defined.

The proposed framework is also complementary to prescriptive safety standards
commonly applied to robotic and machinery systems, including ISO 12100 [21] (gen-
eral principles of machinery risk assessment and reduction), ISO 13482 [22] (safety re-
quirements for personal care robots), IEC 61508 [23] (functional safety of electrical/
electronic/programmable safety-related systems), and ISO 13849 [24] (safety-related parts
of control systems). These standards provide normative requirements, safety-integrity
levels, and verification procedures for systems whose architecture and safety functions
are already largely defined; they do not, however, provide a lightweight mechanism for
exploring how environmental variability and internal faults jointly shape architectural
robustness before that architecture exists. The F-E-5-A-I-H-B formalism is intended to
occupy this earlier, pre-normative stage of design, generating comparative evidence that
can subsequently be carried into a standards-compliant safety-assurance process.

This study introduces an ST-based SbD framework for the early-stage engineering
design of autonomous residential robots, integrating the interactions of F, E, S, A, I, H,
and B into a conceptual model to guide design decisions before fixed parameters lock the
architecture. This framework uses risk assessments that simultaneously evaluate hardware,
control laws, and environmental boundaries by balancing technical, operational, and
environmental vectors [12]. This architecture requires safety assessment frameworks that
synthesize hazards, risk indices, and structural topologies [12], supported by verification
loops that solve for safety, reliability, and system behavior concurrently [11]. Finally,
validating deterministic behavior under dynamic conditions requires formal verification
recipes, such as model checking or runtime verification, to mathematically evaluate the
system’s state space [25].

The contributions of this work are: (i) an engineering framework mapping the causal
interactions between F, E, S, A, 1, H, and B; (ii) the integration of E as an active design driver
shaping the architecture rather than a passive operational boundary; and (iii) validation via
an autonomous window-cleaning robot case study, demonstrating early-stage optimization
of resilience, maintainability, and safety [26,27]. The functional boundaries of this research
are defined relative to the platform’s development history: the physical mechatronic archi-
tecture, kinematics, and low-level control loops were validated from a hardware perspective
in our previous work [8]. Here, the physical platform serves exclusively as an empirical
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baseline to test this uncoupled systemic paradigm. The scientific contribution lies in the
formulation and mathematical structure of the ST-SbD framework. This paper bypasses
isolated component tuning to model emergent behaviors, abstract multi-domain degrada-
tion functions (f4¢), and cascading socio-technical architectural risks that govern system
resilience prior to implementation [28,29].

These contributions are guided by four explicit research questions. RQ1: Can inter-
nal faults (F) and environmental variability (E) be formalised within a single early-stage
conceptual framework, together with architecture (A), instabilities (I), hazards (H), and
safety barriers (B)? RQ2: Does environmental variability act as an independent driver of
behavioural degradation even in the absence of internal faults? RQ3: Does architectural
robustness measurably influence the propagation of instability under otherwise identical
fault and environmental conditions? RQ4: Can these relationships be demonstrated on
a real engineering case study using a semi-quantitative, reproducible assessment? Section 3
addresses RQ1 and RQ4 through the mapping of the physical platform onto the conceptual
framework (Section 3.2) and the scenario-based assessment (Section 3.3); RQ2 is addressed
by the environment-dominated scenario (Section 3.3.2); and RQ3 is addressed by the com-
parison between rigid and adaptive architectural configurations across all three scenarios
(Section 3.4).

2. Materials and Methods

The proposed methodology was developed to support the sustainable early-stage
engineering design of autonomous residential robotic systems operating under heteroge-
neous environmental conditions. During conceptual design, architecture, operational safety,
environmental adaptability, and functional robustness are strongly interdependent, making
their separate evaluation insufficient for understanding overall system behaviour (S). Ac-
cordingly, the proposed approach adopts an ST perspective in which these characteristics
are analysed as interacting elements of an integrated engineering system.

From this perspective, internal faults (F), environmental variability (E), architectural
characteristics, and safety mechanisms are considered simultaneously throughout con-
ceptual development. Their interactions govern degradation propagation, the formation
of instabilities (I), and the effectiveness of safety measures, enabling SbD principles to
influence architectural decisions before detailed engineering solutions become fixed. Con-
sequently, the proposed methodology supports the development of robotic systems with
improved robustness, resilience, maintainability, and long-term sustainability.

The methodology integrates system definition, conceptual modelling, representative
degradation scenarios, and semi-quantitative assessment into a unified analytical frame-
work. The conceptual relationships underlying the proposed methodology are illustrated
in Figure 1.

Figure 1 presents the relationships among F, E, S, architecture (A), I, hazards (H),
and safety barriers (B). Beyond the primary causal chain, E also acts on A and B directly,
since environmental conditions influence which architectural configurations and safety
barriers remain effective, and a continuous monitoring and feedback pathway links the
evolution of H back into the architecture, consistent with the adaptive engineering de-
cisions discussed in Section 2.1. These interactions provide the conceptual basis for the
representative degradation scenarios and the semi-quantitative assessment presented in the
following sections.

https://doi.org/10.3390/su18178708


https://doi.org/10.3390/su18178708

Sustainability 2026, 18, 8708

6 of 26

E - TTee
l \\\\\ :‘ “““ (
—r— ~ |
.o ¥+ |
1
- S \\ L A I
- 1
N 1
-1 -~
\\ I
12
———v—— —— T |5
188
I ED
| L B led
128
N ————
1§
1
1
1
|
H . 1

— Primary causal relationship
— — E'sinfluence on A and B
— — Feedback / continuous monitoring

Figure 1. Conceptual ST-based SbD framework. Solid arrows denote the primary causal chain (F,
E — S — I — H); dashed red arrows denote the additional influence of E on A and B; the dashed green
loop denotes the continuous monitoring and feedback pathway from H back into the architecture (A).
Source: authors” own creation.

2.1. Research Design and Methodological Workflow

The proposed research design follows a systems engineering approach in which the
overall system behaviour (S) of an autonomous residential robotic system is analysed
through the interactions among internal faults (F), environmental variability (E), architec-
ture (A), and safety barriers (B). Rather than evaluating these elements independently, the
methodology examines their combined influence on degradation propagation, the develop-
ment of instabilities (I), and the generation of hazards (H), recognising that stable system
behaviour depends on effective feedback mechanisms capable of compensating for distur-
bances and degradation processes [15]. This perspective provides the basis for integrating
Safety-by-Design (SbD) principles during conceptual development, where architectural
decisions have the greatest influence on subsequent system behaviour (S).

The workflow begins with the definition of the engineering system and its opera-
tional boundaries by identifying the principal functional subsystems and their interfaces
with the surrounding environment. Defining these boundaries establishes a consistent
reference model for analysing the mechanisms governing overall S rather than isolated
component performance.

Next, the ST framework is established by introducing the variables representing
internal faults (F), environmental variability (E), system behaviour (S), architecture (A),
instabilities (I), hazards (H), and safety barriers (B). Their causal relationships define the
analytical structure used to describe degradation propagation from its origin to its potential
impact on operational safety.

Representative degradation scenarios are then formulated to investigate three operat-
ing conditions: degradation dominated by F, degradation dominated by E, and degradation
resulting from their combined interaction. This classification provides a consistent basis for
comparing different operating conditions under identical methodological assumptions.

Each scenario is evaluated using a semi-quantitative assessment based on measurable
indicators that compare degradation propagation, the influence of A on I development,
and H criticality [30]. Rather than predicting the exact S of a particular robotic platform,
the assessment supports the comparative evaluation of alternative architectural solutions
during conceptual design.
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Finally, the results are interpreted within the SbD framework to evaluate how ar-
chitectural decisions influence robustness, resilience, maintainability, service life, and
adaptation to E. Continuous monitoring supported by measurable indicators and feedback
mechanisms provides the information required for adaptive engineering decisions through-
out system operation [15,30,31], thereby supporting sustainability-oriented engineering
decisions for autonomous residential robotic systems.

The overall methodological workflow, including the continuous monitoring and feed-
back loop that links the interpretation of results back into the ST framework, is summarized
in Figure 2.

Define the engineering system and its
operational boundaries
(functional subsystems, interfaces with E)

| J
T
\ 4 N

Establish the ST framework
(F, E, S, A, |, H, B and their <
causal relationships)

J
1
\ 4 N

Formulate representative degradation scenarios
(F-dominated, E-dominated, coupled F-E)

Semi-quantitative assessment
(Ds, instability index I, hazard index Cn)

. | J
1

s v N

Continuous monitoring and feedback

Interpret results within the SbD framework
(robustness, resilience, maintainability, -
service life, adaptation to E)

L

J

Figure 2. Methodological workflow of the proposed ST-based SbD framework, from system definition
to the interpretation of results, including the continuous monitoring and feedback loop. Source:
authors’ own creation.

2.2. ST-Based Conceptual Framework

The proposed ST framework provides the analytical foundation for describing degra-
dation propagation in autonomous residential robotic systems. Instead of analysing F, E,
A, and B independently, the framework considers their interactions to explain how degra-
dation evolves and ultimately influences operational safety. This systems perspective is
consistent with intelligent engineering approaches recognising that the effectiveness of au-
tonomous systems depends on integrating sensing, communication, and decision-making
processes rather than evaluating individual technologies in isolation [32].

The framework is structured around seven variables (F, E, S, A, I, H, and B) that
represent the principal elements governing degradation propagation. Their engineering
definition and corresponding roles are summarized in Table 2.
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Table 2. Definition and engineering role of the variables used in the proposed ST framework.

Variable Meaning Role in the Model
F Set of internal faults (hardware, software, Internal source of degradation
sensors, actuators)
E Operational environment variability External source of disturbances
S Global system state/behavior Aggregated operational response
A System architecture Mode of effect propagation or damping
I Instabilities and intermediate effects Indicator of dynamic degradation
H Hazards Dangerous consequences at system/user level
B Safety barriers Mechanisms for prevention, detection, and mitigation
Source: authors” own creation.
Although the variables F E, S, A, I, H, and B recur throughout Section 2, each subse-
quent table serves a distinct analytical purpose rather than repeating the same information:
Table 2 defines the variables themselves, Table 3 (Section 2.4) characterises how they com-
bine within each representative degradation scenario, Table 4 (Section 2.5) summarises the
ordinal scales used for severity (Sev), occurrence (Occ), and exposure (Exp) in Equation (7).
Table 5 (Section 3.2) then maps these variables onto the physical subsystems of the case-
study platform. This progression was retained deliberately to preserve traceability from the
abstract conceptual model to the concrete engineering system; the accompanying narrative
has been shortened in this revision to reduce repeated explanation of the same variable set.
Table 3. Representative degradation scenarios used for the semi-quantitative assessment.
. Formal Dominant Design
Scenario Condition Mechanism Effecton S Role of A Effecton I Implication
Scenario 1 Degradation is A may limit I deP fends on the Need for
. Local . . ability of A to redundancy
Dominant FAQ,Ex0 induced mainly fault .
internal fault subsystem fault by F propagation isolate or damp and robust
the fault control
Scenario 2 Significant a gii)ii;?rfr;:or E must be
Dominant & S may degrade ) Weak A — 11; treated as
. F=0,E>0 external . for absorbing .
environmental . even without F . Robust A — 1] an architectural
1 disturbances environmental . .
variability - design driver
variations
Amplified . Need for
Scenario 3 degradation A determines modular and
Combined F£Q,E>0 F-E interaction with whether e.ff.e cts ng@ A= I adaptlve .
are amplified = Adaptive A —+1]]  architecture in
effect an emergent
or attenuated heterogeneous
character X
environments
Source: authors’ own creation. 1 denotes an increase, | denotes a decrease, and 11//] denote
a stronger increase/decrease, respectively.
Table 4. Illustrative 1-5 ordinal scale used for severity (Sev), occurrence (Occ), and exposure (Exp) in
the hazard criticality index (Equation (7)). Only the anchor scores (1, 3, 5) are shown; intermediate
scores (2, 4) represent intermediate conditions.
Score Descriptor Illustrative Criterion
1 Negligible No injury; cosmetic or negligible property damage
3 Moderate Minor injury or moderate localized damage requiring repair
5 Severe Serious injury or major damage/fall of the assembly
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Table 4. Cont.

Score Descriptor Illustrative Criterion
1 Rare Not expected to occur during normal service life
3 Occasional May occur a few times during normal service life
5 Frequent Expected to occur repeatedly under normal operating conditions
1 Low Robot operates while occupants are typically absent
3 Moderate Occupants occasionally present in the operating area
5 High Occupants frequently present near the operating robot

Source: authors” own creation.

Table 5. Functional subsystems and associated ST variables.

. Primary Engineering Associated ST . . .
Functional Subsystem Function Variable(s) Engineering Interpretation
LINAK LA23 Vertical movement of the Stroke dev1at}0ns, motion delays, or actuator
. . FS blockage directly influence the dynamic
linear actuator cleaning assembly . .
behaviour of the cleaning system.
. . Guidance and stabilization Mechanical play, 1ncr§§sed friction, or guide
MGN12 linear guide ) F A blockage reduce positioning accuracy and
of the cleaning assembly
affect structural robustness.
DC775 motor with PLG42 . Torque loss, speed fluctuations, or
Brush drive system ES transmission faults reduce cleaning efficiency
planetary gearbox .
and affect dynamic performance.
Rotating brush assembly Mechanical cleaning of the S Represents the primary functional output

glazed surface responsible for contaminant removal.

Peristaltic pump

Overdosing or insufficient fluid delivery
E S reduces cleaning effectiveness and alters
operating conditions.

Controlled delivery of the
cleaning solution

Vacuum pump

Insufficient suction may leave residual liquid
F1 on the surface, increasing instability and the
risk of slipping.

Recovery of residual
cleaning liquid

System coordination, Central control unit coordinating subsystem

ESP32 DevKitC L A . . h
control, and communication interaction and autonomous operation.
L Dri f; infl trol
L298N/A4988 Electrical interface for river performance muences contro
. AF quality and may introduce command or
motor drivers actuator control .
actuation faults.
. . Motion limiting and Provide protective functions while remaining
Limit switches 0 . B, F . . .
end-position protection potential fault sources if malfunction occurs.
o . Detects abnormal fluid conditions and
Lo Monitoring of cleaning- -
Liquid-level sensor . N B, F prevents unsafe operation caused by
fluid availability . - . .
insufficient cleaning solution.
Mobile user interface Command, monitoring, and AB Enables supervisory control and human

operator intervention intervention as an additional safety barrier.

Surface geometry, material properties, and

1 f Physical i 2, . .
= az.ed surface and ysical operating E surface condition directly influence
window frame environment
system performance.
Wind, humidity, ' ‘ Represent the pr1n_c1p'a'1 sources' of
Environmental disturbances E environmental variability affecting
temperature, and dust .
robot operation.
Trajectory deviations, . . . .
Intermediate Represent the dynamic manifestation of

vibration, and
adhesion loss

degradation effects degradation propagating through the system.
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Table 5. Cont.

Functional Subsystem

Primary Engineering Associated ST

Function Variable(s) Engineering Interpretation

Fall, collision, and
surface damage

Represent the final hazardous states affecting
Hazardous outcomes H both the robotic system and the
surrounding environment.

Automatic stop, sensor
redundancy, and
software limits

Implement safety barriers that interrupt
B degradation propagation and reduce
hazard occurrence.

Integrated
protective measures

Source: authors’ own creation.

The interactions among these variables are formalized through three functional rela-
tionships. Accordingly, the proposed framework represents system behaviour as the result
of interacting engineering functions, consistent with integrated approaches combining
sensing, communication, control, and decision-support processes to capture autonomous
system behaviour more realistically than analysing each function independently [28].

S is represented as a function of F and E,

§=f(FE), )

showing that operational performance continuously evolves under the combined influence
of internal degradation and external operating conditions. The resulting S subsequently
interacts with the adopted A to determine the development of I,

I'=g(54), 2

where the architectural configuration, including the communication pathways linking

functional subsystems, influences whether degradation is attenuated, redistributed, or

amplified during propagation. Reliable communication infrastructures are essential for

autonomous residential robotic systems operating within smart home environments [33].
H generation is then expressed as

H =h(I,B), 3

indicating that hazardous conditions depend on both the evolution of I and the effectiveness
of the implemented B.

From a systems engineering perspective, Equations (1)—(3) are conceptual mapping
operators rather than closed-form algebraic functions: they establish the functional depen-
dencies and non-linear causal structures governing degradation propagation across the
system architecture, without representing classical deterministic or differential relation-
ships. In complex multi-domain cyber-physical systems, a direct deterministic formulation
of f, g, and h is analytically intractable due to the qualitative nature of architectural de-
cisions and socio-technical safety barriers. Therefore, these mapping relationships serve
as the mathematical foundation for subsequent semi-quantitative and probabilistic oper-
ationalization. Specifically, the abstract behavioral function f(F, E) maps the joint spaces
of internal fault states and external environmental stressors onto a unified system degra-
dation continuum. To bridge the gap between this high-level functional mapping and
an evaluable engineering assessment, the abstract operator f(F, E) is operationalized in
Section 2.5 through a polynomial interaction model (Equation (5)). This parameterization
explicitly transforms the qualitative coupling of internal mechanics and external forces into
a measurable semi-quantitative degradation index (Ds).
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A distinguishing feature of the proposed ST-based SbD framework is the explicit
incorporation of E into the analytical model. Rather than being treated as a fixed operating
condition, E actively influences S, degradation propagation, A, and the effectiveness of
safety measures. This formulation provides the basis for the representative degradation
scenarios and the semi-quantitative assessment presented in the following sections. Fur-
thermore, the proposed framework can support digital engineering decision-support tools
for comparing alternative conceptual solutions under multiple operating scenarios [34].
Such analytical tools are intended to complement engineering expertise by supporting
the systematic evaluation of complex interactions during conceptual design rather than
replacing engineering judgement [35].

2.3. Environmental Variability as an Engineering Design Driver

Conventional engineering methodologies generally treat E as an external operating
condition used to verify performance under predefined scenarios. Within this perspective,
environmental factors define the operating context, whereas A and safety functions are de-
veloped independently and subsequently validated against expected conditions. Although
this approach supports performance evaluation under nominal operating conditions, it
provides limited capability for analysing how continuously changing environments interact
with degradation mechanisms and influence overall S.

For autonomous residential robotic systems, E represents a fundamentally different
engineering challenge. Residential environments are inherently heterogeneous, expos-
ing robotic platforms to changing surface characteristics, contamination, moisture, wind
disturbances, geometric discontinuities, illumination conditions, and human interactions.
These factors directly influence adhesion, locomotion, sensing, control performance, en-
ergy consumption, and safety functions. Consequently, degradation cannot be attributed
exclusively to F because environmental conditions actively initiate, propagate, and amplify
degradation throughout operation.

Within the proposed ST framework, E is incorporated as an active engineering variable
interacting continuously with F. This relationship is represented conceptually as

(FUE)-S—I1—H, 4)

where F and E jointly determine S, whose evolution may generate I that subsequently lead
to H whenever the implemented B are unable to interrupt degradation propagation. Unlike
conventional reliability-oriented approaches, this representation explicitly recognizes that
H may arise not only from component failures but also from the interaction between the
engineering system and its operating environment.

E influences S through two complementary mechanisms. First, it modifies the operat-
ing conditions experienced by individual subsystems, directly affecting their functional
performance. Second, it alters subsystem interactions, changing the pathways through
which degradation propagates across the A. Consequently, identical environmental distur-
bances may either be attenuated or amplified depending on the robustness of the adopted
A, influencing not only operational performance but also resilience, maintainability, and
overall safety.

Treating E as an engineering design driver fundamentally changes its role during con-
ceptual development. Instead of being introduced only during verification, environmental
uncertainty becomes an explicit design parameter influencing architectural decisions from
the earliest stages of development. Subsystem configuration, sensing redundancy, control
strategies, adhesion mechanisms, energy management, and B can therefore be evaluated
according to their capability to maintain stable operation under heterogeneous conditions.
Incorporating E into conceptual design consequently supports engineering decisions that
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improve robustness, facilitate maintainability, extend service life, and contribute to the
long-term sustainability of autonomous residential robotic systems.

This systems-level interpretation provides the basis for the representative degradation
scenarios presented in the following section, where the individual and combined effects of
F and E are analysed under consistent engineering assumptions.

2.4. Definition of Representative Degradation Scenarios

To evaluate the proposed ST framework under representative operating conditions,
three degradation scenarios were defined to capture the principal mechanisms governing
the evolution of S in autonomous residential robotic systems. The scenarios distinguish
the influence of F, E, and their combined interaction, thereby providing a consistent basis
for analysing degradation propagation under progressively increasing levels of system
complexity. The characteristics of the representative degradation scenarios are summarized
in Table 3.

The first scenario represents fault-dominated degradation, in which degradation
originates primarily from F while the influence of E remains limited. Under these conditions,
the evolution of S is governed predominantly by internal degradation mechanisms. This
scenario reflects situations where failures affecting mechanical, electrical, sensing, or control
subsystems constitute the principal source of I, allowing the intrinsic robustness of the
proposed A to be evaluated independently of significant external disturbances. From an
engineering perspective, this scenario supports the identification of architectural solutions
capable of improving fault containment, maintainability, and service life through enhanced
tolerance to internal degradation.

In this scenario, the dominant hazards (H) are typically trajectory deviation and
localized collision, and the most relevant safety barriers (B) are redundant position sensing
and control-level limit checks capable of isolating the fault before it propagates into the
overall system state (S).

The second scenario represents environment-dominated degradation, where system
components remain functionally intact while degradation is induced primarily by E. En-
vironmental disturbances therefore become the dominant factor influencing S. Variations
in surface properties, contamination, moisture, wind disturbances, or geometric discon-
tinuities may initiate degradation even in the absence of identifiable component failures,
demonstrating that H may arise directly from interaction with the operating environment.
From a sustainable engineering perspective, this scenario highlights the importance of
incorporating environmental adaptability during conceptual design to improve opera-
tional reliability, reduce unnecessary maintenance interventions, and increase long-term
resource efficiency.

The dominant hazard (H) in this scenario is loss of adhesion under adverse environ-
mental conditions, and the most relevant safety barriers (B) are adhesion or slip-monitoring
sensors combined with an automatic stop function, since these barriers act directly on the
environmentally induced degradation rather than on an internal fault.

The third scenario represents coupled degradation, in which F and E occur simulta-
neously. Both degradation sources contribute to the evolution of S, producing interaction
effects that cannot be explained independently. This scenario reflects the operating condi-
tions most frequently encountered in residential applications, where internal degradation
and environmental variability continuously reinforce one another, increasing the propaga-
tion of I and the likelihood of H. Engineering evaluation under these conditions supports
the development of modular and adaptive A capable of maintaining stable operation
despite simultaneous internal and external degradation, thereby enhancing resilience,
extending operational lifetime, and supporting sustainable system development.
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In the coupled scenario, the dominant hazard (H) is critical instability leading to a fall
of the assembly, and containing it requires the combined action of multiple safety barriers
(B)—sensor redundancy, automatic stop, and software motion limits—since no single
barrier is generally sufficient to interrupt propagation once both internal and environmental
degradation act simultaneously.

Together, these scenarios provide a common analytical basis for evaluating degra-
dation under progressively more complex operating conditions. Applying the same en-
gineering variables and causal relationships throughout the analysis ensures that the
observed differences result exclusively from the dominant degradation mechanisms rather
than from changes in the assessment procedure. Accordingly, the proposed scenarios
establish the methodological basis for the semi-quantitative assessment presented in the
following section.

2.5. Semi-Quantitative Engineering Assessment

The degradation scenarios are evaluated using a semi-quantitative assessment devel-
oped to support comparative analysis during conceptual design. Rather than predicting
the exact S of a specific robotic platform, the methodology provides a structured basis for
evaluating how F, E, and A collectively influence degradation propagation, I development,
and H generation. This approach is particularly appropriate during early-stage develop-
ment, where experimental information is limited while architectural decisions have the
greatest impact on subsequent S.

To operationalize the abstract conceptual mapping S = f(F, E) defined in Equation (1)
into a calculable metric suitable for early-stage engineering decision-making, the global sys-
tem behavior is parameterized using a semi-quantitative approach. Under this formulation,
the multi-domain degradation function is explicitly resolved into a first-order polynomial
expansion that accounts for linear effects and non-linear interaction terms. The overall
degradation affecting S is thus expressed by the degradation index (Dg):

Ds = wpDr 4+ wgDg + wpg(DpDE), (5)

where Dy represents degradation associated with F, Dg the degradation generated by E,
and wg, wg, and wgg are weighting coefficients defining the relative contribution of each
degradation source and their interaction. The coupled term DrDg explicitly accounts for the
additional effects arising when both degradation sources occur simultaneously, enabling
the assessment to capture emergent S that cannot be represented by either mechanism
independently. The weighting coefficients (Wg, wg, and wgg) introduced in the degradation
index have a semi-quantitative nature. Their operational calibration is based on a prelimi-
nary hazard and operability analysis combined with empirical baseline data obtained from
previous experimental testing of the platform’s core actuators (DC775 motors) and struc-
tural guidance profiles. These weights are further constrained by experimentally observed
hardware performance limits, providing a realistic representation of system degradation
while reducing arbitrary parameter selection.

For transparency and reproducibility, the specific values adopted in the present assess-
ment are disclosed explicitly (wg = 0.5, wg = 0.3, and wgg = 0.4), reflecting the assumption
that internal faults have the largest individual influence on behavioural degradation, envi-
ronmental variability a moderate individual influence, and their interaction a substantial
additional contribution consistent with the emergent character discussed in Section 2.3.
Similarly, the architectural robustness coefficient Ry is set to 0.6 for the rigid configura-
tion and 0.9 for the adaptive configuration, reflecting a qualitative assessment of sub-
system redundancy, feedback capability, and reconfigurability rather than a measured
physical property.

https://doi.org/10.3390/su18178708


https://doi.org/10.3390/su18178708

Sustainability 2026, 18, 8708 14 of 26

This degradation is related to architectural robustness through the instability index

_Ds

I_ 7
Ra

(6)
where Rp denotes the architectural robustness coefficient describing the capability of
the adopted A to attenuate, redistribute, or amplify degradation during propagation
across subsystem interactions. Higher values of Rp indicate architectures capable of
maintaining stable operation under variable conditions, whereas lower values correspond
to configurations that facilitate I development.

H criticality is evaluated using the hazard index

Ch = Sev x Occ x Exp, (7)

where Sev denotes H severity, Occ the likelihood of occurrence, and Exp the level of
exposure. Each parameter is evaluated using a predefined ordinal engineering scale, allowing
all degradation scenarios to be compared under a common assessment procedure. The
proposed index supports comparative analysis during conceptual design rather than replacing
detailed quantitative risk assessment performed during subsequent development stages.

The ordinal scales used for Sev, Occ, and Exp in Equation (7) are summarised in
Table 4.

The structure of Equations (5)—(7) follows established engineering practice rather
than an arbitrary formulation. The weighted-sum-with-interaction form of Equation (5) is
consistent with widely used composite degradation and sustainability indices that combine
multiple contributing factors through weighted linear terms plus explicit interaction terms;
the normalisation of degradation by an architectural robustness coefficient in Equation (6)
follows the same logic as stress-over-capacity ratios used to compare alternative configu-
rations in reliability engineering. Equation (7) reproduces, in structure, the classical Risk
Priority Number used in Failure Mode and Effects Analysis (RPN = Severity x Occurrence
x Detection) [36], with the Detection factor replaced by an Exposure factor to reflect that,
for a residential robot operating around building occupants, the controlling parameter is
the likelihood of human presence during a hazardous event rather than the likelihood
of detecting an internal fault; this substitution mirrors the severity-probability-exposure
structure already used in the ISO 12100 [21] risk-estimation model discussed in the Intro-
duction. These parallels are intended to justify the functional form of the indices, not to
claim that the specific numerical inputs used in Section 3.3 were empirically measured; as
stated above, they remain semi-quantitative engineering estimates.

Together, the degradation, instability, and hazard indices establish a coherent assess-
ment methodology that complements the proposed ST-based SbD framework. Applying
the same indicators to all representative scenarios enables consistent comparison of alter-
native A and supports engineering decisions before detailed system implementation. The
methodology is applied to the autonomous residential window-cleaning robot presented
in the following section.

3. Results

The proposed ST-based SbD framework was demonstrated through its application to
an autonomous residential window-cleaning robot operating under representative residen-
tial conditions. The selected platform integrates mechanical, electrical, sensing, control,
and safety subsystems whose performance is continuously influenced by environmen-
tal variability (E). Its architectural complexity, safety-critical operation, and exposure to
heterogeneous operating conditions make it an appropriate engineering case study for eval-
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uating degradation propagation, the development of instabilities (I), and the generation of
hazards (H).

Following the methodology presented in Section 2, the engineering system is first
introduced and subsequently mapped onto the proposed conceptual framework, establish-
ing the correspondence between the physical architecture (A) and the analytical vari-
ables governing degradation propagation. The representative degradation scenarios
are then evaluated using the semi-quantitative assessment, allowing the influence of
internal faults (F), E, and A on system behaviour (S) to be compared under consistent
engineering assumptions.

The results demonstrate how the proposed methodology supports early-stage en-
gineering decisions by identifying the mechanisms governing degradation propagation
and by evaluating the influence of architectural choices on robustness, resilience, opera-
tional safety, and long-term sustainability. The individual stages of the demonstration are
presented in the following subsections.

3.1. Engineering System Description

The proposed methodology was applied to an autonomous residential window-
cleaning robot designed to operate on vertical glazed surfaces under heterogeneous en-
vironmental conditions. The platform was selected because its operation depends on the
coordinated interaction of mechanical, electrical, sensing, control, and safety subsystems
while continuously adapting to changing operating conditions, making it suitable for
demonstrating the proposed engineering approach.

Unlike robotic systems operating in structured industrial environments, residen-
tial window-cleaning robots are exposed to continuously changing surface geometries,
contamination levels, moisture, frame discontinuities, wind disturbances, and illumina-
tion conditions. These factors directly influence adhesion, locomotion, sensing, control
performance, energy consumption, and cleaning efficiency. Consequently, operational
degradation results from the combined influence of S and E rather than from isolated
component failures.

The robotic platform was conceived as a modular mechatronic system that can be
implemented either as an integrated solution within the upper window frame or as a retrofit
installation on existing glazing systems. This dual configuration preserves the same func-
tional objectives while increasing deployment flexibility. From a sustainability perspective,
the retrofit capability extends the service life of existing residential infrastructure, minimizes
structural modifications, and promotes more efficient use of engineering resources.

The engineering A comprises functional subsystems responsible for mobility and
actuation, structural stabilization and guidance, cleaning with fluid delivery and recov-
ery, sensing, control and communication, power supply, and integrated safety functions.
These subsystems continuously exchange information, energy, and mechanical interactions
throughout operation, while their performance is simultaneously influenced by E. As
a result, degradation propagates across subsystem interfaces, making overall S dependent
on the performance of the complete A rather than on individual components.

The overall configuration of the autonomous residential window-cleaning robot is
presented in Figure 3, which illustrates the principal functional subsystems and their
physical integration.

Figure 3 provides the physical representation of the engineering system analysed
throughout the remainder of this study. The interactions established among the mechanical,
electrical, sensing, control, and safety subsystems constitute the basis for the subsequent
mapping onto the proposed ST framework and for the scenario-based assessment presented
in the following sections.
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Figure 3. Overall configuration of the autonomous residential window-cleaning robot used as the
engineering case study for demonstrating the proposed ST-based SbD framework. Source: authors’
own creation.

3.2. Mapping the Physical System onto the ST Framework

The proposed ST-based SbD framework was applied by establishing a systematic cor-
respondence between the physical implementation of the autonomous residential window-
cleaning robot and the conceptual variables introduced in Section 2. Rather than analysing
individual components in isolation, the objective of this mapping is to identify the engineer-
ing contribution of each functional subsystem to the degradation mechanisms governing
the overall system. This approach enables the physical architecture to be represented
within the proposed conceptual framework and provides the basis for the subsequent
scenario-based assessment.

The robotic platform comprises functional subsystems responsible for mobility and
actuation, adhesion and stabilization, cleaning and closed-loop fluid management, sensing,
control and communication, power supply, and integrated safety. The corresponding hard-
ware implementation includes a LINAK LA23 linear actuator with an MGN12 Linear Guide
(MGN12) for controlled vertical displacement, a Direct Current 775 Motor (DC775) cou-
pled with a PLG42 Planetary Gearbox (PLG42) for brush actuation, a peristaltic pump for
controlled cleaning-fluid delivery, a vacuum pump for residual liquid recovery within the
closed-loop cleaning circuit, an Espressif 32-bit Microcontroller (ESP32) for autonomous co-
ordination, together with limit switches and liquid-level sensors for operational monitoring
and protective control.

From a systems engineering perspective, the functional subsystems operate as
an integrated mechatronic system whose performance depends on continuous interac-
tions between mechanical, electrical, sensing, control, and safety functions. Consequently,
degradation originating within a single subsystem may propagate through subsystem
interfaces, altering S, reducing the effectiveness of A, promoting the development of I, and
increasing the likelihood of H unless mitigated by the implemented safety barriers (B).
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To establish the engineering correspondence between the physical system and the
proposed framework, each functional subsystem was associated with one or more concep-
tual variables according to its dominant contribution to system operation and degradation
propagation. Actuation and transmission components primarily contribute to F and S,
sensing and monitoring devices support both S and B, the control subsystem governs
the operational characteristics of A, while the influence of external operating conditions
is represented by E. Because subsystem interactions are inherently coupled, individual
components may simultaneously influence multiple conceptual variables throughout the
operating cycle.

The engineering correspondence between the functional subsystems, their primary
engineering functions, and the associated ST variables is summarized in Table 5.

Table 5 identifies the principal engineering function of each subsystem together with
the associated ST variable(s). The proposed mapping does not establish a one-to-one
relationship between physical components and conceptual variables; instead, it reflects the
interconnected behaviour of the robotic platform, where multiple subsystems collectively
influence degradation propagation and system resilience. This engineering representa-
tion provides the reference model for the scenario-based assessment presented in the
following section.

3.3. Scenario-Based Engineering Assessment

The proposed methodology was applied to the autonomous residential window-
cleaning robot using the representative degradation scenarios defined in Section 2.4. The
assessment evaluates how F, E, and their combined interaction influence S, the development
of I, and the occurrence of H within a common analytical framework. By applying the same
engineering variables, causal relationships, and semi-quantitative assessment indicators,
the relative contribution of each degradation mechanism can be consistently compared.

Three representative operating conditions were investigated. The first scenario evalu-
ates degradation dominated by F, the second investigates degradation primarily induced by
E, and the third examines the simultaneous interaction between both degradation sources.
Together, these scenarios represent progressively increasing levels of system complexity
and provide a consistent basis for comparative engineering assessment.

The specific Dr and Dg values used in the three scenarios below (Sections 3.3.1-3.3.3)
are not drawn from an existing measurement dataset or field trial of the window-cleaning
robot. They are hypothetical, representative inputs chosen by the authors to instantiate the
qualitative conditions defined in Table 3 (e.g., “dominant internal fault”, “dominant envi-
ronmental variability”) at illustrative severity levels, consistent with the semi-quantitative,
proof-of-concept nature of the assessment stated in the Abstract and Section 4.3. No claim is
made that these particular values are more representative of practical operating conditions
than alternative values would be; the purpose of the assessment is to demonstrate how the
framework differentiates between architectural configurations under a given set of inputs,
not to predict the platform’s actual field performance. Grounding these inputs in measured
operational data, or in an existing public dataset for a comparable robotic platform, is
identified as necessary future work in Section 4.3.

3.3.1. Fault-Dominated Degradation

The first scenario represents operating conditions in which degradation originates
predominantly from internal faults (F), while environmental variability (E) remains limited.
It reflects situations in which the autonomous residential window-cleaning robot operates
under favourable environmental conditions but experiences degradation associated with
sensing, actuation, control, power supply, or mechanical transmission. Representative ex-
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amples include position-sensor miscalibration, actuator wear, transmission losses, reduced
motor torque, and deviations in the control algorithm.

The scenario was evaluated using the semi-quantitative assessment presented in
Section 2.5 by considering D = 0.6 and Dg = 0.1, resulting in a degradation index of
Dg = 0.354. The corresponding instability index reached I = 0.590 for the rigid architectural
configuration and decreased to I = 0.393 for the adaptive architectural configuration, while
the hazard criticality index was Cy = 36. Using the ordinal scale defined in Table 4, this
value corresponds to Sev = 3 (moderate injury or localized damage, consistent with the
trajectory-deviation and localized-collision hazards identified for this scenario), Occ = 4
(frequent, reflecting the relatively high internal fault level Dg = 0.6), and Exp = 3 (occupants
occasionally present), so that Cjy =3 x 4 x 3 =36.

These results demonstrate that the effects of F depend not only on the severity of
degradation but also on the capability of the adopted A to limit disturbance propaga-
tion. Although degradation originates locally within individual subsystems, its effects
propagate through their functional interactions, influencing the overall behaviour of the
robotic platform. Compared with the rigid configuration, the adaptive architecture sub-
stantially reduces instability propagation by mitigating local disturbances before they
evolve into hazardous operating conditions. This finding highlights the importance
of architectural robustness for improving operational resilience, even under favourable
environmental conditions.

3.3.2. Environment-Dominated Degradation

The second scenario represents operating conditions in which degradation is primarily
governed by E, while the internal subsystems continue to operate under nominal conditions.
It reflects situations frequently encountered by autonomous residential robotic systems,
where external disturbances alone are sufficient to compromise performance despite the
absence of significant hardware or software faults. Representative factors include strong
lateral wind, elevated surface moisture, unfavourable contact conditions, window-frame
discontinuities, dust accumulation, and variations in ambient temperature or illumination.

The scenario was evaluated assuming nominal internal operation subjected to se-
vere environmental disturbances (Dr = 0.0, Dg = 0.7), resulting in a degradation index of
Dg = 0.210. Although this value is lower than that obtained for the fault-dominated
scenario, the principal hazard is associated with the increased probability of adhesion
loss under adverse operating conditions. The instability index reached I = 0.350 for the
rigid architectural configuration and decreased to I = 0.233 for the adaptive architectural
configuration, while the hazard criticality index increased to Cy = 60. Using the ordi-
nal scale in Table 4, this corresponds to Sev = 5 (loss of adhesion may lead to a fall of
the assembly), Occ = 4 (frequent, reflecting the severe environmental disturbance level
Dg =0.7), and Exp = 3 (occupants occasionally present), so that Cy =5 x 4 x 3 = 60.

These results demonstrate that hazardous operating conditions may develop even
in the absence of significant F when E exceeds the adaptive capability of the adopted
A. Compared with the rigid configuration, the adaptive architecture reduces instability
propagation by improving the system’s ability to accommodate changing operating con-
ditions. Consequently, the results confirm that E should be considered a fundamental
engineering design parameter influencing architectural robustness, operational safety, and
long-term resilience.

3.3.3. Coupled Degradation

The third scenario represents operating conditions in which F and E occur simulta-
neously. This configuration reflects the conditions most frequently encountered during
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practical operation, where component degradation and environmental disturbances contin-
uously interact throughout the service life of the robotic platform. Representative examples
include reduced actuator efficiency combined with surface contamination, adhesion degra-
dation caused by moisture together with sensor uncertainty, or control limitations under
variable wind conditions.

The coupled scenario was evaluated assuming simultaneous internal degradation and
significant environmental disturbances (Dg = 0.5, Dg = 0.6), resulting in the highest degra-
dation index (Dg = 0.550) among the three representative scenarios. The corresponding
instability index reached I = 0.917 for the rigid architectural configuration and decreased
to I = 0.611 for the adaptive architectural configuration, while the hazard criticality index
remained Cy = 60. Using the ordinal scale in Table 4, this corresponds to Sev = 5 (critical
instability leading to a fall of the assembly), Occ = 3 (occasional, since the simultaneous
occurrence of both degradation sources is less frequent than either source alone), and
Exp =4 (occupants frequently present, consistent with the continuous fault-environment
interaction that characterises this scenario), so that Cy =5 x 3 x 4 = 60.

The results demonstrate that the simultaneous interaction of F and E produces the
most severe system response, as degradation propagates through multiple subsystem inter-
actions rather than through a single dominant source. Although the adaptive architecture
significantly reduces instability propagation compared with the rigid configuration, it
cannot completely eliminate the effects of coupled degradation mechanisms. Consequently,
safe operation depends on the combined contribution of an appropriate A, adaptive control
strategies, and effective B.

The coupled scenario provides the strongest demonstration of the proposed ST-based
SbD framework by demonstrating that degradation in autonomous residential robotic
systems is governed by the interaction between internal faults, environmental variabil-
ity, architectural characteristics, and safety mechanisms. This systems-level perspective
supports informed engineering decisions during conceptual design and contributes to the
development of robotic systems with improved robustness, resilience, operational safety,
and long-term sustainability.

3.4. Comparative Analysis and Engineering Interpretation

The comparative assessment of the three representative degradation scenarios demon-
strates that the behaviour of the autonomous residential window-cleaning robot is governed
by the combined influence of F, E, A, and B. Although each operating condition is initiated
by a different dominant degradation source, the resulting system response depends on
how disturbances propagate through the functional subsystems. Consequently, degra-
dation should be interpreted as a systems-level phenomenon rather than as the isolated
consequence of individual component failures.

The numerical results obtained from the semi-quantitative engineering assessment are
summarized in Table 6.

Table 6. Comparative results of the semi-quantitative engineering assessment for the representative
degradation scenarios.

Scenario Dr Dg Dg IRigiay  I(adaptive) Cu
Scenario 1 0.6 0.1 0.354 0.590 0.393 36
Scenario 2 0 0.7 0.210 0.350 0.233 60
Scenario 3 0.5 0.6 0.550 0.917 0.611 60

Source: authors” own creation.
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Table 6 highlights the distinct responses obtained under the three representative oper-
ating conditions. The fault-dominated scenario exhibits the highest degradation associated
with F, whereas the environment-dominated scenario demonstrates that severe hazards
may develop even under nominal internal operating conditions. The coupled scenario pro-
duces the highest instability because degradation results from the simultaneous interaction
between F and E, leading to disturbance propagation across multiple subsystem interac-
tions. These findings confirm that system response depends not only on the magnitude of
individual degradation sources but also on their interaction within the adopted A.

The influence of A on instability propagation is illustrated in Figure 4. Under iden-
tical degradation conditions, the adaptive architectural configuration consistently pro-
duces lower instability indices than the corresponding rigid configuration, demonstrating
a greater capability to attenuate disturbance propagation before hazardous operating con-
ditions emerge. The largest reduction is observed in the coupled degradation scenario,
where the adaptive configuration provides the greatest improvement in system stability.
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Figure 4. Comparison of the instability index for rigid and adaptive architectural configurations
under the three representative degradation scenarios. Source: authors” own creation.

The assessment also demonstrates the significant influence of E on overall system
performance. Rather than acting solely as an external disturbance, changing operating
conditions modify subsystem interactions, degradation pathways, and the effectiveness of
the implemented B. Consequently, identical levels of F may produce substantially different
system responses depending on the surrounding operating conditions.

Overall, the comparative assessment demonstrates the applicability of the proposed
ST-based SbD framework for analysing degradation propagation during conceptual de-
sign. By integrating F, E, A, I, H, and B within a unified analytical framework, the pro-
posed methodology supports the comparison of alternative architectural solutions and
provides a systematic basis for improving robustness, resilience, operational safety, and
long-term sustainability.

4. Discussion

The results demonstrate that degradation in autonomous residential robotic systems
cannot be fully explained using conventional component-oriented engineering approaches
alone. Although individual subsystem failures remain important, the assessment shows
that engineering performance emerges from the interaction among internal faults (F),
environmental variability (E), architecture (A), and safety barriers (B) rather than from
isolated component characteristics. Consequently, operational safety depends on the
behaviour of the complete engineering system, while engineering failures are better
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understood as consequences of interactions among multiple subsystems than isolated
component failures [15].

The comparative assessment further demonstrates that identical degradation sources
may produce substantially different responses depending on the adopted A. The con-
sistently lower instability indices obtained for the adaptive configuration highlight the
importance of considering architectural robustness during conceptual design rather than
relying primarily on corrective safety measures introduced during later development stages.
These findings further indicate that resilience should be interpreted as an emergent prop-
erty of the engineering system resulting from architectural interactions rather than from
the reliability of individual components [15].

The following discussion examines the engineering implications of these findings and
their relevance for the conceptual design of autonomous robotic systems.

4.1. Engineering Implications of the Proposed Framework

This observation has important implications for conceptual design. Conventional
development processes typically prioritize functional performance during the early design
stages, while safety assessment is introduced progressively through verification and valida-
tion activities. The present results indicate that such a sequential approach may overlook
degradation mechanisms emerging from subsystem interactions, which are difficult to
identify using predominantly component-oriented analyses [15]. By explicitly integrat-
ing the relationships among F, system behaviour (S), A, instabilities (I), hazards (H), and
B, the proposed methodology enables these interactions to be evaluated before detailed
engineering solutions become fixed.

The assessment also demonstrates that A plays a fundamental role in controlling
degradation propagation. Under identical degradation conditions, the adaptive configu-
ration consistently reduced I compared with the rigid configuration, indicating a greater
capability to maintain stable operation under uncertainty. From this perspective, architec-
ture becomes more than a structural arrangement of subsystems; it actively determines how
disturbances propagate throughout the engineering system. This interpretation extends the
traditional role of SbD by directly linking architectural decisions with robustness, resilience,
and operational safety.

Another important implication concerns the treatment of E. Rather than considering
environmental conditions only during system verification, the proposed methodology
incorporates E as an explicit engineering design parameter influencing subsystem inter-
actions and degradation pathways. This approach enables uncertainty to be addressed
during conceptual development, allowing sensing strategies, control architectures, adhe-
sion mechanisms, and safety functions to be evaluated according to their ability to maintain
stable operation under heterogeneous operating conditions.

Although the methodology was demonstrated using an autonomous residential
window-cleaning robot, its analytical structure is not limited to this application. Because it
is based on the interaction among F, E, S, A, I, H, and B, it can support the conceptual design
of other autonomous robotic systems operating under uncertain environmental conditions.
The principal contribution of the proposed framework therefore lies not in analysing a sin-
gle robotic platform, but in providing a transferable engineering methodology that supports
early architectural decisions for a broad range of safety-critical autonomous systems.

4.2. Sustainability Implications

The proposed ST-based SbD framework contributes to sustainable engineering by
extending the role of safety beyond hazard prevention toward supporting robust and
resource-efficient engineering solutions throughout the system life cycle. This perspective
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is consistent with the view that long-term sustainability depends on engineering decisions
considering the entire system life cycle rather than isolated component performance [26].

From a life-cycle perspective, explicitly considering degradation propagation supports
architectural decisions that improve robustness, maintainability, and service life. By limiting
the propagation of I, the proposed framework reduces the likelihood of repeated failures,
unplanned maintenance, and premature component replacement, contributing to a more
efficient use of engineering resources throughout system operation.

These sustainability benefits can, in principle, be linked to measurable indicators
rather than treated only qualitatively: reduced instability (I) is expected to translate into
fewer unplanned service interventions and a longer service life for actuation and adhesion
components, while the reduction in cleaning-fluid loss associated with more stable contact
conditions connects directly to the water-consumption metrics already quantified for this
platform in our companion study [8]. Establishing quantitative relationships between the
instability and hazard indices proposed here and service-life, maintenance-frequency, and
resource-use metrics such as those reported in [8] is identified as a concrete direction for
future work, rather than a claim substantiated by the present semi-quantitative analysis.

An additional sustainability benefit results from incorporating E as an explicit design
parameter rather than considering it only during system verification. This approach enables
sensing strategies, control architectures, adhesion mechanisms, and safety functions to be
evaluated according to their capability to maintain stable operation under heterogeneous
residential operating conditions, thereby improving long-term adaptability while reducing
the need for subsequent architectural modifications.

The proposed methodology facilitates the simultaneous evaluation of functional perfor-
mance, robustness, adaptability, maintainability, and safety during conceptual design. Such
an integrated perspective is consistent with sustainability assessment approaches that consider
multiple performance dimensions, including safety, robustness, adaptability, environmental
impact, and operational efficiency, rather than single-performance indicators [37].

Although demonstrated using an autonomous residential window-cleaning robot, the
proposed framework is applicable to a broader range of autonomous systems operating
under uncertain environmental conditions. Its principal contribution therefore lies in
providing a transferable engineering methodology that supports the development of robust,
resilient, maintainable, resource-efficient, and sustainable autonomous systems.

4.3. Limitations and Future Research

Although the proposed ST-based SbD framework provides a structured methodology
for supporting conceptual engineering design, several limitations should be acknowledged.
First, the study employs a semi-quantitative assessment intended to compare degrada-
tion mechanisms and alternative architectural solutions rather than predict the exact be-
haviour of a specific robotic platform. Accordingly, Ds, I, and Cy should be interpreted
as comparative engineering indicators supporting architectural decision-making during
conceptual design.

It must be stated explicitly that this validation is purely analytical and semi-
quantitative: no physical experiments were performed on the window-cleaning platform
to measure Dg, I, or Cy directly, and the reported reductions in instability for the adaptive
architecture are model-based projections rather than measured outcomes. Confirming that
these projected reductions materialise in physical operation therefore requires dedicated
experimental testing, as discussed below.

A second limitation concerns the engineering case study adopted for validation. Al-
though the autonomous residential window-cleaning robot represents an appropriate
example of a safety-critical robotic system operating under heterogeneous environmental
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conditions, other autonomous platforms may exhibit additional degradation mechanisms,
subsystem interactions, and operational constraints. Future work should therefore evaluate
the applicability of the proposed framework to autonomous service robots, inspection
platforms, collaborative robotic systems, and autonomous mobile robots operating in
different environments.

In particular, future work should include a dedicated experimental campaign com-
paring the rigid and adaptive architectural configurations under controlled, repeatable
fault and environmental conditions on the physical window-cleaning platform, and should
apply the proposed framework to additional case studies with different operational profiles,
such as an autonomous floor-cleaning robot or an autonomous lawnmower, to demonstrate
its generalisability beyond a single platform.

The present framework also assumes predefined weighting coefficients for the semi-
quantitative assessment. Although these coefficients provide a consistent basis for com-
parative analysis, future research should investigate calibration procedures based on ex-
perimental measurements, operational datasets, or digital twin environments capable of
representing degradation propagation under realistic operating conditions. Such develop-
ments would improve the predictive capability of the methodology while preserving its
applicability during conceptual design.

Another promising research direction is the integration of adaptive monitoring and
intelligent decision-support techniques. Machine learning, digital twins, real-time condition
monitoring, and predictive maintenance could continuously update degradation models as
operational information becomes available, extending the framework from a conceptual
design methodology toward a dynamic engineering decision-support tool spanning the
entire system life cycle.

Finally, future research should investigate integration with broader sustainability
assessment approaches, including life-cycle assessment, circular engineering strategies,
and resource-efficiency evaluation. Establishing direct links between systems-level safety
analysis and quantitative sustainability metrics would further strengthen the framework
as a decision-support methodology for developing safer, more sustainable, and resilient
autonomous engineering systems.

5. Conclusions

This study proposed an ST-based SbD framework to support the sustainable con-
ceptual design of autonomous residential robotic systems operating under heteroge-
neous environmental conditions. Unlike conventional component-oriented approaches,
the proposed methodology integrates internal faults (F), environmental variability (E),
system behaviour (S), architecture (A), instabilities (I), hazards (H), and safety barri-
ers (B) within a unified analytical framework, enabling degradation to be analysed as
a systems-level phenomenon during the early design stages. Such an integrated perspec-
tive is consistent with sustainable engineering assessment approaches that simultane-
ously consider technical performance, safety, and operational robustness within a unified
evaluation framework [37].

The applicability of the framework was demonstrated using an autonomous residential
window-cleaning robot as an engineering case study. The physical architecture was mapped
to the proposed conceptual framework, and three representative degradation scenarios
were evaluated using the proposed semi-quantitative assessment methodology. The results
showed that system behaviour is governed not only by individual subsystem degradation
but also by the interaction among F, E, A, and B.

The comparative assessment demonstrated that A plays a fundamental role in limiting
the propagation of I. Under identical degradation conditions, the adaptive architectural
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configuration consistently reduced instability compared with the rigid configuration, con-
firming that architectural robustness is a key factor for improving operational safety and
resilience. The results also highlight the importance of considering E as an explicit engineer-
ing design parameter during conceptual development rather than only during operation or
system verification.

Beyond the presented case study, the proposed framework provides a transferable
methodology for supporting the conceptual design of autonomous robotic systems op-
erating under uncertain and safety-critical conditions. By integrating systems thinking
with safety-oriented engineering principles, it supports informed architectural decision-
making while promoting robustness, maintainability, resource efficiency, and long-term
sustainability. This perspective is consistent with sustainable engineering approaches that
integrate technical design with operational, environmental, and infrastructural considera-
tions throughout the product life cycle [27].

Future research will focus on experimental validation of the proposed framework,
calibration of the semi-quantitative indicators using operational data, and the integration
of digital twins, real-time condition monitoring, and predictive maintenance techniques.
These developments are expected to improve the predictive capability of the methodology
while preserving its applicability as an engineering decision-support tool for supporting
sustainable conceptual design.
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Abbreviations

The following abbreviations are used in this manuscript:

A System Architecture

A4988 Stepper Motor Driver

Al Artificial Intelligence

B Safety Barriers

CH Hazard Criticality Index
DC775 Direct Current 775 Motor

DE Environmental Degradation Index
DF Internal Degradation Index

DS Overall Degradation Index

E Environmental Variability
ESP32 Espressif 32-bit Microcontroller
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F Internal Faults

FMEA Failure Mode and Effects Analysis
FRAM Functional Resonance Analysis Method
H Hazards

HAZOP Hazard and Operability Analysis

I Instabilities (Intermediate Effects)
IMU Inertial Measurement Unit

L298N Dual H-Bridge Motor Driver

LA23 LINAK LA23 Linear Actuator
MGN12 MGN12 Linear Guide Rail

PLG42 PLG42 Planetary Gearbox

RA Architectural Robustness Coefficient
RPN Risk Priority Number

S System Behaviour

SbD Safety-by-Design

ST Systems Thinking

STPA System-Theoretic Process Analysis
Wi-Fi Wireless Fidelity
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