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ABSTRACT

Additive Manufacturing (AM) has been attracting attention in recent years as an innovative 
production technology that can enhance sustainability in supply chains. Offering maximum 
material utilization, this technology can reduce waste generated during production. Further-
more, its ability to produce close to the point of consumption makes it environmentally sig-
nificant. Unlike traditional techniques, it produces layer-by-layer only in the required areas. 
This enables manufacturing processes that are demand-driven, flexible, and compatible with 
circular economy principles. This study reveals the factors and obstacles that facilitate the inte-
gration of AM into sustainable supply chains. It also aims to assess three-dimensional sustain-
ability impacts. The research explored the interactions between sustainability elements using 
the ISM (Interpretive Structural Modeling)–MICMAC (Cross-Impact Matrix Multiplication 
Applied to Classification) and DEMATEL (Decision-Making Trial and Evaluation Laboratory) 
methods. The results demonstrate that AM-induced enablers play a critical role in influencing 
the sustainability of supply chains. It is also emphasized that fully realizing this potential re-
quires policy support, stakeholder collaboration, and investments in energy-efficient technol-
ogies and environmentally friendly materials. Future research is recommended to focus on the 
integration of AM with Industry 4.0 technologies and the establishment of legal and economic 
incentive mechanisms to accelerate its widespread adoption.
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INTRODUCTION

In modern manufacturing, however, economic efficien-
cy itself has ceased to be a sufficient indicator of perfor-
mance. Other dimensions, such as environmental and so-
cial sustainability of the supply chain, have taken a central 
place when designing and managing production systems. 
Herein, AM appears to be one of the most promising tech-
nologies with the potential to revolutionize not only sus-
tainable production but also supply chain management [1].

Conventional machining methods carve the parts from 
large blocks, whereas AM constructs the parts layer by lay-
er, using only the material actually needed [2]. This dras-
tically reduces waste and allows considerable efficiency in 
resource usage.

Efficiency, flexibility, and the ability to realize tai-
lor-made designs in material use are also among the key 
features of AM. This leads to supply chains that can be agile 
and responsive to demand [3]. The ability to produce close 
to the point of need reduces transportation requirements 
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and, consequently, reduces the overall carbon footprint. In 
line with the guiding principles of the circular economy, 
AM allows for materials that are recyclable. This ensures 
minimum post-production waste, therefore paving ways 
for sustainable methods of production.

Of course, large-scale use of AM in supply chains is not 
without its challenges. In particular, institutional investment 
remains at a low level, technical know-how is lacking, and 
organizational culture is resistant to change-all factors slow-
ing integration. Besides, even though AM is designed to be 
much less wasteful of material, its high energy consumption 
and limited recyclability of certain feedstock materials raise 
considerable concerns about environmental performance. 
Technology's transformative impact on traditional supply 
chains also brings critical risks around cost management, 
potential process disruptions, and scalability challenges.

The present research identifies the factors of sustainabil-
ity that need to be prioritized in implementing AM so that 
its positive impact on sustainable development can be max-
imized. We analyze the environmental, economic, and so-
cial dimensions of the impact of AM, starting from the spe-
cific factors that drive this impact. Further, we identify how 
these factors are interconnected and influence each other. 
For this purpose, 15 domain experts were involved to map 
the causal relationship among the identified factors using 
ISM and MICMAC. The developed causality map makes it 
crystal clear which underlying driver/s will most effectively 
enhance the contribution of AM towards sustainability.

The second step was to measure, using linguistic scales, 
the strength of these causal relationships by the same group 
of experts. We analyzed their judgments by the DEMATEL 
method and hence could identify the most critical factors in 
sustainability and the strength of influence of each factor on 
others. This will thus indicate where the efforts for improve-
ment must be made.

Ultimately, this research goes further than the simple 
identification of environmental benefits of AM, since it pro-
vides a wide perspective on how AM is able to redesign sup-
ply chain processes, and delivers insights that can be used 
to shape industrial strategies oriented toward sustainable 
development.

The rest of the paper is organized as follows: first, a re-
view of the literature on the intersection of sustainability 
and AM, especially within supply chain contexts, is done. 
Next, the description of the research methods, including 
justification for why ISM-MICMAC and DEMATEL have 
been chosen, will follow. Then comes the explanation of the 
implementation process, including data collection, expert 
judgments, and analytical steps. Finally, we will present in-
depth discussions based on the findings by emphasizing the 
key enablers of sustainability, their inter-relationships, and 
implications for theory and practice.

LITERATURE REVIEW

Increasing environmental concerns have motivated 
manufacturing firms to adopt new or innovative technol-
ogies that enable them to produce in an environmental-

ly sustainable manner, reducing resource consumption, 
global warming, and waste generation [4, 5]. In this in-
dustrial scenario, fostered by Industry 4.0, AM technol-
ogies play a central and revolutionary role, offering many 
economic advantages along with potential sustainabil-
ity [4–8]. AM is the process of producing objects from 
a three-dimensional model by assembling raw material 
layer by layer, without molds, tooling, or dies; this is in 
opposition to traditional methods of manufacturing [9]. 
Scientific literature on the adoption of AM finds comple-
tion in systematic reviews focusing specifically on three 
aspects of sustainability: environmental, economic, and 
social [4, 10, 11].

Research interest in the intersection of AM and SC has 
grown significantly over the past years, increasing the num-
ber of publications between 2013–2021 [10, 11]. Studies in 
this topic typically employ a systematic literature review 
methodology and conduct an extensive search in databases 
such as Scopus or Web of Science [4, 10, 12]. The identi-
fied literature reported that a high percentage of research 
was conducted in Europe - %61 and North America, while 
limited in developing countries like Africa [11]. The most 
represented academic journals on the subject are: Interna-
tional Journal of Production Economics, Journal of Man-
ufacturing Technology Management, and Additive Manu-
facturing [10, 12]. Even though most research in this area 
covers the "Make" dimension inside the SCOR framework, 
the most covered industries are aerospace, industrial goods, 
consumer goods, and automotive sectors [10, 11].

From the point of view of economic sustainability, re-
markable advantages of firms arise from AM technology. 
Unlike traditional manufacturing, it overcomes the econ-
omies of scale since, with AM, the unit cost of the product 
does not depend on the volume of production [4, 13]. The 
utilization of AM provides a potential for shorter pro-
duction times and, therefore, lower production costs and 
energy consumption [4, 14]. The decrease in processing 
waste results in positive monetary value [4, 15]. Moreover, 
the AM-based digital warehouses decrease significantly 
the cost of raw material storage and inventory [10, 16, 17]. 
Relocation of the production site closer to the customer 
reduces or totally eliminates transportation and distribu-
tion costs [4, 18]. However, due to high equipment costs 
and low machine turnaround times associated with AM, 
shifting the economies of scale currently still holds many 
challenges [19–21].

The most important benefits of AM concern envi-
ronmental sustainability. AM produces complex-shaped 
products with a minimum of material waste [16, 22]. It 
helps to improve the circular economy, which involves less 
waste and less CO₂ emissions [4, 23]. These technologies 
have many environmental benefits, such as little waste of 
raw materials, energy, and emissions during manufactur-
ing [24, 25]. Designing the whole product life cycle from 
a sustainable point of view supports this advantage [26, 
27]. Reduction of weight in particular reduces environ-
mental impact caused during the product usage phase [28, 
29]. Additionally, AM can recycle its own waste material 
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and also waste from other manufacturing techniques that 
are not AM. However, ecological balance can be affected 
negatively by the high energy requirements of some AM 
processes [30–33].

Social sustainability and supply chain resilience are in-
creasingly important issues in the AM literature. Research 
on the social impacts of AM is still limited [4]. There 
are two key issues: worker conditions and opportunities 
for localized production. While AM has the potential to 
improve workers' health by reducing exposure to harsh 
environments, hazardous materials remain a concern 
[4]. Furthermore, the potential to relocate production to 
technologically advanced countries creates instability in 
countries reliant on industrial production [4, 34]. On the 
contrary, although AM is expected to reduce labor inten-
sity and create new job opportunities [35], it also offers 
a risk of negative employment impacts [4]. On the oth-
er hand, after global disruptions like COVID-19, AM has 
again come up as a solution for supply chain resilience 
[12, 36]. AM enhances supply chain flexibility, reduces 
lead times, and decreases requirements for safety stock 
[37–40]. However, high material costs, a lack of materi-
al standardization, and energy-intensive processes hinder 
widespread adoption [11, 12, 40].

Although the impacts of AM on sustainable supply 
chains are widely discussed in the literature, the existing 
studies generally remain one-dimensional analyses and fail 
to explore the hierarchical relationships of the technologi-
cal, economic, environmental, and social enablers through 
a holistic system approach. While most explain the benefits 
of AM at a conceptual level or assess them through case 
studies of specific sectors, the interdependence structures, 
impact-degree relationships, and causal links of the drivers 
(enablers) that enable AM in sustainable supply chains have 
not yet been systematically mapped. The literature discusses 
AM's contribution to sustainability from an environmental 
or economic point of view; however, there is a remarkable 
gap with regard to prioritization of key enablers, measure-
ment of impact-dependency levels, and strategic roadmap 
developments.

In this respect, the combined use of decision analysis 
methods like ISM-MICMAC and DEMATEL offers sound 
methodological support for an approach which is funda-
mentally lacking in the literature. These methods will en-
able us to define the roles of the enablers within a hierar-
chical structure, such as drivers, dependent and linked, or 
autonomous variables of AM, in detail, and will make it 
possible to quantify the causal relationships between them 
in amplitude. Therefore, a pertinent deficit in the literature 
consists of the fact that the enabling factors allowing the 
integration of AM into sustainable supply chains have never 
been modeled in a systemic way, their relational structures 
have never been explained, and the determination of man-
agerial priorities has never been performed in an empirical 
way. It is for this reason that this study, while contributing 
to the theoretical literature in this subject area, develops 
an integrated framework for use in industrial applications, 
strategic decisions support being granted.

MATERIALS AND METHODS

In this study, the methodological framework shown in 
Figure 1 was used to identify the key sustainability factors 
that strengthen the contribution of AM practices to sustain-
ability, as well as to evaluate how the AM approach influ-
ences progress toward sustainable development.

In the first step of the proposed methodology, criteria 
for sustainability were determined by using the literature so 
that AM could be evaluated by experts. To determine the 
impact of the resulting sustainability criteria and sub-cri-
teria on AM's sustainability, it is necessary to uncover their 
hidden inter-relationship effects. In this context, in the sec-
ond step, expert opinions were obtained through a survey 
to determine the inter-relationship effects of the sub-crite-
ria and the direction of the impact. In the third step, the 
obtained expert opinions were analyzed using the ISM 
method to determine the direction of the relationships and 
impacts, and the intensity of the relationships was deter-
mined using the DEMATEL method. In the final step, the 
criteria were ranked according to the results obtained, and 
it was determined which criteria should be given the most 
importance and developed within the framework of AM's 
sustainability.

Determining the Sustainability Factors
In the first step of proposed methodology, factors driv-

en by AM and have effect of sustainability are determined. 
The impacts of AM within the framework of sustainability 
can be systematically examined under three interrelated 
dimensions: economic, environmental, and social sustain-
ability. Economically, AM contributes to cost efficiency 
through reduced material usage, minimized inventory re-
quirements, and streamlined production processes. From 
an environmental point of view, AM is highly beneficial 
in reducing material waste, enabling more energy-efficient 
processes for production, and lastly, allows the manufac-
ture of products locally, thus reducing carbon emissions. 
The social perspective sees AM fostering inclusivity, in-
creasing the ability to produce highly customized products, 
and facilitating the adoption of decentralized production 
methods that can help augment regional manufacturing 
capabilities. This is able to create new, high-skilled jobs in 
areas relating to advanced technologies. From both ecolog-
ical and social standpoints, AM is more than just a novelty 
in manufacturing; it is also a driver of sustainable industrial 
change. Figure 2 summarizes the role of AM in terms of the 
main dimensions of sustainability.

Figure 1. Proposed methodology.
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When we look at it from a sustainable manufacturing 
point of view, AM brings some clear economic benefits. 
It changes the way traditional production works and also 
opens up new job opportunities [41]. Out of the three main 
pillars of sustainability, the economic side is where its im-
pact can be seen the most. In this context, the key ways in 
which AM contributes to economic sustainability can be 
outlined as follows:
•	 Cost Reduction: AM helps cut material waste, supports 

demand-driven production that reduces the need for 
large inventories, and decreases transportation costs by 
making it possible to manufacture products closer to 
where they are needed [42].

•	 Product Innovation: AM makes it possible to produce 
complex, highly customized designs that traditional 
manufacturing methods cannot easily achieve. This de-
sign freedom opens the door to new markets and niche 
opportunities, encouraging the creation of innovative 
products.

•	 Job Creation: The widespread adoption of AM technol-
ogy increases the demand for skilled professionals in 
fields such as design, engineering, and machine oper-
ation. This contributes to the creation of employment 
opportunities in advanced manufacturing sectors, sup-
porting economic growth [42].

•	 Supply Chain Efficiency: AM facilitates the production 
of parts closer to their point of use, thereby simplify-
ing supply chains, reducing lead times, and decreasing 
dependence on offshore manufacturing, ultimately en-
hancing operational efficiency.
AM contributes to environmental sustainability through 

its resource-efficient processes and potential for emission 
reduction [43]. The environmental sustainability benefits 
of AM can be examined through the following key factors:
•	 Material Efficiency: AM minimizes waste by using only 

the exact amount of material required for the product, 
significantly reducing material waste in comparison to 
traditional manufacturing processes [44].

•	 Energy Savings: In industries such as aerospace and 
automotive, the production of lightweight components 
using AM reduces energy consumption throughout the 
product's lifecycle [45].

•	 Emission Reduction: Localized production facilitated 
by AM reduces the need for long-distance transporta-
tion, which in turn lowers greenhouse gas emissions, 
contributing to a decrease in the overall environmental 
footprint [45].

•	 Recycling and Circular Economy: AM makes it easier to 
use recycled and even biodegradable materials, which 
helps support a circular economy where materials are 
used again instead of being thrown away. This approach 
moves manufacturing closer to a more sustainable, 
closed-loop model [43].
AM has a big impact on society by helping improve 

quality of life, making technology more accessible, and sup-
porting sustainable developmen [46]. We can look at its so-
cial impact through a few main aspects:
•	 Improved Healthcare: AM makes it possible to produce 

custom medical devices like prosthetics and implants, 
which can greatly improve patient care and make im-
portant healthcare services more accessible [47, 48].

•	 Customization: AM allows efficient production of cus-
tomized solutions for many areas, like consumer goods, 
architecture, and mobility, helping meet the changing 
and varied needs of society [49].

•	 Education and Skills Development: The proliferation of 
AM technology has spurred the development of educa-
tional and training programs that equip individuals with 
the necessary skills to thrive in the future workforce, 
preparing them for emerging industry demands [50].

•	 Community Empowerment: By decentralizing manu-
facturing processes, AM empowers local communities 
to independently produce goods, thereby fostering 
self-reliance, resilience, and economic autonomy [51].

Expert Evaluations
In the proposed methodology, expert opinions were 

obtained for the determination of the sustainability effec-
tiveness of the applications. In this context, experts were 
asked to compare the sub-criteria in pairs in order to de-
termine their influence on each other. A group of experts 
with academic and professional backgrounds in the fields of 
sustainable supply chain management, logistics operations, 
and AM was called upon to assess the impact of AM on 
sustainable supply chains using established criteria through 
pairwise comparison methods. A total of 15 experts were 
engaged in the pairwise comparison of the criteria.

The academic participants are scholars in sustainability, 
supply chain management, logistics, operations manage-
ment, and AM, with a particular focus on the integration of 
emerging technologies within supply chains.

The majority of the professional participants belong to 
different industries and encompass practitioners with ex-
pertise in supply chain operation practices. The sample also 
encompasses individuals with experience related to practic-
es of AM and technological integration.

Figure 2. Sustainability dimensions of additive manufac-
turing.
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Both groups exhibited a satisfactory level of expertise 
concerning AM, sustainability principles, and sustainable 
supply chain management.

Application Steps of Proposed Methods
In this stage, ISM was used to identify relationships 

among the variables. The facilitators were then classified 
into different groups using the MICMAC analysis in the 
form of a driver-dependency diagram. The ISM method-
ology presents the variables in the form of hierarchical lev-
els of relationship. Similarly, the MICMAC method divides 
these variables into four classes of variables based on their 
driving power and dependency characteristics: autono-
mous (inactive) variables, dependent (affected) variables, 
link (both affecting and affected) variables, and indepen-
dent (affected) variables. Lastly, the DEMATEL method is 
used to analyze facilitators of sustainability on different di-
mensions. This leads to a cause-and-effect diagram showing 
the cause-and-effect relationship of factors.

The study used both ISM–MICMAC and DEMATEL 
methods. Both techniques have been considered powerful 
tools in solving complex problems that include a lot of in-
terdependent variables [52]. They can be used in investi-
gations of relationships among AM-supported sustainable 
supply chain management facilitators. The ISM–MICMAC 
method provides a hierarchical structure by investigating 
drivers and interdependencies in the facilitators. This pro-
vides a clearer view of how these facilitators that affect the 
dimensions of sustainability influence and are interlinked 
with each other. This way, the relationships can be investi-
gated in a systematic and transparent way [53].

The DEMATEL method was employed in this study to 
reveal the cause-and-effect relationships among facilita-
tors after the ISM-MICMAC step. DEMATEL generates a 
cause-and-effect diagram representing centrality and rela-
tionship among the facilitators within the system. Among 
the strengths of the method is its capability to show not 
only direct effects but also the broader, indirect effects of 
these interactions. This comprehensive perspective pro-
vides useful insights in making strong and actionable stra-
tegic recommendations.

ISM Method
The ISM is an approach that finds interrelationships 

among factors of a complex system through expert opinion. 
It is also a step-by-step process of explaining the linkages of 
a system. These factors are then systematically grouped in a 
hierarchical order. The method becomes more useful when 
there are many variables that interact, and multi-level dia-
grams make visibility and understanding of these relation-
ships easier. Basic steps in applying the ISM methodology 
are outlined as follows:
•	 Definition of the Problem and Determination of Ob-

jectives: The focus of the study and the variables to be 
analyzed are clearly defined. The boundaries and scope 
of the system under investigation are established.

•	 Identification of Variables (Elements): Key factors, vari-
ables, or elements relevant to the system are identified 
through expert input.

•	 Determination of Binary Relationships Between Vari-
ables: Experts assess the direct pairwise relationships 
between variables, typically by responding “Yes” or “No” 
to the question: “Does Variable A Influence Variable B?”

•	 Construction of the Structural Self-Interaction Matrix 
(SSIM): The experts’ evaluations are put into a matrix, 
using predefined symbols to show whether a relation-
ship exists and its direction.

•	 Development of the Reachability Matrix and Conver-
sion to a Binary Matrix: The SSIM is converted into a 
binary reachability matrix. This matrix shows the direct 
connections between the variables.

•	 Calculation of the Transitive Closure: Indirect links be-
tween variables are found and added by calculating the 
transitive closure. This way, the system shows both di-
rect and indirect influences.

•	 Level Partitioning of Variables: Variables are sorted into 
different levels. Ones that influence others the most are 
placed higher, while those that depend more on others 
are placed lower.

•	 Development of the Structural Model: The hierarchical 
relationships among variables are graphically represent-
ed, resulting in an ISM model that visually depicts the 
system’s structure.

•	 Model Review and Validation: Experts review the com-
pleted model to check its accuracy and relevance. Any 
needed changes are made based on their feedback.

MICMAC Method
MICMAC is an analytical method for the study of the 

interactions between the variables of a system based on the 
influence they exert and their dependence on the others. 
Based on an evaluation of these two dimensions, that is, 
driving power and dependence, the method classifies vari-
ables into four distinct groups [54].

The first group, driving variables, are elements that 
strongly influence others and are themselves only mini-
mally influenced. The second group, dependent variables, 
strongly influenced by other elements, themselves contrib-
ute little influence in return. The third group, called linkage 
variables, both strongly affect and are strongly affected by 
others, making them pivotal and often sensitive components 
of the system. Lastly, autonomous variables show low levels 
of both influence and dependence, indicating that they have 
little interaction with the system as a whole. The steps for 
applying the MICMAC method are described below.
•	 Identification of Variables: All relevant and significant 

variables (factors or agents) within the system under in-
vestigation are identified.

•	 Determination of Direct Interactions Among Variables: 
Utilizing expert judgments or empirical data, the direct 
influence exerted by each variable on others is assessed. 
These influences are typically quantified using a nu-
merical scale (e.g., 0: no influence, 1: weak influence, 2: 
moderate influence, 3: strong influence).

•	 Construction of the Direct Influence Matrix: The quan-
tified direct effects are organized into a matrix format, 
where each row corresponds to the influence of a specif-
ic variable on all other variables.
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•	 Calculation of Indirect Effects: Through iterative matrix 
multiplication, indirect influences among variables are 
computed. This process yields the cumulative effects—
both direct and indirect—within the system.

•	 Computation of Driving and Dependence Powers: For 
each variable, the total number of variables it influences 
(driving power) and the total number of variables influ-
encing it (dependence power) are calculated.

•	 Classification and Clustering of Variables: Based on 
their driving and dependence powers, variables are clas-
sified into four categories: driving variables, dependent 
variables, linkage variables, and autonomous variables.

•	 Development of the Driver-Dependency Diagram: 
Variables are graphically represented according to their 
driving and dependence scores, providing a visual de-
piction of their roles and interactions within the system.

•	 Analysis and Interpretation: The classification and visu-
alization facilitate the identification of system dynam-
ics, critical leverage points, and strategic priorities for 
intervention or further study.

DEMATEL Method
DEMATEL represents a multi-criteria decision-mak-

ing method used for analyzing and visualizing the cause-
and-effect relationships between components in complex 
systems. This technique is designed to identify and under-
stand the relationships and interactions that exist between 
influencing factors.

DEMATEL systematically identifies the causal relation-
ships of variables according to expert opinions: their effects 
are then quantified and arranged in a structured matrix 
that considers the relationships through direct and indirect 
effects. The synthesized information forms a comprehen-
sive map of the relationship between system elements.

This method classifies variables into two broad catego-
ries: cause factors and effect factors. Cause factors refer to 
the main driving forces that determine the value of other 
variables. Consequence factors are factors driven by other 
elements in the system and often generate secondary or 
indirect effects.

One of the key strengths of the method is that it can 
distinctly show cause-and-effect relationships in the form 
of a causal network. Such visualization allows identifying 
the most critical factors that need to be focused on strate-
gically and intervened in. Thus, holistic analysis of system 
dynamics may be conducted if one considers both direct 
and indirect interactions. The visualization of the causal 
diagram is enhancing the interpretability and practical us-
ability of the results.

In that respect, DEMATEL is a well-structured and 
sound method that is based on expert opinions. It unrav-
els the entangled network of interrelations in a system and 
visually depicts the underlying causal structure. The steps 
in using the DEMATEL method are presented as follows. 
•	 Problem Definition and Identification of Variables: 

Clearly define the scope of the problem and identify 
the key variables or factors to be analyzed within the 
system.

•	 Construction of the Direct Relationship Matrix: Col-
lect expert judgments to evaluate the direct influence of 
each variable on all other variables. These influences are 
typically rated on a numerical scale (e.g., 0 = no influ-
ence, 1 = low influence, up to 4 = very high influence). 
The assessments are aggregated to form the direct rela-
tionship matrix.

•	 Normalization of the Direct Relationship Matrix: Nor-
malize the matrix to ensure that all values fall within 
the interval [0,1]. This is usually achieved by dividing 
each element by the maximum row or column sum of 
the matrix.

•	 Calculation of the Total Relationship Matrix: Compute 
the total relationship matrix, which incorporates both 
direct and indirect effects among the variables, thereby 
capturing the overall influence within the system. 

•	 Calculation of Prominence and Relation Values: For 
each variable, calculate:
o	 Prominence (D + R): The sum of the correspond-

ing row and column values in the total relationship 
matrix, representing the total involvement or signif-
icance of the variable within the system.

o	 Relation (D - R): The difference between the row 
and column sums, indicating whether the variable 
functions primarily as a cause (positive value) or as 
an effect (negative value).

•	 Classification of Variables: Based on the prominence 
and relation values, classify the variables into cause-
and-effect groups. Cause variables are those that drive 
system changes, whereas effect variables are influenced 
by others.

•	 Development of the Cause-Effect Diagram: Plot the 
variables on a two-dimensional graph using their prom-
inence (D + R) and relation (D - R) values. This diagram 
visually represents the causal relationships and struc-
tural dynamics of the system.

•	 Interpretation and Decision-Making: Analyze the 
cause-effect diagram alongside matrix results to iden-
tify critical factors, understand the system’s dynamic 
behavior, and support informed strategic planning and 
decision-making.

APPLICATION OF PROPOSED METHODOLOGY

This study analyzes the relationship and/or structure of 
the enablers emerging from the effects of AM technology 
and having impacts on supply chain sustainability. In this 
context, the driving forces and dependencies of these en-
ablers brought by AM technology are examined. In this re-
gard, the hierarchical interactions among different enablers 
are addressed through an ISM-based approach and MIC-
MAC analysis and subsequently examined in detail using 
the DEMATEL method. The results of the study have the 
potential to enable decision-making mechanisms to effec-
tively utilize the integration of AM technology, which trig-
gers the aforementioned enablers, in ensuring supply chain 
sustainability. Thus, the related study may serve as a guide 
in improving the performance of supply chain sustainability. 
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This section discusses the output obtained through the com-
bined use of the ISM-MICMAC and DEMATEL methods.

ISM MICMAC Results

ISM Analysis
In the ISM analysis, firstly, the three dimensions of sup-

ply chain sustainability were considered as the main crite-
ria. The hierarchy of these criteria was revealed, and then 
the sub-criteria were evaluated among themselves. In the 
second stage, the interactions of all sub-criteria were ad-
dressed, and a holistic hierarchical structure was presented.

The ISM analysis has revealed a clear hierarchical re-
lationship structure among the elements of supply chain 
sustainability influenced by AM technology. As shown 
in Figure 3, the economic and social sustainability main 
criteria at Level 2 affect the environmental sustainability 
at Level 1. Looking at the sub-criteria of economic sus-
tainability, the Job Creation (ECO-3) criterion at Level 2 
influences the other economic sustainability criteria. In 
other words, job creation emerges as a driving factor. This 
criterion is the root driver of the system, having a direct 
impact on cost reduction (ECO-1), product innovation 
(ECO-2), and supply chain efficiency (ECO-4). The strong 
directional links from ECO-3 to these economic enablers 
indicate that job creation not only strengthens the eco-
nomic foundation but also triggers innovation and opera-
tional performance improvements.

From the perspective of social sustainability, it is ob-
served that all criteria are located at the same level. Howev-
er, these enablers also have mutual effects on each other at 
the same level. The environmental sustainability enablers at 
Level 1 are divided into two levels among themselves. ENV-
1 (Material Efficiency) and ENV-2 (Energy Savings) take on 
the role of influencers from the second level. In other words, 
Material Efficiency and Energy Savings act as triggers for 
the criteria ENV-3 (Emission Reduction) and ENV-4 (Re-
cycling & Circular Economy). In addition, ENV-1 (Material 

Efficiency) and ENV-2 (Energy Savings) also interact with 
each other. The mutual interaction between ECO-1 and 
ECO-2 reflects the synergy between cost optimization and 
product innovation and strengthens their combined ca-
pacity to increase resource efficiency. At Level 1, Emission 
Reduction (ENV-3) and Recycling & Circular Economy 
(ENV-4) are located. These criteria are highly dependent 
enablers, receiving cumulative effects from all lower levels. 
This situation emphasizes their role as final sustainability 
outcomes in the AM-enabled supply chain context.

Overall, the integrated ISM structure shows that job 
creation and improvement of health services provide the 
strongest leverage points for developing economic and 
social capacity, which also increase resource efficiency. In 
this way, it can be seen that the goals of reducing emis-
sions and achieving circularity become reachable as a re-
sult of coordinated improvements across all sustainabili-
ty dimensions. This finding strongly shows that decision 
makers should give priority to the fundamental and inter-
mediate level enablers instead of focusing only on the final 
environmental outcomes.

In the second stage of the ISM analysis, the interactions 
among all sub-criteria are considered. The results of the rel-
evant analysis are shown in Figure 4 (Appendix 1). Taking 
into account the levels and interactions obtained from the 
ISM analysis, a complex but distinct network of interactions 
emerges among the economic (ECO), social (SOC), and 
environmental (ENV) sustainability sub-criteria. This indi-
cates that the sub-criteria establish strong connections not 
only within their own dimensions but also across other sus-
tainability dimensions. At the lowest level, Community Em-
powerment (SOC-4) directly influences Job Creation (ECO-
3), activating the root driver of the economic dimension, 
while ECO-3 contributes to strengthening economic per-
formance by feeding into Cost Reduction (ECO-1), Product 
Innovation (ECO-2), and indirectly Supply Chain Efficien-
cy (ECO-4). In the middle tier, Customization (SOC-2) and 

Figure 3. Hierarchical structure of supply chain sustainability sub-criteria affected by additive manufacturing identified 
through ISM (without inter-dimensional interactions).
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Education & Skills Development (SOC-3) stand out; SOC-2 
directly influences ECO-2, increasing product design flexi-
bility capacity, while SOC-3 establishes strong connections 
with the environmental dimension by triggering Materi-
al Efficiency (ENV-1). Among the economic sub-criteria, 
ECO-1 influences ECO-2, clearly revealing the interaction 
between cost optimization and innovation.

The environmental sustainability criteria are dependent 
yet critical output areas that are fed by both economic and 
social factors, with ENV-1 and ENV-2 forming transition 
points toward environmental outcomes, interacting re-
spectively with SOC-3 and SOC-1. At the top level, Ener-
gy Savings (ENV-2), Supply Chain Efficiency (ECO-4), and 
Improved Healthcare (SOC-1) are located, and they are di-
rectly or indirectly influenced by various sustainability cri-
teria from different dimensions in the middle tier. These cri-
teria are positioned in the affected dimension of the system.

MICMAC Analysis
When examining the MICMAC analysis results at the 

main criteria level, it is observed that the economic criteri-
on has a high driving power and relatively low dependence 
(Fig. 5). This indicates that the economic sustainability di-
mension plays a fundamental driving role that influences 
the other dimensions. The social criterion, on the other 
hand, is positioned at a medium-high level in terms of both 
driving power and dependence and is located close to the 
linkage area, indicating a bidirectional relationship struc-
ture in which it both influences and is influenced by other 
dimensions. The environmental criterion has higher de-

pendence and a moderate level of driving power, position-
ing it close to the “dependent” area, and is thus evaluated 
as an output dimension that is strongly influenced by the 
other dimensions.

At the economic sub-criteria level, Job Creation (ECO-
3), with its high driving power and low dependence, is lo-
cated in the driving area and is the most important trigger 
of the economic sustainability dimension. Product Innova-
tion (ECO-2), Cost Reduction (ECO-1), and Supply Chain 
Efficiency (ECO-4) have relatively lower driving power and 
are positioned close to each other in the dependent area. 
However, they are also located close to the linkage area. 
This shows that they are intermediate variables that mutu-
ally influence each other and other criteria.

In the environmental sub-criteria, Material Efficiency 
(ENV-1) and Energy Savings (ENV-2) have high driving 
power and low dependence, placing in the “driving” area, 
so they stands out as main leverage points for improve en-
vironmental performance. Emission Reduction (ENV-3) 
and Recycling & Circular Economy (ENV-4) are positioned 
in the “dependent” area with high dependence, therefore 
showing that they are final environmental outcomes shaped 
by effects coming from other criteria.

In the social sub-criteria, Education & Skills Develop-
ment (SOC-3) with its high driving power is located in the 
driving power area and plays an important role in the de-
velopment of social dimension. Customization (SOC-2), 
Improved Healthcare (SOC-1) and Community Empower-
ment (SOC-4) have medium level of driving power and de-
pendence and are positioned close to the linkage area. This 

Figure 4. Hierarchical structure of supply chain sustainability sub-criteria affected by additive manufacturing identified 
through ISM (with inter-dimensional interactions).
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situation shows that these criteria have bidirectional effect 
both on the social and other sustainability dimensions. 
When these results are evaluated in general, it is clearly seen 
that certain sub-criteria in the economic and social dimen-
sions play a critical triggering role in shaping the environ-
mental sustainability outcomes.

The final MICMAC diagram (Fig. 6) clearly reveals 
how all sub-criteria are positioned when evaluated within 
a single structure (For the final MICMAC diagram start-
ing point, see the reachability matrix example in Appendix 
2). In addition, it presents a holistic view of the interac-
tions between the criteria. Based on Figure 6, Job Creation 
(ECO-3) and Community Empowerment (SOC-4) are 
located in the driving area. They have high driving power 
and relatively low dependence. In particular, Job Creation 
is the root trigger of economic sustainability. Community 
Empowerment stands out as the base factor that activates 
other criteria in the social dimension. These two criteria 
are strategic leverage dimensions that directly affect other 
dimensions of the system.

In the linkage area, Supply Chain Efficiency (ECO-4) 
and Product Innovation (ECO-2) have both high driving 
power and high dependence. This position shows that these 
criteria not only influence other sub-criteria but also are in-
fluenced by them, therefore they take an intermediate role 
where mutual dependencies are intense in the system. In 
the same way, Recycling & Circular Economy (ENV-4) is 
also placed here and indicate that the circular economy is 
fed by both economic and environmental inputs, making a 
significant contribution to the final outcomes.

In the dependent area, Energy Savings (ENV-2), Emission 
Reduction (ENV-3) and Material Efficiency (ENV-1) stand out, 
these criteria have high dependence and are shaped by the ef-
fects coming from other criteria. Especially Emission Reduc-
tion and Material Efficiency are strongly affected by both en-
vironmental and economic-social factors, forming the output 
dimension of the system. Improved Healthcare (SOC-1) and 
Education & Skills Development (SOC-3) also have relatively 
high dependence levels, and they are usually affected by triggers 
from social initiatives and capacity development processes.

Figure 5. MICMAC analysis results of supply chain sustainability criteria affected by additive manufacturing.
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In the autonomous area, there is almost no criteria, 
which shows that all the criteria in the system are affected by 
others in some way and the system is fully based on mutu-
al dependency. This structure reveals that focusing on only 
one dimension in sustainability strategies is not enough, 
and that economic, social and environmental dimensions 
should be considered together. Especially focusing on high 
driving power criteria such as Job Creation, Community 
Empowerment, Product Innovation and Supply Chain Ef-
ficiency have potential to create chain and positive effects 
throughout the system.

The MICMAC and ISM results show a high degree of 
consistency. While MICMAC analyzes the driving–link-
age–dependent classification of the criteria numerically, 
ISM places these criteria within a lower–middle–upper 
level hierarchy, visually supporting the identification of 
which criteria play a triggering role. In particular, ECO-
3 and SOC-4 are identified as core factors in both anal-
yses, criteria such as ECO-4, ECO-2, and ENV-4 appear 
as strategic linkage elements, and criteria like ENV-1, 
ENV-2, ENV-3, SOC-1, and SOC-3 are positioned as fi-
nal outcomes.

DEMATEL Analysis
The findings of the DEMATEL analysis at the main cri-

teria level indicate that the economic sustainability (ECO) 
criterion, with a positive D−R value, represents a strong el-
ement of the cause group, and it can be said that the social 
sustainability (SOC) criterion also shows influencing char-
acteristics (Fig. 7). In addition, economic sustainability and 
social sustainability interact with each other. Furthermore, 
the environmental sustainability (ENV) criterion, with a 
negative D−R value, is revealed to be in the position of a 
result dimension with high dependence.

At the sub-criteria level, in the economic sustainability 
dimension, Job Creation (ECO-3) is identified as the root 
driver with the highest driving power and has a direct in-
fluence on Supply Chain Efficiency (ECO-4). Supply Chain 
Efficiency (ECO-4), with high D+R values, stands out as 
a linkage criterion that both influences and is influenced, 
while Cost Reduction (ECO-1), with a lower D−R value, is 
placed in the result group.

In the social sustainability dimension, Education & 
Skills Development (SOC-3), with a positive D−R value, 
is positioned in the cause group and constitutes the main 

Figure 6. MICMAC analysis – sub-criteria.
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trigger of the social system. Customization (SOC-2), with 
its intermediary-oriented relationships, plays the role of a 
linkage criterion, while Improved Healthcare (SOC-1) and 
Community Empowerment (SOC-4), with negative D−R 
values, are included in the result group.

In the environmental sustainability dimension, Material 
Efficiency (ENV-1) and Energy Savings (ENV-2) are in the 
cause group and serve as intermediate levers for improving 
environmental performance. In contrast, Emission Reduc-
tion (ENV-3) and Recycling & Circular Economy (ENV-4), 
with negative D−R values, are located in the result group, 
positioned as the final outcomes of efficiency and process 
improvements. These results reveal that the cause–effect 
relationships identified by DEMATEL show a high level of 
consistency with the lower–middle–upper level hierarchy 
in the ISM analysis. In this context, strategies focusing on 
strong drivers such as ECO-3 and SOC-4 have the potential 
to create cascading and lasting effects on the top-level result 
criteria ENV-3, ENV-4, and SOC-1 through linkage criteria 
such as ECO-2, ECO-4, SOC-2, ENV-1, and ENV-2.

When examining the overall DEMATEL evaluation 
graph, it is evident that the interaction network of all main 

and sub-criteria is clearly revealed within a single inte-
grated structure (Fig. 8 and Appendix 3, 4). According to 
the D−R axis, criteria with positive D−R values are in the 
“cause group” and represent the driving forces of the system. 
Among these, Job Creation and Community Empowerment 
stand out as root drivers with high driving power. Interest-
ingly, Community Empowerment emerges as a triggering 
factor across all criteria, whereas within the social criteria set 
it was previously positioned as an influenced element. The 
criteria positioned as “linkage” have both high driving power 
and high dependence. At this point, Supply Chain Efficiency 
(ECO-4), Product Innovation (ECO-2), Recycling & Circu-
lar Economy (ENV-4), and Customization (SOC-2) are no-
table. These criteria represent the points where intermediary 
interactions are most intense in the system, being influenced 
by lower-level drivers while also feeding the upper-level re-
sult criteria. From a managerial perspective, these criteria 
can be considered as intermediate levers that play a key role 
in transferring cascading effects throughout the system.

Criteria with very low negative D−R values are placed 
in the “result group” and are defined as outcomes shaped by 
the effects coming from other criteria. In this group, Energy 

Figure 7. DEMATEL Analysis – Main Criteria and Sub-Criteria (Economic, Environmental, Social).
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Savings and Material Efficiency stand out. Rather than trig-
gering these criteria directly, strengthening the cause and 
linkage group criteria that influence them would be more 
effective in achieving long-term and lasting improvements. 
In particular, Material Efficiency is not observed to be in 
interaction within the overall evaluation system.

When evaluated in terms of importance level (D+R), 
linkage criteria such as Product Innovation and Supply 
Chain Efficiency have the highest centrality values and are 
the strategic transition points of the network. Strengthen-
ing these criteria accelerates the flow of information, re-
sources and benefits between multiple dimensions, creating 
synergy across the system. Therefore, in the priority invest-
ment and improvement plans, considering together both 
the driver criteria with high driving power and the linkage 
criteria with high centrality values will make possible to in-
crease the system performance in a holistic way.

DISCUSSIONS AND MANAGERIAL IMPLICATIONS

When the integrated ISM–MICMAC–DEMATEL re-
sults are considered together, it becomes evident that AM 
transforms supply chain sustainability through a layered 
and sequential mechanism operating across direct techni-
cal efficiencies (material/energy), economic building blocks 
(employment, innovation, process efficiency), and social 

capacity (community empowerment, education/skills, 
healthcare). The findings do not merely indicate where 
each criterion is positioned; they also reveal the channels of 
influence transmission: (i) Root drivers (e.g., ECO-3, and 
in certain contexts SOC-4/SOC-3) trigger economic and 
social capacity; (ii) Linkage nodes (e.g., ECO-2, ECO-4, 
SOC-2, and in some contexts ENV-4) propagate this trigger 
across operations and design; (iii) Dependent/output crite-
ria (ENV-3, and depending on context SOC-1 and some en-
vironmental indicators) make this cumulative effect visible 
as environmental and societal performance. This sequenc-
ing strongly suggests that AM investments should not be 
approached as “isolated technology acquisitions” but rather 
as system-level flow design [46, 55].

The first critical managerial framing is the matter of 
prioritization and sequencing. The results indicate that in-
stead of “jumping directly to the most visible environmental 
gains,” organizations should strengthen foundational drivers 
(capacity expansions related to employment such as ECO-3; 
and depending on the context SOC-4/SOC-3 for communi-
ty and skills capital), integrate these into organizational pro-
cesses through linkage nodes (ECO-2 product innovation, 
ECO-4 process/supply chain efficiency, SOC-2 customiza-
tion), and finally scale up environmental outcomes (ENV-
3 emissions, ENV-4 circularity). In managerial terms, this 
is the driver-linkage-outcome roadmap. Without following 

Figure 8. DEMATEL analysis – all sub-criteria (combined).
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this sequence, AM-based gains in energy/material efficiency 
(ENV-1/ENV-2) risk being short-lived or failing to localize 
because the economic and social infrastructure that sustains 
them remains underdeveloped [56, 57].

The second framing is the leverage–centrality tension. 
Some criteria may have high driving power but only mod-
erate centrality. Conversely, some linkage criteria (e.g., 
supply chain efficiency and product innovation) possess 
very high centrality, acting as key transition hubs in the 
network. The strategic approach involves managing both 
types of nodes simultaneously: driver nodes indicate the 
initiation points, whereas linkage nodes determine the 
pathways and mechanisms through which the flow is 
maintained within the organization. Without this integra-
tion, isolated investments either remain local (drivers exist 
but spread is weak) or become fragile (linkages are strong 
but lack input from drivers).

The third framing concerns governance and capability 
architecture. To make AM’s impact on sustainability visible 
and repeatable, capabilities in (i) design–engineering (prod-
uct modularity, repairability, recyclability), (ii) operations–
supply (on-demand production, digital inventory, localized 
spare parts), and (iii) people–community (skill transforma-
tion, workforce planning, SME supplier development) must 
be developed in parallel. The findings show that especially 
community empowerment and skills development exert in-
direct but lasting impacts on both economic and environ-
mental lines, making HR/L&D programs as strategically 
important as technical investments. In other words, AM 
should be treated not merely as a “production technology” 
but as an organizational transformation platform [10, 58].

The fourth framing addresses the risk–resilience–out-
come balance. By nature, linkage nodes that both influence 
and are influenced are also carriers of systemic risks. For in-
stance, if supply chain efficiency and product innovation are 
simultaneously highly central, disruptions in these nodes 
can cascade across the entire system. Therefore, managerial 
advice includes embedding resilience-enhancing measures 
(such as operational redundancy, standardization–modu-
larization, supplier base diversification, critical spare capac-
ity, and cyber-physical traceability) into the program. This 
ensures that the gains generated by drivers are transferred 
to top-level outcomes without dissipation [59].

The fifth framing is measurement and feedback archi-
tecture. The findings imply that environmental outcomes 
(emissions, circularity) form cumulatively and with delays. 
Thus, indicator sets must be designed in multiple layers: 
early-warning KPIs for drivers (employment quality, skill 
acquisition, innovation cycle time), flow and centrality KPIs 
for linkage nodes (supply cycle time, scrap/rework ratio, 
value per revision), and impact KPIs for outcomes (such as 
recycled content ratio, life-cycle cost). Linking these three 
layers through A/B testing and causal tracing makes it pos-
sible to demonstrate the effect of specific investments on 
specific outcomes with evidence.

The sixth framing is scaling and contextual adaptation. 
ISM–MICMAC–DEMATEL provides a flexible roadmap 
for which node to pull in which context [53, 60, 61]: in 

capital-constrained environments, start with the 2–3 nodes 
with the highest leverage-to-centrality ratio; in regulation/
incentive-driven sectors, early-stage emphasis can be placed 
on policy-aligned nodes like ENV-4 circularity; in regions 
with acute skilled labor shortages, a human-centric scaling 
focused on SOC-3/SOC-4 can yield faster returns. In short, 
the same topology can be orchestrated differently—the key 
is preserving the driver–linkage–outcome sequence.

These framings taken together detail the managerial 
roadmap: (1) Establish the drivers, employment/capacity, 
community/skills; (2) institutionalize the linkage nodes, 
innovation, supply efficiency, customization; process-de-
sign integration; (3) scale the environmental outcomes, 
emissions, and circularity; (4) secure continuity of flows 
through resilience measures; (5) close the causal feedback 
loop through multi-layered measurement; and finally, (6) 
Periodically recalibrate orchestration according to context. 
More than anything else, this turns AM investments from 
a one-off technology project into a lasting transformation 
program anchored around organizational capability archi-
tecture and sustainable value creation.

Effective implementation of an AM management road-
map requires that additive manufacturing investments be 
considered an organizational transformation process rather 
than a technological innovation. In this respect, it is import-
ant that continuous training and skill renewal programs be 
designed in order to develop a qualified workforce, while 
establishing digital infrastructure, process standardization, 
and data integrity systems that will increase the efficiency 
of supply chains. The integration of AM technologies into 
existing production structures should be tested for the scal-
ability of processes through pilot applications and with the 
support of a digital twin-supported design-production cy-
cle. However, this transformation should not be limited to 
internal sources but should also be supported by external 
incentive mechanisms such as publicly supported R&D 
grants, green production credits, tax incentives, and sus-
tainable innovation funds. Businesses should develop per-
formance-based incentive systems in their organizations 
that will facilitate the encouragement of employee partic-
ipation in innovative practices and process improvements. 
Finally, to ensure the lasting social impact of AM, there is a 
need for cooperation in joint development projects with lo-
cal suppliers and SMEs, thus turning economic, social, and 
environmental sustainability into a self-reinforcing whole.

CONCLUSION

The paper presents a critical review of how AM tech-
nology influences supply chain sustainability based on the 
integrated approaches of ISM, MICMAC, and DEMATEL 
methods. In integrating the methods, the research reveals 
not just the hierarchical position of the criteria but also the 
causal and dependency relationships that define how eco-
nomic, social, and environmental enablers interact. The 
results identify that the impact of AM on sustainability is 
not some simple direct outcome; rather, it is a result of a 
multi-layered and sequenced mechanism wherein root 
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drivers, such as job creation and community empowerment, 
start off transformative processes transmitted through link-
age criteria like product innovation and supply chain effi-
ciency to dependent outcomes like emission reduction and 
circular economy achievements. This systemic perspective 
provides important guidance for managers to design inter-
ventions that target both the source and transmission chan-
nels of sustainability impacts and thus assure long-term and 
scalable improvements. Further, the focus on driving power 
and centrality together underlines the need to balance in-
vestment between fundamental triggers and high-centrality 
connectors in order to maximize system-wide synergy.

From a practical standpoint, the results recommend that 
organizations approach investments in AM as a strategic trans-
formation program rather than an isolated technology acqui-
sition. This calls for strengthening the foundational economic 
and social capabilities necessary to make those gains strong 
and scalable and also for embedding measures of resilience 
at key network points. The multi-layered measurement and 
feedback framework proposed here provides decision-makers 
with the tools to track causal linkages and validate, with em-
pirical evidence, the impact of their strategies.

The findings of this study contribute uniquely to the lit-
erature by showing how additive manufacturing transforms 
sustainable supply chain performance through direct envi-
ronmental impacts and a dynamic systemic mechanism 
that connects economic and social capacity. In this respect, 
the study develops a holistic methodological framework 
that integrates AM's sustainability impacts with hierarchi-
cal, causal, and centrality-based analyses, enabling deci-
sion-makers to link technology investments to multi-lay-
ered sustainability outcomes.

Despite the contributions made, the following short-
comings are associated with this study. First, this analysis 
is based on the evaluation of experts and could therefore 
be subjective; larger and more diverse respondent groups 
might enhance its reliability. Second, the findings are con-
text-specific to the AM-enabled supply chain and may thus 
need adaptation prior to being generalized to other techno-
logical or industrial contexts. Third, although the combined 
approach using ISM–MICMAC–DEMATEL offers power-
ful structural insights, it lacks information about dynamic 
temporal changes; integrating system dynamics or longi-
tudinal data would be an exciting future research avenue. 
Finally, other exogenous factors that may alter these identi-
fied interaction patterns, such as changed policies, market 
volatility, and disruption to global supplies, have not been 
explicitly modeled.
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Appendix 1. ISM levels
Levels Criteria
Level-1 Eco-4, Env-2, Soc-1
Level-2 Env-1, Env-4, Soc-3
Level-3 Eco-1, Eco-2, Env-3, Soc-2
Level-4 Eco-3
Level-5 Soc-4

Appendix 2. MICMAC reachability matrix
Eco-1 Eco-2 Eco-3 Eco-4 Env-1 Env-2 Env-3 Env-4 Soc-1 Soc-2 Soc-3 Soc-4

Eco-1 1 1 0 0 0 1 0 1 1 0 0 0
Eco-2 0 1 0 1 0 1 1 1 1 0 1 0
Eco-3 1 1 1 1 1 0 0 0 1 1 0 0
Eco-4 0 1 1 1 0 1 1 0 0 1 0 0
Env-1 0 0 0 1 1 1 0 1 0 0 0 0
Env-2 0 0 0 1 0 1 0 1 1 0 0 0
Env-3 0 0 0 1 1 0 1 0 0 1 1 0
Env-4 1 0 0 1 1 1 1 1 0 0 1 0
Soc-1 1 1 0 0 0 0 1 0 1 0 0 1
Soc-2 0 1 0 0 0 1 0 1 0 1 1 0
Soc-3 0 1 0 1 1 0 0 1 0 1 1 0
Soc-4 1 1 1 0 1 0 1 0 1 0 1 0

Appendix 3. MICMAC reachability matrix
ECO-1 ECO-2 ECO-3 ECO-4 ENV-1 ENV-2 ENV-3 ENV-4 SOC-1 SOC-2 SOC-3 SOC-4

ECO-1 0.0897 0.2153 0.0211 0.1605 0.0670 0.2816 0.1325 0.2709 0.2564 0.0723 0.1080 0.0270
ECO-2 0.1041 0.1975 0.0423 0.3596 0.1304 0.3463 0.3277 0.3338 0.2696 0.1814 0.3153 0.0283
ECO-3 0.1847 0.2807 0.0340 0.2799 0.2229 0.2124 0.1550 0.1801 0.2730 0.2585 0.1273 0.0287
ECO-4 0.0632 0.3020 0.1290 0.2059 0.0934 0.3256 0.2786 0.1705 0.1308 0.2860 0.1500 0.0138
ENV-1 0.0427 0.0830 0.0293 0.2685 0.0434 0.2571 0.0856 0.1782 0.0657 0.0738 0.0632 0.0069
ENV-2 0.0671 0.1106 0.0302 0.2537 0.0498 0.1064 0.1122 0.1734 0.2096 0.0778 0.0730 0.0220
ENV-3 0.0380 0.1512 0.0337 0.3104 0.1773 0.1668 0.0994 0.1499 0.0621 0.2805 0.2511 0.0065
ENV-4 0.2101 0.1704 0.0402 0.3643 0.1982 0.2973 0.2282 0.1787 0.1145 0.1558 0.2665 0.0120
SOC-1 0.2218 0.2855 0.0354 0.1599 0.0901 0.1508 0.2809 0.1430 0.1218 0.1036 0.1352 0.1180
SOC-2 0.0686 0.2682 0.0223 0.1950 0.0859 0.3031 0.1234 0.3035 0.1056 0.1014 0.2266 0.0111
SOC-3 0.0807 0.3329 0.0427 0.3878 0.2492 0.2572 0.1711 0.3574 0.1138 0.3416 0.1731 0.0120
SOC-4 0.2620 0.3691 0.1912 0.2751 0.2946 0.2423 0.3315 0.2282 0.2761 0.1835 0.2740 0.0290
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Appendix 4. DEMATEL cause-effect table
D R D+R D-R

ECO-1 1.702371 1.432726 3.135098 0.269645
ECO-2 2.63635 2.766288 5.402638 -0.12994
ECO-3 2.237225 0.651322 2.888547 1.585903
ECO-4 2.148693 3.22067 5.369363 -1.07198
ENV-1 1.197558 1.702355 2.899913 -0.5048
ENV-2 1.285912 2.947032 4.232945 -1.66112
ENV-3 1.726873 2.326079 4.052952 -0.59921
ENV-4 2.236284 2.667541 4.903826 -0.43126
SOC-1 1.846048 1.999203 3.845251 -0.15316
SOC-2 1.814728 2.116155 3.930883 -0.30143
SOC-3 2.51935 2.163246 4.682596 0.356104
SOC-4 2.956616 0.31539 3.272006 2.641226


