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Abstract

In the evolving automotive industry, sustainability and environmental responsibility are
increasingly prioritized. Automotive paint shops are essential in this highly automated sec-
tor, using specialized equipment and materials to improve vehicle aesthetics and durability.
Robust risk management is critical in this context, where the process is often complicated
by uncertainty that stems from subjective human evaluations. To address this, we develop
a Multi-Criteria Decision-Making tool implemented in flexible Python code to enhance
risk management in the sector. This tool builds on the Fuzzy DEcision MAking Trial and
Evaluation Laboratory (Fuzzy DEMATEL) method, addressing the unique requirements of
each business context and enriching the risk management process by incorporating input
from multiple experts. The code automatically identifies the most influential risks, selects
effective and sustainable strategies, formalizes comprehensive risk management procedures,
and prioritizes targeted interventions. Our approach enhances visual clarity by graphically
illustrating the relationships among the most influential risks, supporting more informed
decision-making. At the same time, a versatile validation procedure is offered in various
input scenarios, confirming the reliability of the developed code that is ready to be applied
in various industrial sectors.
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1 Introduction and objectives of research

The automotive sector plays a key role in shaping sustainability trends by leading the design,
production, and distribution of energy-efficient and automated vehicles (Atkinson 2020;
Martin et al. 2020). The industry is undergoing major changes, driven by sustainable mobility
companies and technologies that enable low-impact vehicle production (Lamp6n and Mufioz-
Dueiias 2023). In response to growing pressure to cut emissions and use sustainable materials,
the sector is adopting technologies to improve fuel efficiency and reduce environmental
impact. This shift is driving demand for electric and hybrid vehicles, with sustainability
encouraging innovation, strengthening competitiveness, and supporting economic growth.

The rise in vehicle production and sales has increased demand for automotive paint shops,
which are fundamental to the modern and automated automotive industry (Bysko et al.
2020) providing vehicles with their final appearance and protective coating. These facilities
advance vehicle quality and durability within a sustainable value chain. Automotive paint
shops employ specialized equipment and materials to improve both aesthetics and resistance
to weather and wear, focusing on car coating procedures (Sanz et al. 2021), curing ovens, and
critical factors like surface resilience and anti-corrosion measures, paint consumption, and
environmental impact. Sustainable risk assessment is critical, prioritizing worker safety and
environmental responsibility (Abotbol et al. 2022). A comprehensive risk assessment serves
to identify potential hazards and proactively implement preventive measures (Einabadi et al.
2023), thus mitigating the likelihood of accidents, incidents, and environmental harm. This
approach simultaneously improves reputation and brand image while driving improvements
in profitability. Focusing on sustainable practices allows automotive paint shops to maintain
long-term performance and operate in a way that reflects social and environmental responsi-
bility. A central emphasis should be placed on comprehending the complex network of risks
inherent in essential processes such as spray-painting, baking, and drying, with the ultimate
objective of pinpointing knowledge gaps while concurrently fortifying sustainability and
operational efficiency in automotive paint shop operations (Cavalcante et al. 2023). In auto-
motive paint shops, risks are often interconnected, highlighting the need for comprehensive
assessments that address their interconnected nature (Mwai et al. 2023). For example, insuf-
ficient training or protocol breaches can magnify the hazards associated with using specific
chemicals and materials during the painting process, impacting the well-being of workers
and the environment. Poor ventilation and a lack of proper protective gear put workers’
health and safety at risk and increase the chances of environmental pollution. Furthermore,
factors such as maintaining equipment (Theissler et al. 2021), having clear emergency pro-
cedures, and adequately handling waste play a major role in the overall risk management of
the paint shop. A holistic strategy is essential to manage these interrelated risks and promote
sustainable industrial practices.

This paper substantially extends the findings of our prior conference contribution
(Carpitella et al. 2024), where we explored the applicability of the Fuzzy DEcision MAking
Trial and Evaluation Laboratory (Fuzzy DEMATEL) method in uncertain industrial contexts
with a focus on sustainability. This research also builds on conceptual results developed in
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Carpitella et al. (2023), where causal relationships among a spectrum of risks identified for
an Italian automotive paint shop were analyzed. In the present paper, we considerably extend
the analysis by incorporating input from multiple experts, aggregating their judgment, and
developing a flexible Python tool for robust risk management in this sector. The key improve-
ments implemented in the current work with respect to our previous studies are summarized
next.

e Tailored adaptability: our code is designed to adapt easily to specific business con-
texts, allowing companies to customize the data collection process by engaging multiple
experts. This approach captures a broader range of perspectives and expertise, reducing
individual bias and leading to more robust and well-rounded risk assessments, something
that significantly enriches the whole risk management process.

o Influential risk identification: the code effectively identifies the most influential risks and
distinguishes their roles as either “causes” or “effects”. This distinction provides valuable
insights into the underlying structure of risk interactions, enabling decision-makers to
prioritize root causes and design more targeted and effective strategies for mitigating or
reducing their impact.

e Formalized risk strategies: the tool formalizes potential strategies for each identified risk,
enabling companies to prioritize interventions in a structured and transparent way. This
approach supports alignment with budgetary constraints while promoting sustainable
and responsible operational decisions, with the goal of improving both risk resilience
and long-term performance.

e Visual clarity: the code provides a clear visualization of results by mapping the inter-
dependencies between the most significant risks and related factors. It allows users to
dynamically select the number of top-priority risks to analyze, with the graph automati-
cally updating the connections to reflect these choices. This flexibility helps users focus
on the most critical areas while maintaining a comprehensive view of the overall risk
landscape.

e Versatile validation: the code’s robustness has been validated using varied input data,
including matrices of different sizes and levels of expert involvement. We also imple-
mented a sensitivity analysis to assess the impact of input variations on the results. This
validation confirms the reliability of our approach, supporting its applicability across a
range of industrial sectors beyond the automotive domain.

This paper is structured as follows. The research begins with a comprehensive and updated
review of the existing literature in Sect. 2, analyzing existing research and theoretical frame-
works on sustainable risk assessment in the field. In Sect. 3, we outline the Fuzzy DEMATEL
method, describe its integration within the developed code, and highlight the novelties and
improvements proposed here. The process is applied to an Italian automotive paint industrial
company upon completing input data collection and formalization of risk management strate-
gies. The results are demonstrated and discussed in Sect. 4, which validates the procedure
and confirms its applicability to a vast range of processes and companies. Conclusions are
provided in Sect. 5, where we summarize the essential findings and draw directions for future
research on sustainable risk management in uncertain contexts.
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2 Literature review
2.1 Sustainable technologies in automotive paint shops

The automotive industry is actively involved in minimizing its environmental footprint, spe-
cializing in the ecological implications of automotive paint shops. Given the energy- and
material-intensive nature of these shops, the industry has prioritized strategies to reduce
their environmental impact through eco-friendly technologies and practices (Carpitella et al.
2022). With this regard, Duarte et al. (2020) analyze a decade of sustainable technologies in
paint shops, focusing on paint composition, environmental effects, and responsible material
usage. Bysko et al. (2020) propose Industry 4.0-based solutions to optimize paint shop oper-
ations, including virtual engineering and control systems. Conducted in partnership with a
German car manufacturer and industrial collaborators, the research addresses the frequent
need to change painting guns, for which the authors propose heuristics and innovative buffer
systems, with broader implications for advancing automotive manufacturing practices.

As emphasized by Sanz et al. (2021), incorporating intelligent and automated Artifi-
cial Intelligence (Al) solutions is recommended to optimize maintenance processes within
automotive paint shops. The authors propose a holistic approach that employs Industry 4.0
principles to enhance the efficiency of various complex operations within an automotive
paint shop, including painting, drying, and curing. Ammar et al. (2022) stress that integrat-
ing the Internet of Things (IoT) technology with innovative materials is a pervasive trend in
the automotive industry, as both technologies offer versatile applications to address various
challenges and promote innovation. With this perspective, integrating intelligent materials
into automotive paint shops can significantly enhance sustainability, thanks to their excep-
tional properties designed for this purpose. Similarly, progress in nanotechnology is driving
the development of smart coatings across various sectors, enabling real-time monitoring, flex-
ible electronics, and Al-driven sensing (Pillai et al. 2025). These innovations are reshaping
industries and reinforcing the role of coatings in promoting sustainability and digital inter-
activity (Yelwa and Musa 2024). As the sector is expected to move towards greater energy
efficiency and implementation of more streamlined maintenance procedures, these changes
can collectively contribute to a sustainable paradigm within automotive manufacturing.

Opritescu et al. (2019) introduce optimization models for production and logistics that
support sustainability goals, with potential application in automotive paint shop operations.
The developed approach improves efficiency by optimizing machine use, managing disrup-
tions, and minimizing resource waste, while also promoting collaboration with suppliers to
reinforce environmentally responsible practices.

2.2 Focus on the optimization of paint processes

Improving energy efficiency is crucial for enhancing sustainability in automotive paint shops.
Giampieri et al. (2020) provide a comprehensive review of energy consumption across auto-
motive manufacturing processes, including stamping, welding, painting, and assembly. They
highlight the environmental and economic need to reduce energy use, focusing on the role of
technology, materials, and planning in achieving efficiency. In a following study, Giampieri
et al. (2022) analyze air management systems as critical attributes of the energy-intensive
nature of automotive paint shops, with a specific focus on those supplying air to paint booths.
These systems are fundamental for maintaining control of temperature and humidity to ensure
paint quality. The authors lead a techno-economic evaluation of integrating liquid desiccant
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technology , demonstrating potential for improving climate control efficiency across varying
environmental conditions.

A relevant challenge faced by automotive paint shops is implementing practices that
improve operations while reducing energy costs and environmental impact (Granadero et al.
2023). Complementing this, Fanetal. (2022) emphasize that sustainable strategies for process
control are key to enhancing paint application quality, especially within automated systems.
In parallel, the environmental burden posed by paint waste remains a major concern in auto-
motive paint shops. Salihoglu and Salihoglu (2016) explore the formation, characteristics,
and handling of paint sludge, which is a hazardous byproduct of the painting process, by
highlighting the need for innovative and sustainable disposal methods. Factors such as paint
type, application techniques, and chemical additives influence sludge properties. Opportuni-
ties for recycling, such as reusing sludge in paint formulations, are also being investigated
(Giiven et al. 2017). Nair et al. (2021) discuss how the paint manufacturing industries gen-
erate wastewater with high chemical oxygen demand, turbidity, organic matter, suspended
solids, and heavy metals, which inflict significant environmental harm. The responsible treat-
ment of this wastewater before its release into natural water sources is crucial for aligning
with the existing standards. The authors offer an overview of the current treatment technolo-
gies, emphasizing advanced oxidation processes and hybrid chemical-biological methods as
promising solutions for reducing toxicity and minimizing sludge production.

2.3 Integrated structure of risk elements and tools for informed decision-making

Automotive paint shops are complex and hazardous workplaces that require strict risk
management measures to protect workers, the environment, and product quality. Painting
operations come with multiple hazards including exposure to toxic substances, potential on-
site accidents, and system failures that can compromise both safety and output. For example,
paint removal from metal surfaces during vehicle repair generates hazardous particles, par-
ticularly during surface preparation before repainting or remodeling (Mwai et al. 2023). The
integration of robotic systems into the painting process further introduces safety concerns,
requiring maintenance and monitoring to prevent malfunctions and accidents. As emphasized
by Andronas et al. (2023), these risks can be substantially reduced through rigorous training,
maintenance, and robust safety monitoring. Moreover, interrelated risks can trigger cascading
failures that impact both safety and quality. Fan et al. (2022) discuss problems in quality con-
trol caused by poor monitoring and lack of regular maintenance during the painting process.
The study focuses on First Time Quality (FTQ), which shows the percentage of vehicles
painted correctly the first time, without needing adjustments. Their recommendations for
enhancing FTQ refer to process optimization, elevated training for paint shop personnel,
and improved quality control procedures. It is essential to recognize that rework, driven by
quality control issues, can disrupt production schedules and introduce potential safety risks if
workers are compelled to rush through tasks. A comprehensive risk management framework
is therefore essential to address the interconnected nature of risks in automotive paint shops
(Lo et al. 2019; Thekdi and Aven 2019).

Risk assessment across different industries often relies on Multi-Criteria Decision-Making
(MCDM) methods (Alaggio et al. 2025; Carpitella et al. 2021; Benitez et al. 2018; Carpitella
et al. 2016). These methods help decision-makers evaluate several factors and determine
how much weight each should carry in the final decision. Among MCDM methods, Fuzzy
DEMATEL has recently gained significant attention as a technique capable of enhanc-
ing decision-making transparency and objectivity. Fuzzy DEMATEL integrates fuzzy logic
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with causal modeling to address the ambiguity inherent in expert judgments, especially in
complex decision-making environments with implications for sustainability (Alam et al.
2025). By translating vague input into structured relationships among factors, it enhances
the clarity of cause-effect dynamics and supports more robust and informed conclusions for
enhancing organizational performance under uncertainty (Nicula and Constantinescu 2024).
Decision-makers can pinpoint the most influential aspects of the overall evaluation process,
enabling more efficient resource allocation and a comprehensive understanding of risk prop-
agation (Wang et al. 2021). Prioritizing critical factors and analyzing their interrelationships
empowers decision-makers to craft superior risk management strategies (Khatun et al. 2023),
expressing the uncertainty included in the whole risk assessment process (Xu et al. 2023),
an aspect that helps improve workplace safety and efficiency.

Building on these strengths, we apply the Fuzzy DEMATEL method in a real-world
case study of an automotive paint shop. The company is currently working to improve its
approach to identifying and managing risks, intending to create a safer and more efficient work
environment. Our tool will help prioritize key risk factors in the paint shop and guide resource
allocation, providing the company with a structured approach to operational improvement
and workplace safety.

3 Proposed methodological approach

The proposed methodological approach is to develop a versatile Python code incorporating
computational analyses based on the Fuzzy DEMATEL method. This code offers several
practical advantages.

o Flexibility: it imposes no limitations on the number of experts or factors, in our case,
risks, that can be included in the analysis. This adaptability renders it suitable for a broad
spectrum of business processes.

e User-friendly data input: the data input process is straightforward.

e Customizable results: it generates and visually presents results concerning the most crit-
ical factors, allowing users to make decisions on the representation of interconnections’
intensity.

e Versatility: the code accommodates various cases and scenarios with minimal adjust-
ments, primarily by updating the input file. This adaptability makes it a valuable tool
across diverse industries, as seen throughout the validation procedure.

It is worth highlighting that the methodology explicitly accounts for uncertainty and vari-
ability in expert input. The fuzzy logic integrated into the Fuzzy DEMATEL approach enables
us to translate subjective linguistic judgments into Triangular Fuzzy Numbers (TFNs), which
are then aggregated across experts. This not only captures the potential disagreement or vari-
ability among expert assessments but also preserves the richness of differing opinions without
forcing consensus, contributing to a more robust and transparent decision-making process.
Figure 1 summarizes the overall methodological approach adopted in this study.

3.1 Fuzzy DEMATEL description

Identifying the decision-making factors is the basis for the following application. In other
words, the n factors pertinent to the system under examination, typically called criteria or
decision-making elements, must be formalized and listed.
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Fuzzy DEMATEL description

1. Collect expert 2. Transform to 3. Aggregate 4. Normalize fuzzy| | 5. Calculate total 6. Defuzzify and 7. Create cause-
matrices FDR matrices expert input matrix relation matrix apply threshold effect diagram
Experts assess Convert linguistic Aggregate FDR Scale the fuzzy Compute fuzzy Use CFSC to obtain| | Plot prominence
pairwise relations | | terms into fuzzy matrices via matrix to ensure total relation crisp matrix and and relation to
using linguistic numbers for each (weighted) mathematical matrix expressing | | remove weak links| | show influence
terms expert arithmetic avg convergence overall influence structure

i \// / ” / ] / I
1. Import and load 2. Convert and 3. Normalize fuzzy 4. Calculate total 5. Defuzzify and 6. Plot and display
input file aggregate TFNs matrix relation matrix apply threshold results
Read .csv file with Map linguistic Generate direct- Compute fuzzy Use CFSC to obtain Show graph, cause/
expert judgments terms to TFNs and relation matrices total relation crisp matrix and effect classification,
and initialize the compute the and print the result matrix expressing remove weak links and final ranking
variables aggregation overall influence

Python code development and proposed advances

Fig. 1 Methodological approach

This procedure also includes determining whether a single decision-maker or a group of K
experts will participate in the evaluation process. A comprehensive description of the Fuzzy
DEMATEL methodology is provided in Carpitella et al. (2023). For the paper’s readability,
we summarize the description here.

1. Collecting pairwise comparison matrices from the involved expert(s). During this step,
each expert in the decision-making panel provides a linguistic evaluation of the strength
of the relationship between every pair of decision-making factors. These relationships
are conventionally collected in a pairwise comparison matrix. To quantitatively represent
factor interactions, linguistic evaluations can be translated to TEN, z = (I, m, u),l <
m < u € [0,1]. In this study, the triplet (0, 0, 0.25) denotes no interaction (NO);
(0, 0.25, 0.5) refers to very low interaction (VL); (0.25, 0.5, 0.75) implies low interac-
tion (L); (0.5, 0.75, 1) means high interaction (H); and (0.75, 1, 1) represents very high
interaction (VH).

2. Converting pairwise comparison matrices into Fuzzy Direct-Relation (FDR) matrices
for the K experts involved. Based on the pre-established scale, each expert’s pairwise
comparison matrix is subsequently translated into a so-called FDR matrix, with each
element representing the assigned TFN. Let’s call Z® the FDR matrix for the kth expert.
The entries of this matrix are Zi(f) = (ll.(f), ml(f) , ul(f) ); observe that fo) = (0,0, 0) for
i=1,2,...,n.

3. Aggregation of the experts’ FDR matrices. The matrices are then combined using a
specific aggregation method, including applying weights. In this case, we use the arith-
metic average without assigning different weights to individual experts. Let us call V4
the resulting combined FDR matrix, with elements z;; = (/;;, m;;, u;;). The aggregated
FDR matrix can be considered as a triplet of matrices, namely L, M, U, each one corre-
sponding to the three numbers defining the TFN.
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4. Normalization of the fuzzy direct-relation matrix. Matrix Z is then normalized by dividing
it by

n n

7 = max { max E ujj, max E uij ¢, 1<i,j<n (1)
ij i i I
j= i=

The normalized FDR matrix will be called X , which is also a three-layer matrix with
components, X;, X,,, X, corresponding to the lower, medium, and upper elements of
the TFN.

5. Determining the fuzzy total relation matrix. In the crisp DEMATEL method, once the
direct relation matrix X has been defined, the total relation matrix 7 is calculated by
summing up the series 7 = Y o7 | X" The normalization step ensures that the series
is convergent. It can be easily proved that this series converges to X (I — X)~!, I being
the identity matrix.

In fuzzy DEMATEL instead, this calculation is carried out individually for each element
of the TFN in the FDR matrix X, using the binary operator @, giving the FTR:

T = Z(X@XZ@...@X“’). )

Again, the normalization process ensures that all three related series corresponding to
X1, Xm, X, converge. As a result, the fuzzy total relationship matrix 7 can be expressed
as the triplet of matrices

7= X;(I - X))~ 3)
T = Xl — X)) ™15 )
Ty = Xu(I — X)) ®)

6. Achieving the crisp total-relation matrix. The fuzzy values in T are now transformed
into crisp values. This step can be carried out using a defuzzification method available
in existing studies. Here we use the Converting Fuzzy Data into Crisp Scores (CFSC)
approach proposed by Opricovic and Tzeng (2003). This algorithm is applied to derive
a crisp total-relation matrix, denoted as 7. However, to filter out negligible relations,
it is necessary to establish an appropriate threshold. This threshold is usually set by
calculating the average of all the elements in the matrix 7.

7. Elaborating the cause-effect diagram. The causal relationship diagram is derived from
matrix 7" (with values below the specified threshold disregarded) by summing its rows
(D) and its columns (R). The importance of (D -+ R) and (D — R), respectively, represents
the comprehensive significance of element i within the system (prominence) and its net
impact due to component i (relation). The causal relationship diagram is then created by
plotting (D + R) on the horizontal axis and (D — R) on the vertical axis. This coordinate
system positions each factor, illustrating its interactions within the space defined by
(D+R,D—R).

3.2 Python code development and proposed advances

In this subsection, we link the development of our code with the steps previously explained
in Sect. 3.1 by also discussing the practical improvements we propose within the traditional
framework of the Fuzzy DEMATEL method. The complete Python code along with the
sample dataset is publicly available on GitHub at the following link.
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1. Upon identifying the n factors and forming the panel of experts, linguistic evaluations of
influence are collected and synthesized in a single, specifically structured.csv file. After
importing the necessary Python packages for execution, the input file can be opened
by accessing its location. Variables representing the number of factors and experts are
created. If only one expert is involved, the corresponding variable will have a value of 1.
The tabular structure of the data is first printed in the console.

2. Linguistic variables are associated with and translated to TFN using the same scale
mentioned at point 2 of the Fuzzy DEMATEL procedure. Subsequently, we construct
three-dimensional arrays representing lower, medium, and upper values and perform
appropriate aggregations using the arithmetic mean. It is important to note that our pro-
cedure assigns equal weight to all the participating experts. In other words, each expert’s
evaluation is considered to carry an equal level of importance, and they are treated as
having a uniform level of expertise and credibility within the context of the problem being
analyzed. However, adding different weights to the experts can be done straightforwardly.
Of course, if the evaluation procedure involves only one expert, the aggregation process
will naturally result in translating the original matrix.

3. Direct-relation matrices are generated by normalizing matrices representing lower,
medium, and upper values. The result of this normalization is printed in the console.
This happens in almost all the steps of this process, and the user can, of course, inhibit
the printing.

4. The fuzzy total-relation matrix is obtained using the corresponding mathematical proce-
dure described at point 5 of Sect. 3.1.

5. The CFSC algorithm is implemented to carry out defuzzification. Following that, the
code enables us to obtain the final crisp total relation matrix, free of negligible effects.

6. The directed diagram is finally obtained. To mitigate any potential confusion caused
by the numerous interconnections represented by arrows, especially in scenarios with
a high degree of interconnected factors, we provide the option to display connections
for a predefined set of the most significant factors. Determining the number of factors
to be included is left to the company’s discretion. This choice can be easily specified in
the code. We demonstrate this by filtering the display of connections for the three most
relevant factors. However, it is essential to emphasize that this number is customizable.
This enhancement goes beyond traditional representations, as it permits comparisons
between a fully interconnected graph and one in which connections are filtered based on
the significance of the analyzed factors. Consequently, visually assessing the strength of
connections associated with critical elements becomes much simpler.

The final results can be easily displayed in the console. This functionality offers an
immediate overview of factor rankings, their corresponding Prominence values ordered in
a decreasing way, their related Relation values, and, importantly, the identification of the
nature of each factor, categorizing them as either “cause” or “effect”. This will be crucial for
guiding decisions regarding the subsequent management strategies.

4 Case study of an Italian automotive paint shop
4.1 Problem setting and code execution

This case study involves an Italian automotive paint shop focused on executing a full auto-
painting cycle from vehicle acceptance to delivery. The company’s core objective is to
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seamlessly execute the auto-painting work cycle, from the initial acceptance phase to the
final vehicle delivery. This work cycle is systematically divided into the following steps:
acceptance, preparation, cabin painting, finishing, and delivery. These phases are executed
by specialized equipment and trained personnel.

In each work cycle phase, the activities are closely associated with well-defined tasks,
each demanding specialized skills, equipment, and specific materials. This often entails the
engagement of multiple workers, each of whom has undergone precise training for their
roles. In this context, the ability to effectively coordinate and communicate within this work-
force is crucial, ensuring the smooth, efficient, and productive execution of the tasks. The
core component, a CE-marked painting booth, includes ventilation and temperature-resistant
materials, maintained per manufacturer guidelines to ensure safety and quality. Ongoing care
and correct use of the booth play a vital role in keeping the facility running smoothly and in
delivering high-quality paint finishes. Table 1 presents the risks associated with the painting
booth we developed in our previous work (Carpitella et al. 2023). In the present paper, we
formalize a set of risk management strategies (Table 2) for each of these risks, which were
absent in our previous research, elaborated using several brainstorming sessions with the
company’s management staff.

Before running our Python code, we establish relationships among these risks to identify
the risks that may likely trigger all other risks. During brainstorming sessions, we collected
the data needed for practical application with three experts (K = 3): the safety and security
system administrator, the maintenance system manager, and the quality management system
manager. The linguistic assessments shown in Tables 3, 4, and 5 were converted into triangular
fuzzy numbers using the scale outlined in Step 1 of Sect. 3.1. The resulting crisp total-relation
matrices are displayed in Tables 6 and 7. In this analysis, we apply a threshold value as
described in Step 6 of Sect.3.1, setting it at 0.137. Any value in the crisp total-relation
matrix below this threshold is replaced with zero, indicating that the corresponding causal
connection is excluded from consideration. Table 8 provides the final output when running
the Python code, and the causal relationship diagram is shown in Fig. 2. In this study, we
have connected the three most prominent risks in the graph. However, this selection is fully
flexible and can be customized as outlined in point 6 of Sect. 3.2.

According to the performed analysis, risks Rg (skin exposure to paint and solvents), Rg
(eye and face injuries), Rj4 (equipment malfunction), Ry, (suspected polluted area), Ri3
(chemical spills and leaks), and R;7 (improper disposal of hazardous waste) are the mainly
influential risks involved in the painting process.

4.2 Discussion of results

The obtained solution broadly confirms the results obtained in Carpitella et al. (2023), but
presents some changes in the order of risks as we herein integrated three experts differently
from the previous study, where just the first expert was involved. Involving multiple experts
throughout the initial stage of input data collection is crucial, as this approach brings broader
insights while reducing biases and making the findings more reliable. Different perspectives
help uncover hidden details and ensure a more well-rounded assessment to promote fair
decision-making, which is especially important in complex areas like risk evaluation, as seen
in this study. Moreover, the integration of fuzzy logic facilitates a meaningful interpretation of
expert disagreement, which is particularly relevant in complex operational environments like
automotive paint shops. By translating qualitative inputs into fuzzy numbers and aggregating
them without enforcing strict unanimity, the approach allows us to recognize and preserve
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Table 1 Risks linked to tasks performed inside the cabin booth reported in Carpitella et al. (2023)

Risk

Description

Rj: Inhalation of toxic sub-
stances

R;: Fire and explosion

R3: Slips, trips, and falls

R4: Exposure to hazardous
substances

Rs: Electrocution

Rg: Inadequate ventilation
R7: Noise pollution

Rg: Eye and face injuries

Ry: Skin exposure to paint and
solvents

Rg: Electrical malfunctions
Ry1: Ergonomic hazards

Ry2: Suspected polluted area
Ry3: Chemical spills and leaks
Ri4: Equipment malfunction
Ry5: Manual handling

Ri4: Physical agents

Ry7: Improper waste disposal

Chemicals and fumes can cause respiratory issues and other health
problems when inhaled

Heat and flammable substances may lead to fire or explosions if not
properly managed

Spills and machinery operation in the booth increase the risk of
slips, trips, and falls

Paints, solvents, or cleaning chemicals can cause skin irritation,
burns, or health issues

Using electrical equipment near flammable materials raises the risk
of electrocution

Poor ventilation may lead to the buildup of pollutants and cause
respiratory problems

Operating machinery noise in the booth can be excessive and lead
to hearing loss

Paint overspray or airborne particles from spray guns may cause
injuries to the eyes or face

Contact with paints, stuccos, or solvents can result in irritation,
allergic reactions, or burns

Equipment failures or breakdowns may cause accidents or worker
injuries

Repetitive motions or poor posture can cause strain and long-term
physical injuries

Fumes may accumulate with risk of toxic exposure or suffocation
without airflow or training

Leaks or spills of paint/solvents can make floors slippery and
expose to harmful substances

Malfunctions of tools or machines in the booth can lead to
accidents or injuries

Lifting or moving heavy parts manually may lead to physical stress
or joint injuries

UV light during paint curing may cause eye damage, skin irritation,
or increase cancer risk

Improper disposal of items like used rags or filters may harm
environment and health

differences in expert opinion. This contributes to a more nuanced and realistic interpretation
of the results, especially when identifying critical risks and assigning appropriate levels of
priority.

From a practical perspective, these findings underscore the need for managers to prior-
itize mitigating risks associated with skin exposure to paint and solvents and eye and face
injuries. This priority should manifest itself in the rapid implementation of strategies out-
lined in Table 2. This entails enhancing workstations with advanced local ventilation systems
designed to effectively capture and eliminate airborne paint particles and solvent fumes at
their source, thereby minimizing the risk of skin exposure to these substances. Moreover,
it is imperative to enforce a stringent policy mandating all employees to consistently wear
suitable PPE when working with or near hazardous materials, tools, or equipment. Alongside
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Table 2 Suitable risk management strategies elaborated via brainstorming with the company management

Risk

Risk management strategies

Rj: Inhalation of toxic sub-

stances

R;: Fire and explosion

R3: Slips, trips, and falls

Ry: Exposure to hazardous

substances

Rs: Electrocution

Rg: Inadequate ventilation

R7: Noise pollution

Rg: Eye and face injuries

Rg: Skin exposure to paint and

solvents

Rjg: Electrical malfunctions

Ry1: Ergonomic hazards

R;: Suspected polluted area

R13: Chemical spills and leaks

R4: Equipment malfunction

R;5: Manual handling

Optimizing the local exhaust ventilation system to capture and
remove toxic fumes directly at their source, such as paint booths
and areas where solvents are used

Installing an updated automatic fire suppression system throughout
the automotive paint shop to promptly detect and respond to fires
at their early stages

Installing non-slip flooring throughout the automotive paint shop to
reduce the risk of slips, trips, and falls. This provides better
traction, improving workplace safety

Enforcing strict protocols for the consistent use of appropriate
Personal Protective Equipment (PPE) such as respirators, gloves,
and coveralls, protecting workers from exposures

Implementing a rigorous program for the regular inspection and
maintenance of all electrical equipment and wiring in the
automotive paint shop

Upgrading the existing ventilation system in the automotive paint
shop to ensure it meets or exceeds recommended standards,
reducing the risk of inadequate ventilation

Implementing noise-reducing engineering controls such as acoustic
barriers, sound-absorbing materials, and acoustic enclosures
around noisy equipment in the automotive paint shop

Enforcing a strict policy requiring all employees to wear
appropriate eye and face protection whenever they are working
with or close to hazardous materials, tools, or equipment

Upgrading workstations to include improved local ventilation
systems, designed to capture and remove airborne paint particles
and solvent fumes at the source

Performing a comprehensive arc flash hazard assessment for the
automotive paint shop, implementing mitigation measures such
as appropriate protective gear and work practices

Redesigning workstations in the facility to be more ergonomic,
considering factors such as proper lighting, tool placement, and
worker posture, and providing ergonomic training

Implementing a proactive environmental monitoring program to

regularly assess the air and water quality, as well as soil
conditions in and around the automotive paint shop

Developing a comprehensive response plan with proper chemical
storage, containment measures, employee training, and
well-defined reporting protocols

Integrating remote equipment monitoring and diagnostic systems
continuously monitoring performance, detecting anomalies, and
providing real-time data to maintenance teams

Providing ergonomic training to employees and implementing a job
rotation system allowing to switch between tasks that involve
manual handling and less physically demanding tasks
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Table 2 continued

Risk Risk management strategies

Ri¢: Physical agents Designing and implementing enclosed UV curing stations for the
paint curing process, ensuring that UV radiation is contained and
not directly exposed to workers

Ry7: Improper waste disposal Ensuring employees are trained on proper waste handling,
segregation, labeling, and disposal practices in compliance with
environmental regulations
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Fig.2 Causal relationship diagram

this, comprehensive training and education programs should be provided to ensure workers
are well-versed in the specific safety procedures within the workspace. Regarding the utiliza-
tion of PPE, the company diligently adheres to the guidelines outlined in the current Italian
legislative decree known as “Testo Unico sulla Salute e Sicurezza sul Lavoro” (Legisla-
tive Decree No. 81 2008). This commitment extends to the comprehensive management of
appropriate PPE, encompassing third-category PPE. Third-category PPE refers to specialized
equipment that protects workers from a broad spectrum of potential hazards. Notable exam-
ples of third-category PPE include respiratory protection devices, protective garments with
high-level safeguards, personal fall protection gear, chemical-resistant attire, and protective
gloves and boots engineered to withstand high temperatures and sharp objects. These forms
of PPE are pivotal in shielding workers from hazardous substances, equipment, and work
conditions. They are instrumental in fostering a secure work environment while mitigating
the risk of occupational injuries and illnesses. By employing third-category PPE alongside
comprehensive training, the company not only underscores its dedication to employee safety
but also actively contributes to creating a safer workplace.

To further enhance workplace safety, it is advisable to take measures that prevent or mit-
igate the risk of equipment malfunction. A prudent step is to incorporate remote equipment
monitoring and diagnostic systems for critical machinery within the facility. Additionally,
the company conducts routine maintenance on the painting booth, strictly adhering to user
and maintenance manuals. This practice ensures proper and efficient booth operation and
complies with fire safety regulations. Moreover, regular maintenance prolongs the operating
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Table 4 Linguistic evaluations provided by the responsible of the maintenance system
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;?:rlr?iierll)citi;lflfer:e sorted by Risk Prominence Relation Nature
Ry 7.757 0.193 Cause
Rg 7.708 0.237 Cause
Ry 7.219 0.048 Cause
Ri2 6.967 0.130 Cause
R;3 6.879 —0.389 Effect
Ry7 6.782 —0.094 Effect
Ris 6.592 —0.252 Effect
Ryo 6.490 0.737 Cause
R4 6.477 —-0.214 Effect
Ry 6.366 —0.026 Effect
Rg 6.364 —0.188 Effect
Ry 6.227 0.590 Cause
Ri6 6.206 —0.022 Effect
Rs 5.936 0.419 Cause
R3 5.666 —0.412 Effect
Ry 5.388 —0.368 Effect
Ry 4.680 —0.389 Effect

lifespan of the booth, reducing the need for costly repairs or replacements. By meticulously
following the maintenance manual’s guidelines, the company demonstrates a steadfast com-
mitment to safeguarding the well-being of its workforce while simultaneously striving to
minimize the potential for occupational injuries and illnesses. Furthermore, proper storage
and handling protocols can effectively manage the risk of chemical spills and leaks. These
procedures, coupled with specialized training on emergency response, including periodic
simulation exercises, contribute significantly to overall safety and preparedness within the
workplace. Finally, prudent disposal of hazardous waste is crucial to reduce environmental
contamination and safeguard the well-being of both employees and the broader community.
To effectively mitigate this risk, management must optimize well-defined waste disposal
protocols by ensuring employees are trained on proper waste handling, segregation, labeling,
and disposal practices in compliance with environmental regulations.

In summary, emphasizing identifying and mitigating these prevalent risks is a corner-
stone for diminishing potential health and safety threats linked to the painting process. This
proactive approach contributes to creating a secure workspace for employees and signifi-
cantly reduces the risk of environmental harm. In such a direction, the company proactively
addresses the most conspicuous risks inherent in the painting process, aligning with the
comprehensive analysis conducted.

4.3 Validation

We will now validate our code using input data from a Fuzzy DEMATEL-based applica-
tion available in the literature. Specifically, we refer to the study conducted by Celik and
Arslankaya (2023), where the authors employed this methodology to identify seven critical
quality control criteria in the glass industry, herein identified as Ky, ..., K7. The input matrix
of linguistic evaluations is displayed in Table 9. It is important to note that the same TFN
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Table9 Criteria comparison with

K K K K. K K, K
linguistic expressions as in our ! 2 3 4 > 6 7
Table 3 (Ce]lk and Arslankaya Kl NO H VH H VH L L
2023
) K> VL NO VL L VL NO VL
K3 NO H NO H L VL L
K4 VL L VL NO L VL VL
Ks NO H L L NO VL L
Ke¢ L H H H H NO L
Ky L H L H L L NO
Table.10 Data-frame sorted b},/ Criterion Prominence Relation Nature
prominence values corresponding
to Table 8 in Cehk and K7 2.553 0.340 Cause
Arslankaya (2023)
K4 2.529 —0.677 Effect
Ks 2451 —0.315 Effect
K 2.442 0.962 Cause
K> 2.428 —0.948 Effect
K3 2.425 —0.142 Effect
K¢ 2414 0.781 Cause

used in our present study was also employed in Celik and Arslankaya (2023). Table 10 shows
the final results through our code, confirming its validity in solving general problems.

While there are slight numerical differences compared to the values of Table 10 and
those presented in Table 8 in Celik and Arslankaya (2023), it is worth mentioning that this
is natural as the authors utilized the Best Nonfuzzy Performance Value (BNP) method for
defuzzification, whereas our code applies the CFSC algorithm. Nevertheless, from a practical
perspective, results provided in Table 10 identically align with those achieved in Celik and
Arslankaya (2023) before their weighting procedure. For completeness, we show the graph
with connections from the three most prominent factors, namely K7, K4, and Ks, in Fig. 3.

To further reinforce the validation of the proposed methodology, we conducted a sensitivity
analysis by systematically perturbing the linguistic evaluations in the input matrix (Table 9).
The goal is to assess the robustness of the results with respect to potential variations in expert
judgment. Specifically, we introduce two hypothetical scenarios that simulate realistic shifts
in evaluation tendencies.

e In Scenario 1 (upward shift), all linguistic terms (except NO and VH) are incremented by
one level on the predefined qualitative scale. This simulates a more optimistic or assertive
interpretation of influence among factors. The transformation follows: VL becomes L,
L becomes M, M becomes H, H becomes VH, while VH remains VH and NO remains
NO.

e In Scenario 2 (downward shift), all linguistic terms (except NO and VL) are decremented
by one level, representing a more conservative or cautious expert stance. Here, VH
becomes H, H becomes M, M becomes L, L becomes VL, while VL and NO remain
unchanged.

In both scenarios, NO is explicitly left unchanged, as it represents a declared absence of
influence between two factors. Altering this value would artificially introduce dependencies
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where experts have indicated none exist, thus compromising the integrity of the input data.
These two controlled variations allow us to examine how small shifts in expert interpretation,
either more assertive or more conservative, may impact the resulting prominence and cause-
effect structure. This approach preserves the internal logic of the decision-making framework
and provides a scientifically grounded mechanism for evaluating the sensitivity of the model
to input uncertainty. The results of the sensitivity analysis are reported in Fig. 4.

These results provide valuable insight into the behavior of the model under input vari-
ability. In Scenario 1 (upward input shift), the structure of the causal relationship diagram
remains largely consistent with the original configuration, particularly in terms of the rela-
tive prominence of key factors. This stability suggests that the model is robust when faced
with a moderate upward shift in expert evaluations. The most influential elements remain
similarly ranked and spatially located on the horizontal axis, indicating that the model reli-
ably preserves the prominence hierarchy under optimistic assumptions. In contrast, Scenario
2 (downward input shift) produces more noticeable deviations, with factors shifting closer
together and some losing relative prominence. The compressed horizontal spread and altered
relative positioning of elements reflect the increased conservatism of the input. At a practi-
cal level, this may indicate the sensitivity of the system to underestimating influence levels,
which may make it more difficult to clearly identify the most influential risks, as their per-
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ceived impact becomes less distinct under more conservative evaluations. Therefore, while
Scenario 1 reinforces the stability of the methodology, Scenario 2 highlights the importance
of cautious calibration when experts provide conservative judgments. Together, these results
show that the method remains reliable under changing inputs and offers a useful way to see
how risk priorities can shift based on how experts interpret influence levels.

5 Conclusions and future lines

This study highlights the significance of risk management within the automotive paint shop
sector and underscores these facilities’ critical role in the evolving automotive industry.
We have introduced a versatile Python code, building upon the robust foundation of Fuzzy
DEMATEL, an established MCDM approach, and extending its capabilities to provide com-
panies with a flexible risk management framework.

Our approach identifies and prioritizes influential risks, facilitating the selection of effec-
tive, sustainable strategies and formalizing comprehensive risk management procedures.
Moreover, the methodology isn’t limited solely to the automotive industry; it can be read-
ily adapted to various other industrial sectors and applied to diverse problems. The results
of our study emphasize the need to address specific risks, such as skin exposure to paint
and solvents, and eye and face injuries. Swift implementation of strategies, including work-
station enhancements, stringent PPE enforcement, and comprehensive training, is crucial
to ensure workplace safety. Furthermore, incorporating remote equipment monitoring and
diagnostic systems, routine maintenance practices, and effective risk management strategies
all contribute to minimizing potential hazards. This extends to managing risks associated
with chemical spills and leaks, focusing on safety protocols and hazardous waste disposal.

In conclusion, the proactive management of these prominent risks is a cornerstone for
diminishing health and safety threats within the painting process while reducing the risk of
environmental harm. Our adaptable Python code equips businesses with a powerful tool to
enhance their risk management strategies and contribute to overall safety and well-being as
industries evolve.

This research lays the foundation for several potential developments to enhance risk man-
agement in the automotive paint shop sector. One avenue for future exploration is integrating
artificial intelligence and machine learning to automate risk assessment and decision-making
processes. Additionally, as companies increasingly embrace sustainability and environmental
responsibility, extending this research to address the environmental impact of risk manage-
ment strategies and their effectiveness in reducing the ecological footprint could be another
promising avenue for future investigation.
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