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ABSTRACT
This paper addresses the problem of integrating sustainability and 
business issues in manufacturing through the implementation of 
Industry 4.0 and process management. The objective of this work is 
to propose a novel methodology to guide companies in benefitting 
the so-called Twin Transition (digital and sustainable) drivers at the 
operation level for reaching business and strategic objectives. The 
proposed methodology results in a unique tool to address both 
strategic and business objectives and sustainability through practical 
managerial actions and technological implementations. The road-
mapping methodology is divided into five phases that, starting 
from the definition of corporate objective and strategy, provide 
a comprehensive, multi-dimensional, cross-functional plan of 
Industry 4.0 technology implementation and related changes in 
terms of processes and Information & Communication Technologies 
(ICT) architectures. The methodology is presented through an appli-
cation case performed on an Aerospace company site devoted to the 
assembly, integration, and test of satellites.
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1. Introduction

Nowadays, the industry is called to face a multitude of disruptive macro-trends and 
contingent external events that are contributing to harming the industrial context in its 
core principles (Jeffrey et al., 2021; Okorie et al., 2020).

All these factors suggest that a transition toward more responsible and efficient 
utilization of resources is now an imperative and a source of competitive advantage. 
Consequently, companies and even governments are devoting more and more effort to 
this direction (United Nations, 2020). In this context, a responsible solution must also 
meet the economic needs of the actors who undertake it, especially in the business 
context. However, the conciliation between economic and environmental sustainability 
and the lack of knowledge are major barriers hampering sustainability in manufacturing 
(European Sustainable Business Federation, 2019; Rizos et al., 2016).

CONTACT Marco Spaltini marco.spaltini@polimi.it Department of Management, Economics, and Industrial 
Engineering, Politecnico di Milano, Lambruschini street 4/b, Milan 20156, Italy

PRODUCTION & MANUFACTURING RESEARCH     
2024, VOL. 12, NO. 1, 2298572 
https://doi.org/10.1080/21693277.2023.2298572

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/ 
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly 
cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or 
with their consent.

http://orcid.org/0000-0001-5939-2799
http://orcid.org/0000-0002-0818-4620
http://orcid.org/0000-0001-6548-5991
http://orcid.org/0000-0003-0438-6185
http://orcid.org/0000-0003-2016-3571
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21693277.2023.2298572&domain=pdf&date_stamp=2024-01-13


Nevertheless, if sustainability represents a trend that shapes the objectives of companies 
and society, on the other hand, a technological wave, referred to as Industry 4.0 (I4.0), can 
support manufacturers to undertake a sustainable transition (Rosa et al., 2020).

Although the concept of I4.0 is clear (Ford & Despeisse, 2016; Hopkins, 2021; 
Kagermann et al., 2013; Mubarik et al., 2021; Schmidt et al., 2021), when it comes to 
practice, the application strategies of I4.0 technologies appear foggy and costly to 
companies (Spaltini et al., 2022). The same considerations apply to sustainable or circular 
transition (Leila et al., 2021).

Hence, these two major trends represent an inescapable way to operate competitively 
today but show a dual source of uncertainty and challenges to be addressed together. The 
authors refer to these twofold and indivisible transitions, sustainable and technological, 
as Twin Transition (TT) (Rehman et al., 2023).

The relationship between I4.0 technologies and their impact on Sustainability is well 
known in academia (Rosa et al., 2020). Focusing on CE (Spaltini et al., 2023), mapped the 
main contributions that identified relationships between the I4.0 technologies and the CE 
principles. They also highlighted the main opportunities that I4.0 might provide by 
enabling CE approaches.

The literature suggests that the reasons for poor adoption of I4.0 technologies to 
improve processes and foster sustainability are not due to a lack of structured and 
practical models to merge I4.0 and CE that consider the variables characterizing real 
manufacturing firms (Kumar et al., 2020). In this direction, Bag et al., (2022) noted that 
manufacturers often struggle as they cannot align strategic objectives (economic and 
environmental) and technological needs. Trevisan et al., (2023) noted that manufacturers 
face challenges in balancing short- and long-term focus, thus adopting ineffective TT 
strategies. Agrawal et al., (2023) showed many TT initiatives field because of the inability 
or difficulty in planning and setting priorities. Overall, the literature agrees upon the idea 
that a methodology to foster TT in manufacturing is still missing (Abdul-Hamid et al.,  
2020; Bag et al., 2021).

Hence, the following research is intended to fill such gap by proposing a novel 
methodology designed to guide manufacturers in exploiting I4.0 to foster economic 
and environmental sustainability. To pursue this objective, the researchers focused on 
roadmapping models and methodologies and investigated the Technology Roadmap 
(TRM) field of research for TT in manufacturing. The authors opted to focus on the 
TRM field as it is designed to provide dynamic and structured plans based on advanced 
technology implementation. It ranges from the identification of goals to the definition of 
the action plan before its implementation (Bernal et al., 2009; Park et al., 2020). The study 
proposes a methodology to develop and implement a TRM designed to support opera-
tions and business process reengineering, under a process and a technological perspec-
tive, by considering both financial-economic and sustainability objectives of the 
stakeholder. The research aims at developing a unique tool able to address both strategic 
and business objectives and sustainability through practical actions of a management 
nature and technological implementations enabled by I4.0. Indeed, the literature has 
provided fruitful TRM methodologies addressing TT-related challenges in manufactur-
ing, but with a limited focus on specific industries like cosmetics (Perossa et al., 2023), or 
domains like ICT only (Harmon et al., 2012). A holistic method able to cover operation 
process from a technological, organizational and process standpoint is still missing.
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The paper is structured as follows: in section 2 the adopted research methodology is 
presented, section 3 is devoted to the analysis of the literature on TRM, section 4 is 
focused on presenting the developed methodology, in section 5 the results of an applica-
tion case in a manufacturing company are exposed. In section 6, discussions and 
conclusions are provided.

2. Research methodology

The following research originates in the design science domain applied to operation 
management research field. Indeed, it mainly aims at bridging a gap between 
practice and theory in the TRM for TT domain by producing artifacts 
(Holmström et al., 2009). Thus, the authors relied on Design Research 
Methodology (DRM) as it aims at developing a new procedure that could be 
significantly exploitable in industrial cases (Blessing & Chakrabarti, 2009). The 
authors adopted an interpretivist approach involving both qualitative methods and 
inductive reasoning (Williamson, 2002).

The following research is then categorized as applied engineering based as it iteratively 
involves theory building and practice testing (Lamperti et al., 2023; Pezzotta et al., 2018; 
Potts, 1993; Sassanelli & Terzi, 2022; Sassanelli et al., 2019).

Starting from the analysis of the literature, a reiterative process encompassing 
a cyclical collection of feedback from experts (companies and academics) was followed 
(Denyer & Tranfield, 2009; Greenhalgh, 1997). The collection of feedback from industry 
experts was managed through direct and in-depth interactions (e.g. workshops) with 
managers and operators of a multinational aerospace manufacturing company.

Concerning the theory building, the authors conducted a Systematic Literature Review 
(SLR) which allows to collect seminal relevant studies, assess their quality, and synthesize 
their findings using scientific method (Johnson et al., 2013). The SCOPUS database has 
been selected due to its high coverage of academic journals and being the main search 
database in both the fields addressed (Culot et al., 2020; Kirchherr et al., 2017).

The analysis of academic contribution was divided into two blocks. First, the authors 
reviewed academic contributions related to the use of a roadmap to enable CE transition. 
Similarly, the second block focused on the analysis of roadmaps designed to address 
Circular Manufacturing practices and strategies through I4.0 technologies.

The SLR was structured by the authors according to the protocol shown in Table 1.
The literature search resulted in 615 documents from the sole keywords selected and 

the eligibility criteria introduced (Greenhalgh, 1997). The authors did not include other 
eligibility criteria as the number of documents identified resulted sufficient.

Therefore, the authors focused of the identification of the relevant papers for the aim 
of the research. This step was conducted in two phases which encompassed an analysis of 
title, abstract and, eventually, full text.

In the first phase, the authors examined both titles and abstract of the documents 
collected. They excluded only those documents which resulted undoubtedly not related 
to the topics addressed. In this phase, 141 documents were deemed relevant to be further 
investigated. The second phase consisted in the analysis of the full body of the remaining 
documents. Out of those, the authors had access to 58 papers and kept 43 of them. 
Additionally, the authors included 14 papers through snowball sampling. The overall 
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sample of papers used for the analysis, including previously known contributions of the 
authors, resulted in 87 academic papers (Figure 1).

The conceptualization of the methodology relied on the outcomes generated from the 
SLR and followed a cyclical interaction with experts from the manufacturing and 
academia (Dawson, 2009; Jenney et al., 2010).

Given the high heterogeneity in the size of manufacturing companies, the 
authors adopted the single plant as the unit of analysis of the research. This 
choice is motivated by the need for the researcher to refer to comparable 

Table 1. Research protocol.
Topic

Roadmaps for TT Roadmaps for CE

Filters DATABASE Scopus
KEYWORDS ((“Digital” OR “Smart” OR “Industry 4.0”) AND 

(“Sustainab*” OR “Circular” OR “Green”) AND 
(“Transformation” OR “Transition” OR “Plan” OR 
“Roadmap”) AND “Manufacturing”) OR 
((“Technology roadmap*” OR “TRM” OR “IOR”) 
AND “Manufacturing”)

(“Circular Economy” OR “Circular 
Manufacturing” OR “Circular 
Transition”) AND (“Roadmap*”)

LANGUAGE English
TYPE Article; review; book chapter
SUBJECT Engineering; Business, Management and Accounting; Environmental Science; Decision 

Sciences
PUBLICATION 

STAGE
Final

YEAR From 2011

Scientific literature search

Roadmaps for Circular Economy Roadmaps for Twin Transition

("Circular Economy" OR "Circular
Manufacturing" OR "Circular Transition") 

AND ("Roadmap*")
(n=130)

("Digital" OR "Smart"  OR  "Industry 4.0" )  
AND  ( "Sustainab*"  OR  "Circular"  OR  
"Green" )  AND  ( "Transformation"  OR  

"Transition"  OR  "Plan"  OR  "Roadmap" )  
AND  "Manufacturing

(n=770)

Cross-
referencing

(n=9)

Filtered and merged articles

(n=485)

Title and abstract 
review excluded

(n=40)

n=90

Full text analysis
excluded

(n=4)

Included
articles
(n=22)

Title and abstract review 
excluded
(n=434)

n= 51

Full text analysis excluded

(n=30)

Included articles

(n=21)

Included articles after duplicate elimination

(n=87)

("Technology roadmap*"  
OR  "TRM"  OR  "IOR" )  
AND  "Manufacturing»

(n=441)

Cross-
referencing

(n=5)

Available articles

(n=32)

Available articles

(n=26)

Figure 1. Diagram of the search and review process.
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environments to build the tool. Indeed, the distinction among large, medium and 
small companies adopted by the European Commission is used to compare 
companies at the corporate level (European Commission, 2003). On the other 
hand, both academia and empirical evidence from the authors’ experience suggest 
that by focusing on a single plant level such distinctions among manufacturers 
turn out to be shrunk.

3. Literature review

Although a shared definition of TRM is still missing (Kerr & Phaal, 2022), defined it as 
‘a method and management tool, which is underpinned by a generalizable framework, the 
approach is completely scalable to any unit of analysis and customizable to any strategic 
context (and) can clearly and coherently portray and present the dynamic linkages 
(including highlighting discontinuities) between resources and capabilities, product/service 
solutions, organizational objectives and business drivers, market characteristics, and the 
changing environment.’

The definition highlights some relevant characteristics. It is somehow related to 
technology used by the company, it must be linked with strategy, and it links resources, 
products, and markets.

However, Garcia & Bray, (1997) argued that TRM is not necessarily intended to 
support entities in introducing new products or services. They distinguished three 
main typologies, namely: Product technology roadmaps (PTR) focused on product, 
Emerging technology roadmaps (ETR) focused on depicting given scenarios where 
emerging technologies may apply, and Issue-oriented roadmaps (IOR) which are focused 
on improving processes and solve problems that are not explicitly stated.

Overall, TRM is a tool exploited for planning to better contextualize strategy and the 
role of technology in a competitive environment (Mauro & Amaral, 2011). The objective 
of TRM is to depict, describe and plan a set of activities to overcome barriers that might 
be known or hidden (Hilary & Daim, 2012).

Eventually, TRM is a visual representation, enriched by additional documents, that 
makes order among the many variables and constraints that a company may consider 
and provide a strategic overview (Cotrino et al., 2020). It represents only the outcome of 
a backgrounded process, the roadmapping, which encapsulates the very value of the tool 
and starts from the identification of a need or a desired state of maturity (Bernal et al.,  
2009; Garcia & Bray, 1997; Park et al., 2020).

Focusing on TT in the manufacturing, the needs expressed by practitioners belong to 
two macro-clusters:

● The need for introducing or renewing a given product portfolio: this is the case of 
PTRs and ETRs in which companies are interested in making their product con-
nected, greener or they are willing to shift towards a Product-Service System 
paradigm (Robert Phaal, Farrukh, and Probert 2004);

● The need for improving the operation processes: this is the case of IORs and ETRs in 
which companies are willing to redesign their processes or intervene on their 
resources and asset to achieve a goal using Industry 4.0 technologies (Gerdsri 
et al., 2019)

PRODUCTION & MANUFACTURING RESEARCH 5



Regardless of the field of intervention for TT, literature and empirical evidence suggest 
that companies, especially Small-Medium Enterprises (SMEs), still face several challenges 
(Mittal et al., 2018). In addition to this (Schöggl et al., 2023), stressed that, despite I4.0 
technologies are finding their applications in manufacturing, there is a limited view of 
how these might foster sustainability (Lerman et al., (2022) extended the scope to 
a Supply chain and operation perspective. In the study, they showed that more intensive 
use of I4.0 is positively related to higher sustainability performances, thus underlying the 
need for tools supporting digitalization of manufacturers under a TT standpoint.

(Schmitt et al., 2020) highlighted that SMEs struggle to complete or start I4.0-related 
initiatives since they lack a categorization of proceeding, an identification of core phases, 
and a structuring of the main elements that characterize the projects themselves. Thus, 
TRM turns out to be a useful, yet essential, method to overcome such barriers.

Literature provides several reasons that support the need for TRM in the industrial 
context Dalenogare et al., (2018) noted that the I4.0 transition in manufacturing contexts 
requires a substantial change in strategies, organizational models and infrastructures, 
manufacturing operations and technologies, human resources, and management of 
practices. Hence, the risk of a manufacturer being overwhelmed by all those changes is 
high if not properly guided by roadmaps (Butt, 2020). da Silveira Junior et al., (2018) 
highlighted that TRM is beneficial to anticipating technology trends, supporting deci-
sion-making and resource allocation, carrying out risk analysis, and identifying technol-
ogies and competencies to enhance. Chih Jen and Daim, (2017) added that TRMs 
support companies in several other aspects like the alignment of technology investments 
to strategy, the possibility to benchmark and measure the success of the transition, the 
capability to define and meet future performance targets and the generation of a proper 
baseline for technology development.

So far roadmapping and technology planning models have been proposed for many 
industries and different levels of detail. Focusing on manufacturing-related sectors and 
Industry 4.0 transition, many models mostly refer to new product introduction and new 
market access, thus highlighting the very high strategic role of TRM within companies. In 
this regard (Hilary & Daim, 2012), presented a multi-perspective (technology and 
business) conceptual roadmapping framework based on the Delphi method, AHP, and 
QFD. This resulted in a seminal contribution as it showed the adaptability of TRM to 
existing managerial decision-support instruments. Jeon et al., (2011) developed a PTR 
which investigated multi-criteria decision-making supplier selection dimension in the 
semiconductor industry. (Ching et al., (2022) proposed a seven-step theoretical frame-
work to link sustainable manufacturing and Industry 4.0 technology and clustered 15 
manufacturing sustainability functions of I4.0. Such a framework encompasses both 
experts’ opinions and matrix structures to establish relationships and hierarchical struc-
tures, which in turn resulted in fully theoretical research. Kumar et al., (2021) developed 
a framework based on Modified Stepwise Weight Assessment Ratio Analysis and 
Weighted Aggregated Sum Product Assessment to enable multi-criteria decision- 
making problems for prioritizing I4.0 strategies. Thus, they identified 18 main strategies 
for I4.0 Transition aimed at overcoming 23 comprehensive barriers faced by manufac-
turers and proposed a methodology to give priority to challenges. Sufian et al., (2021) 
presented and implemented, through an industrial use case, a cross-function roadmap-
ping methodology based on 6 stages (gears) and 18 substages to drive manufacturers by 
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highlighting common features of models, frameworks, and transformation strategies and 
initiatives. This work highlighted the necessity to adopt a cross-department perspective 
to address strategic changes toward TT (Rafael et al., 2018). argued that one of the main 
issues related to TRM in an industrial context is related to the difficulty of updating them. 
Hence, they developed a three-step methodology to continuously update existing road-
maps toward digitalization based on agile iterative cycles (Verma et al., 2022). opened the 
path to solution development through TT-oriented roadmapping methodology by inves-
tigating 30 impediments for companies to rely on I4.0 to enhance sustainability and 
prioritizing them through AHP. In the study, the main impediments to TT were 
clustered and prioritized although no roadmapping methodology was proposed. In the 
same direction (Khan et al., 2020), identified 16 challenges and relied on Best-Worst 
Method to establish a hierarchy among them (Arman et al., 2014). developed a software- 
based framework, STAR, which integrated aspects of TRM with project management and 
portfolio analysis to drive decision-making in the R&D domain. Hence, it successfully 
integrated new managerial tools into PTRs in a single-function domain (Sajjad et al.,  
2022). designed a feature-based roadmap toward I4.0 transition only in manufacturing 
scenarios using AHP and TOPSIS (Cortés et al., 2021). presented a taxonomy, S3, to 
characterize manufacturing processes, assess them, and identify points to improve them. 
The model was specifically tested and validated in a real manufacturing firm for the 
deployment of an automated micromachining tool. Nevertheless, the model was speci-
fically designed to address a specific need and suffered from limited generalizability 
(Garza Ramos et al., 2022). developed a TRM that integrated other managerial tools like 
SWOT analysis, and Porter’s 5 forces specifically designed to increase TRL from 3 to 8 of 
a 3D cell culture workstation.

More devoted to sustainability (Howard et al., 2022), conducted a mixed-tool 
method to assess CE level of 6 manufacturing companies and detect potential areas 
of improvement although it did not integrate a proper roadmap to achieve the desired 
result (Urbán et al., n.d..). developed a sector-specific TRM aimed at facilitating TT 
for final-energy generator product manufacturing companies. Such a model was based 
on sustainability and technology layers and measured outcomes according to 4 high- 
level dimensions, Customer, Economy, Politics, and Ecology. The extant literature 
also presents some circular-oriented roadmapping tools which provide a preliminary 
tentative to direct manufacturing companies toward more sustainable operations 
(Lopes de Sousa Jabbour et al., 2018) (Perossa et al., 2023). compared 19 roadmap-
ping frameworks to develop a TRM methodology specifically addressing TT in 
cosmetic industry. Although this limited the range of applicability of the model, 
this allowed to adapt to manufacturers more rapidly. Concerning industry-specific 
tools (Talla & McIlwaine, 2022), proposed a roadmap supporting the design stage of 
products for the construction sector, while (Siripongpreda et al., 2021) studied 
a method to reuse the cellulose waste considering it as a good biodegradable resource 
useful especially for the electrochemical sensors. The core idea of researchers is to 
move towards the enhancement of factories’ circular performances. Nevertheless, in 
this circular-oriented context, the focus at the factory level only needs to be extended 
into an ecosystem perspective where more than one entity at a time is involved 
(Mogos & Fragapane, 2022). Indeed, specific roadmaps are studied to establish 
a proper reverse logistics network supported by the right I4.0 technologies (Dev 
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et al., 2020). This ecosystem perspective leads sometimes to an additional extension 
reaching a regional level (Sautter, 2016), as the case of (Lai et al., 2022) focused on 
plastic waste management in Singapore and India, and the case of (Siddique et al.,  
2022) still focused on plastic management and circularity but in Bangladesh. 
Moreover, focused on the wood sector, with an eye on the Philippines, a proposal 
was made by (Balanay et al., 2022).

In most cases, the analysis dimensions both referred to as I4.0 and CE are employed to 
ensure the pursuit of a TT (Lopes de Sousa Jabbour et al., 2018; Talla & McIlwaine, 2022). 
Regarding I4.0, usually, the enabling technologies are explored as key drivers toward 
circular business models (Prakash & Ambedkar, 2022). Indeed, either the CE pillars or 
ReSOLVE framework are used as analysis dimensions limiting the employment of an 
operative perspective which instead should be considered by manufacturing companies 
when the strategic plans need to be transformed into level-headed actions. An operative 
perspective is adopted by (de Mattos Nascimento et al., 2022) in their study which is 
focused on a 3D printing factory while broader perspectives are still missing (Contini & 
Peruzzini, 2022). focused the attention on how sustainability enhanced by I4.0 can be 
measured and, in this regard, identified 107 sustainability KPIs based on the TBL 
concept, which refers to the three sustainability areas (social: 48 KPIs, economic: 39 
KPIs, and environmental: 30 KPIs).

The extant literature already presents several contributions providing an integrated 
view of I4.0 and CE to create roadmaps. Nevertheless, they mostly refer to theoretical 
frameworks whose applicability has not been validated in real contexts. Hence, the gap 
found in literature concerning the lack of a tool able to support manufacturers in TT still 
appears open or only partially solved (Acerbi et al., 2021). Specifically, an operative 
roadmap that supports the TT starting from the strategic objectives of an established 
company to reach higher levels of circularity supported by technological advancement is 
still lacking in literature. CE adoption can be highly supported by specific technologies 
and this opportunity can be further exploited considering that huge technological 
investments have been already pursued by manufacturing companies in the last years 
also thanks to the incentives by governments (De Carolis et al., 2017). Summing up, 
a multi-dimensional model should be developed covering different CE-related perfor-
mances by also integrating the technological perspective.

4. Proposal of a TRM methodology for TT

As per other roadmapping methodologies, this lays its foundations on three main 
questions to answer, namely: a) Where do we want to go?, b) Where are we now? and 
c) How can we get there? (Hansen et al., 2016).

Consequently, literature and empirical evidence suggest that TRM is usually com-
posed of 3 macro-steps which are (Gerdsri & Vatananan, 2007; Kerr et al., 2012; Park 
et al., 2020; Robert et al., 2004):

● Assessment: which aims at defining the goals and understanding the current level of 
I4.0 and sustainability maturity level within the subject of analysis;

● Roadmapping: which aims at defining the necessary transformation journey to 
support organizations to achieve the stated goals;
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● Control: which aims at monitoring the outcomes of the projects proposed and 
validating the roadmap or, on the contrary, adjusting it.

According to this general fragmentation, the authors have mostly devoted their 
research toward the roadmapping macro-step. The assessment phase is usually 
carried out through other methodologies and models which belong to Maturity 
Model (MM) domain (de Bruin et al., 2005). In this direction, since literature on 
MMs has already proposed a multitude of assessments, the authors aimed to 
design a methodology able to take the outcomes of existing MMs focused on 
I4.0 and Sustainability Transition (ST) and exploit them in roadmapping process 
(Figure 2).

Hence, the TRM proposed in this contribution is composed of 5 main steps (Figure 3).
The TRM proposed is compiled together with the organization (Chih Jen & Daim,  

2017; Kerr & Phaal, 2019; Kerr et al., 2018; Oliveira et al., 2019). The involvement of the 
organization is ensured through specific workshops with managers, middle-management 
and operators (Chih Jen & Daim, 2017; de Alcantara & Martens, 2019; Farrukh et al.,  
2014; Kerr & Phaal, 2019; Kerr et al., 2013, 2018; Oliveira et al., 2019; Robert et al., 2003).

The next paragraphs describe in detail the mentioned steps.

4.1. Step 1: goals and KPIs

The first step, ‘Goals and KPIs’, aims to identify the main strategic objectives that the 
organization wants to achieve. Setting the right strategic goals and extracting their core 
elements is indeed key for manufacturers to first understand where to focus (Lichtenthaler,  
2008). The aim is to give structure and solidity to the abovementioned TT by defining clear 
targets to achieve. Reportedly, this phase may involve heterogeneous stakeholders. Thus, 
the collection and understanding of the objectives from the beginning is beneficial to detect 
potential synergies and causal relationships. Therefore, a second and side takeaway of this 
phase consists of a prior rationalization of core needs to focus on.

Strategic 
objectives, 
motivation, 
vision and BM

Understanding
of the 
organizational
structure

Digital 
Assessment

Commitment development

Roadmapping Implementation

KPIs
definition

Mapping
criticalities-
effects and 
objectives

Technology 
identification

Focus of the research

Methodology already available

Out of scope

Not critical

Figure 2. Overall process of TT for companies and areas addressed by this research.
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The identification of strategic objectives could be difficult to determine as it must 
interpolate future needs of the market, the behaviour of competitors and incumbent 
entrants, and the available resources that the companies will be called to manage 
(Porter, 2008). This process may represent a first barrier to manufacturers which 
could be unaware of some of these abovementioned elements. In this direction, step 1 
has been conjectured to guide the whole process of goal identification through 
a preliminary understanding of the main trends affecting the industry of reference 
and the main technologies exploitable by the company. However, circumscribing 
objectives in a structured way is not enough to set the basis for a strategic transfor-
mation. Those must indeed be translated into measurable units to establish a given 
target to achieve and KPIs to monitor throughout the whole TT. Thus, the conclusive 
task of this phase consists of the joint definition of KPIs that will allow assessing the 
correctness of the TRM and its necessary capability to be aligned with corporate 
strategy (Cotrino et al., 2020). To achieve such objective, the authors developed 
a 2-level approach. This encompasses a top-down phase in which the main strategic 
goals are given by company’s decision-makers and a bottom-up phase to identify the 
main goals at operational level. Such approach is designed to ensure consistency with 
strategy (Cotrino et al., 2020) as well as increasing commitment at different organiza-
tional levels (Kerr et al., 2012). Furthermore, the bottom-up phase also aims at 
detecting the first areas of improvement and collecting the first feedback about the 
actual needs of the plants (Farrukh et al., 2014). In this regard, a dedicated session 
neutrally facilitated by TRM experts shall guide a first brainstorming (Oliveira et al.,  
2019).

Figure 3. Overview of the main steps of the presented TRM.
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4.2. Step 2: criticalities

Once defined goals, available technologies, and strategic KPIs, step 2 is dedicated to the 
identification of criticalities and particularly their prioritization. This step is designed to 
be carried out after the understanding of the current level of maturity of the system. In 
this regard, the authors did not develop a specific MM rather they designed the meth-
odology to be modularly integrated into existing models in operations management 
domain such as (De Carolis et al., 2017; Sassanelli et al., 2020) MMs’. Indeed, regardless 
of the level of granularity, the TRM covers the following processes: Design and 
Engineering; Production; Quality management; Maintenance management; Logistics 
(internal and external), and Supply chain management (De Carolis et al., 2017).

The methodology is designed to distinguish criticalities in terms of severity and of 
process on which the criticality impacts.

As suggested by (Acerbi et al., 2022), all the criticalities identified are assigned to the 
process in which they originate (different colours of the squares). Regarding the identi-
fication of the severity of the single criticalities, the authors have conjectured 2 different 
approaches. The selection of the proper approach depends on the evaluation of 2 main 
challenges of firms: the time available to conduct the analysis (Halse & Jæger, 2019; 
Kumar et al., 2021) and the data availability of the organization (Geum et al., 2015; Han & 
Geum, 2022).

The first approach encompasses a qualitative definition of the severity of the criticality 
on a 3-level scale: High, Medium and Low (Figure 4). Such a distinction shall be jointly 
determined within the workshop.

The second approach, the most time-consuming of the two but the deepest in terms of 
analysis, lays its foundations on system dynamics theory, multi-objective decision model 
and multi-attribute decision models. It includes a preliminary phase in which all the 
presumed criticalities highlighted are sorted into actual criticalities (squares) and effects 
(hexagons) (Sterman, 2001). The effects are those presumed criticalities that are generated 
by the actual or core criticalities, subsequently, the methodology requires setting the 
criticality-effect and effect–effect linkages to create a map of dependence and depict 
where and how the identified criticalities impact the organization.
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Figure 4. Step 2-identification and prioritization of criticalities (qualitative approach).
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Afterwards, each effect is assigned to each of the strategic goals stated in Step 1. Then, 
each direct criticality-effect and effect–effect link is assigned to a severity index calculated 
as a function of the probability of occurrence and absolute impact in case of occurrence 
while each effect is assigned to a score calculated as a function of the impact it has on the 
strategic goals.

All these steps lead to prioritizing criticalities considering the absolute severity, the 
impact on the different processes, and the relevance for the achievement of the goals (last 
column of the matrix in Figure 6).

4.2.1. Analysis of the impacts
The quantitative approach focuses on numerically depicting both direct and indirect 
relationships among the criticalities identified during the assessment phase and the con-
sequential problems that they generate along the processes under analysis.

Examples of similar methodologies are already available in many fields of research and 
practice like Quality management through QFD (Jeon et al., 2011).

Hence, the authors exploited the main principles that rule these methodologies to 
develop a similar one to be applied in the TRM field.

Hence, the first phase of this quantitative approach encompasses a classification of 
problems into two main categories, namely:

● Criticality: root problems that affect specific functions and processes;
● Effect: generated problems that affect functions and processes due to the propaga-

tion of not addressed criticalities.

Given the need for TRM to be visual (de Alcantara & Martens, 2019; Kerr et al., 2012; 
Robert et al., 2003; Cotrino et al., 2020; Farrukh et al., 2014; Oliveira et al., 2019; Phaal & 
Muller, 2009), once classified the problems (entities), the authors shall identify the links 
among criticalities and effect (C-E relationships) as well as the links among effects (E–E 
relationships) and depict them in a map (Figure 5).

The map reported in Figure 5 shows how the different criticalities (squares) directly 
generate the effects (hexagons) and how the effects are linked to the others. In particular, 
the cause (either effect or criticality) is located at the tail of the arrows while the effects are 
pointed by the head of the arrows.

Depending on the complexity, the scope of the analysis and the level of maturity of the 
case analysed, it can be noticed that the readability of the map might be seriously 
threatened thus harming the possibility to support decision-making. To grant external 
simplicity and the understanding of the output (Hansen et al., 2016; Kerr et al., 2013; 
Robert et al., 2003), the mapped links are translated into a matrix through the allocation 
of a binary attribute to all the direct C-E and E-E relationships.

Starting from these two matrices populated with Boolean variables, the tool analyses 
the existence of indirect relationships with increasing degrees of ‘kinship’. The variables, 
respectively, are:

● 1: There is a relationship from A (rows) to B (columns);
● 0: There is no relationship.

12 M. SPALTINI ET AL.



As an example, at the first comparison of the input tables, it was possible to distinguish 
analytically the existence of a criticality–effect relationship in cases where these were 
linked together by a single common effect.

Like the approach followed by (Ching et al., 2022), the identification of further 
indirect relationships among entities follows a cascade approach.

To generalize the methodology, the number of relationships identified by each itera-
tion of the toll is quantified by the formula below (Ghobakhloo et al., 2021). 

Step n :
Xn

ià0 RCE iâ ä
x;e (1) 

where
RCE iâ ä

x;e: Identifies the relation of a criticality (x) on a direct effect (e) at step i;
n: Identifies the total number of steps.

This preliminary process of quantitative mapping of criticality–effect relationships, 
at present, highlights the existence or not of a correlation between different 

Figure 5. Conceptual scheme of the criticality–effect relationship map.

Figure 6. Step 2-identification and prioritization of criticalities (quantitative approach) from the visual 
map to numerical matrix.
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factors but does not define their impact. Therefore, to obtain a reliable prioritiza-
tion of interventions, it is necessary to assign a weight to the individual 
relationships.

4.2.2. Quantitative assessment of cause-effect impacts
The authors opted for the introduction of a unique scoring system for all the elements of 
the model to quantify the linkages described. Specifically, a scale from 1 to 4 has been 
selected where 1 indicates the lowest value (i.e. lower frequency, lower impact, lower 
relevance) and 4 indicates the maximum value.

The first phase of the quantification process consisted in associating the different 
effects identified with a degree of relationship (i.e. an impact) for the company objectives.

As supported by many TRM methodologies, the relevance of the declared objectives 
must be jointly defined with the company since they will dramatically affect the whole 
prioritization process (Chih Jen & Daim, 2017; Kerr & Phaal, 2019; Kerr et al., 2018; 
Oliveira et al., 2019; Phaal et al., 2011; Robert et al., 2003; Spaltini et al., 2022).

Then, the overall impact of each effect was then normalized to fall within a score scale 
between 1 and 4.

The formula used for this purpose is: 

Re à
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅYk

jà1 Oj
k

r
(2) 

where
Re: Identifies the overall impact (Relevance) of the generic effect e;
Oj: Identifies the company’s perceived relevance of the generic objective j;
k: Identifies the number of goals whose perceived relevance has been measured to 

define impact Re.

A scheme of this process is provided in Table 2.
The second phase consists in defining the specific weight of each criticality to the 

direct effects generated (Criticality–Effect relationships) and of each effect to the effect 
immediately impacted (Effect–Effect relationships). Both the cases follow the same 
process. First, the magnitude of the overall impacts is divided according to two basic 
criteria: Absolute impact and frequency.

The absolute impact is the magnitude, from 1 to 4, that a factor x (criticality or effect) 
can pour its impact on a factor y (effect). It is necessary to specify that the absolute impact 
has the sole objective of measuring how much a criticality impacts a given effect but does 
not have consider the magnitude of the criticality itself.

Table 2. Impacts of individual effects on corporate objectives.
Effect Relevance Objective 1 Objective 2 . . . Objective k
Effect 1 1,6 4 1 1
Effect 2 1,4 1 3 1
..
.

Effect y 3,6 4 4 4
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The frequency index instead identifies the possibility, from 1 to 4, of factor 
x (criticality or effect) to impact a factor y (effect). The result of this process is reported 
in Figure 6.

4.3. Step 3: solution proposal

Taking as input the technologies identified in step 1 and the criticalities detected in step 
2, stage 3 focuses on the development of solutions.

In this sense, the authors have clustered 3 main typologies of solutions based on the 
findings from the extant literature: Process-related actions focused on process and 
organizational redesign; Digital Backbone-related actions focused on implementing or 
updating ICT technologies, I4.0-related actions focused on implementing or updating 
I4.0 technologies.

Addressing all criticalities that emerged in step 2 could be unfeasible for manufac-
turers for a lack of resources or capabilities (Yang et al., 2018) or inappropriate compared 
to the achievable benefits (V. Kumar et al., 2021). Hence, the first task consists of the 
selection of a threshold area of the matrix in Figure 6 which determines the criticalities 
and effects to focus on based on the priority rate allocated.

Afterwards, the identification of solutions and their categorization is carried out 
through a first ad hoc analysis of the problems and a subsequent iteration with company 
and process experts for validation.

It is worth highlighting that TT enabled by I4.0 technology adoption requires a deep 
background transformation of processes and organization (Marcucci et al., 2021). 
Accordingly, it also requires a careful deployment of enabling technologies including 
ICT systems (Acerbi & Taisch, 2020; Ciliberto et al., 2021; Garcia-Muiña et al., 2018). 
Hence, each solution proposed must include a proportionate evaluation of all the three 
solution categories to guarantee self-standing and modularity (Lee & Park, 2005).

4.4. Step 4&5: TRM

Finally, TRM phase takes as input the solutions designed in previous phases and maps 
them in the visual TRM. This phase has a twofold aim. First, it allows planning the 
interventions and related investments and resources throughout a given timespan. 
Second, it is the moment in which the results are formally communicated to stakeholders.

Hence, the authors developed an approach able to satisfy to facilitate both aspects by 
introducing a multi-layered framework. The choice of a multi-layer TRM is motivated by 
the necessity to rely on a bi-dimensional structure thus increasing the ease of readiness 
and the understanding of the visual result. Indeed, TRM has the ultimate role of 
supporting the decision-making process and strategic planning; thus, they need to be 
easily understandable by decision-makers (Kerr et al., 2013) as well as ensure flexibility in 
its implementation (Robert et al., 2003).

In particular, the first layer aims to link the individual strategic objectives of the firm 
to the solutions proposed along a timeframe. Looking at the scheme in Figure 7, this first 
dimension determines the horizontal axis. The second dimension, represented by the 
vertical axis, identifies the expected effort for the design and deployment of the given 
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solution. As suggested by (Hansen et al., 2016), such choice is motivated by the need of 
the stakeholder to clearly understand the actions to undertake to reach a specific goal.

Regarding the actions for improvements already detected in phase 3 of the whole 
roadmapping process, they keep their macro distinctions into Process, Digital Backbone 
and Industry 4.0 and cross-category solutions; although a general rule about the alloca-
tion of projects throughout the timescale is not a priori providable, some guidelines 
might be applied.

For each area of projects, the projects should be assigned based on the priority level of 
the criticality solved (determined in phase 2) and according to the logical sequencing of 
different projects. Regarding this latter, the roadmap should tend to anticipate process- 
related actions and then, once defined an optimized process, intervene on the supporting 
technology side.

5. Application case

The actual usefulness and effectiveness of the TRM methodology were tested through 
diverse application cases. In this paper, the authors report one case that involved 
a multinational European manufacturer operating in the aerospace industry. The choice 
of such a case is due to the high complexity of the processes and products managed, the 
high-quality requirements imposed by the market, the high propensity toward I4.0 
investments, and the growing concern toward sustainability aspects of the business.

The focus of the analysis was on the Italian plant devoted to the Assembly, 
Integration, and Test (AIT) of satellites for off-earth communication and space 
exploration. The facility analyzed was dedicated to the assembly, integration, and 
testing of small-medium class and high-volume satellites. It aimed at design and build 
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Figure 7. Structure of the TRM graphic output.

16 M. SPALTINI ET AL.



a state-of-the-art Digital Factory utilizing I4.0 technologies. The objective of the site 
redesign, which involves the reorganization of flows, tools, work methods, and 
technologies, was aimed at optimizing and streamlining satellite production, thus 
reducing their lead times. In general, the designed solution had to meet the need 
for increased production volumes, transforming production from ‘bespoke’ to ‘mass 
customization.’ The company deals with three major product categories that differ-
entiate by sizes and weights: micro-satellites (around 150 kg), medium satellites 
(around 1000 kg), and large satellites (around 2000 kg). The objective of this digita-
lization initiative was to find an I4.0-oriented solution adaptable to all three product 
families without requiring significant modifications to the plant whenever there is 
a switch in the product family being processed. Similarly, the identified solution had 
to achieve a time and OPEX savings of approximately 20%. In line with this, the 
management emphasized their willingness to implement an update process for the 
supporting ICT systems to ensure effective data and information collection.

Figure 8. Final roadmap developed and shared with the company.
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As the market is growing, the company needed to increase production. Hence, apart 
from the need for process optimization, it wanted to expand the available area for AIT 
activities from 4000 m2 to 10,000 m2 within the next 5 years. The facility could produce 4 
to 5 satellites per month, but the objective was to increase production to up to 30 satellites 
per month. This goal included the introduction of micro-satellite constellations.

Moreover, given the high cost and time to certificate procedures (European 
Customer Specifications-ECSs), the company was also willing to minimize the 
changes in processes for large satellites. On the other hand, no constraints were 
provided on the introduction of new technologies applied to the process. Finally, 
the application case regarded exclusively the operation processes of the AIT depart-
ments and ICT architecture, no interventions at supply chain nor product level were 
analyzed. For the operation processes, the authors refer to New Product Development 
& Engineering (NPD), Production (i.e. Assembly), Maintenance, Quality (i.e. Test), 
and Internal logistics.

The identification of criticalities and solutions was conducted through a 3 full days’ 
workshop on site, and 1 hands-on experience that involved 17 main managers and 
specialists of each of the processes abovementioned (Annex 1).

Additionally, a 2 full days training session on the digital solutions proposed was 
provided to an extended team of the company.

5.1. Criticalities

Overall, the methodology allowed the authors to detect 22 criticalities. These were 
detected through dedicated interviews with the abovementioned managers and specia-
lists. Each interview was conducted by following the methodology proposed by (De 
Carolis, 2017; De Carolis et al., 2017) and encompassing the 6 operations processes.

Regarding NPD, synergies among programs by reusing data and information from 
similar products already made were rarely achieved thus extending the whole time to 
market needed to deliver a satellite. This effect was further exacerbated by the limited 
reliance on design methods aimed at facilitating AIT procedures throughout the opera-
tions phases. Another critical point referred to the strict certification specifications (i.e. 
ECSs) hampering the possibility to investigate disruptive process innovations. On the 
project management side, the firm was not able to properly foresee budgeted times and 
costs thus leading to problems in the subsequent planning phases.

The assembly area proved to suffer most of the criticalities highlighted. Overall, 10 main 
criticalities were identified. First, the Bill of Processes (BoP) was printed and compiled 
manually, and the Manufacturing Execution System (MES) was updated manually and 
asynchronously at the end of the shift. Moreover, limited data and events happening on the 
shopfloor were registered automatically on ICT systems and no lead times were recorded.

The manual activities in the A&D sector must often be performed by certified 
operators. In this regard, no autonomous system to monitor the expiring date of the 
certification was implemented thus exposing the company to the risk of generating non- 
conformances. Other criticalities referred to a wrong layout of the shopfloor which 
forced operators to leave their workplace to reach the tools/components and the reliance 
on inappropriate tools (e.g. Excel sheets to manage the stock).
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Finally, the test phase underlined five additional criticalities which regarded a lack of 
planning, an onerous reporting system to register quality and test parameters, and 
a strong reliance on manual reporting and checking activities.

Such criticalities were linked to generated effects (20) and then prioritized accordingly. 
The identification of weight and links involved all the company stakeholders above 
mentioned and were neutrally facilitated by the authors as suggested by (Kerr et al., 2012).

The analysis permitted the identification of 74 causal relationships (Annex 2).
Each block was then translated into a matrix to determine quantitatively how many 

times a criticality impacted each effect. Following the methodology presented, the 
authors conducted another workshop to determine the weight of each link in terms of 
absolute impact and frequency and to define the impact of each effect on the objectives 
stated (Annex 2).

From the resulting analysis, Table 3 shows the most impacting criticalities and effects.

5.2. Solutions and roadmap

After the prioritization phase, 21 solutions were proposed and clustered into 3 areas, 
namely Process, Digital Backbone, and Industry 4.0. A description of the solutions 
proposed is available in Annex 3. These allowed the company to eliminate 18 out of 
the 22 criticalities and further mitigate 19 out of the 20 effects.

Given the high number of solutions proposed, the company, supported by the authors, 
opted to initially implement process-related solutions and then align the digital back-
bone. I4.0 technologies were catalogized into A-priority and B-priority based on the 
macro-business objective that they were supposed to tackle (see Figure 8 and Annex 4).

Accordingly, an analysis of the achievable benefits was provided for both scenarios 
(see Annex 5).

After the generation of the final TRM and the presentation to the management team, 
the authors conducted a last workshop to communicate the output to the main stake-
holders affected by the transformation and collect feedback regarding the whole meth-
odology followed. To this extent, approximately 30 company experts with different 
backgrounds and roles were involved. Miró web platform and PowerPoint were used 
to guide and facilitate the discussion. All the participants agreed with the structure of the 
roadmapping process, logical links, and level of detail adopted. In this direction, no 
further comments nor suggestions were provided.

Regarding the TRM layout, the discussion was guided by the following questions:

● What criteria would you rely on to chronologically distribute projects?
● What criteria would you adopt to define the expected effort required for a project?

Table 3. Most impacting criticalities and effects and their cumulated impact.
Criticalities Effects

Description Overall impact Description Overall impact
Lack of time monitoring 15% Frequent rescheduling 19%
Limited Design for Assembly 9% Human errors 12%
Lack of a proper stock management and ordering system 8% Wrong budget estimation 8%
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From the analysis of the feedback received, emerged the need for integrating the process 
with an intermediate step (step 5.3b) consisting of a 2nd layer classification computed 
through a weighted scorecard encompassing ‘time distribution’ and ‘effort definition’ 
drivers. Among them, it emerged the necessity to identify the logical causality among 
projects, estimate financial resources, departments, skills and partners involved in each 
project, distinguishing between internal and outsources activities. Additionally, the 
participants agreed about the usefulness of introducing a distinction of Education 
projects into ‘Learning-oriented’ and ‘Training-oriented’ and define a priori the com-
plexity, format, granularity, quantity, and quality of the expected necessary data to run 
the projects. The detailed list of answers provided is available in Annex 6.

The findings resulting from the employed methodology were subsequently harnessed 
by the company to formulate a comprehensive project proposal. This resulted in the 
company’s triumph in a publicly solicited tender (PNRR – Sub investment MIC2. 
I4.3-Space Factory) initiated by the Italian Space Agency (ASI) and EU. The tender 
specifically pertained the establishment of a novel aerospace manufacturing facility. 
Consequently, the company is currently in the process of implementing the proposed 
solutions put forth by the authors.

6. Discussions and conclusions

Although the relationship between I4.0 technology and sustainability is extensively 
investigated in literature and proven to be virtuous, manufacturing companies still 
struggle to apply such concepts and make TT real. Among these causes, the authors 
identified 4 barriers tackled by this research that refer to a lack of practical models, 
evaluations, and examples able to consider the specific and real needs of practitioners 
(Abdul-Hamid et al., 2020; Bag et al., 2022; Trevisan et al., 2023). Over time, many tools 
were proposed and TRM proved to be among the most effective.

This paper presents a TRM methodology resulting in a unique tool able to address 
both strategic business objectives and sustainability ones, through practical actions of 
a management nature and technological implementations to support the TT of manu-
facturing companies.

The authors conducted a SLR that highlighted the relevance of TRM in I4.0-enabled 
transformation processes and clustered TRM into PTR, ETR, and IOR (Garcia & Bray,  
1997). Then, a critical review of the currently available TRMs enhancing TT was 
performed. The literature highlighted the lack of a multi-perspective and multi- 
objective but operative roadmap able to tangibly support TT based on specific strategic 
objectives seemed to be missing.

The methodology presented by the authors is divided into five steps, namely: Goal and 
KPIs, Criticalities, Solution Proposal, TRM, and Project management. Each step was 
described in terms of content and sub-phases. Depending on the time and resources 
available, the authors developed a double, mutually exclusive criticality identification 
step that could be based either on a qualitative or a quantitative approach.

Most of the methodologies presented in the literature are devoted to product-related 
TRM (PTR) or TRM aiming at introducing or updating products and exploit technolo-
gies as enablers. In this work, the methodology proposed adopts a different perspective 
thus being focused on manufacturing processes.
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In addition, the methodology originates from a twofold analysis that encompasses 
a study of existing TRM available literature and the analysis of companies’ actual needs 
and barriers faced while addressing TT. The methodology developed was tested and 
validated in multiple industrial cases and the results from an Aerospace manufacturing 
company were presented.

Regarding the contribution to the theory, the paper clusters and describes the main 
typologies of TRM available in the literature. Therefore, it provides an analysis of the 
main TRM methodologies/tools available in the literature and presents the possible 
managerial tools and decision-support techniques that might synergically be integrated 
with TRM. Multiple contributions addressed TRM under a I4.0 perspective with no focus 
on sustainability (Hilary & Daim, 2012; Jeon et al., 2011; Kerr et al., 2006; Sufian et al.,  
2021). The authors contributed to theory by introducing an additional dimension con-
sidering environmental sustainability as a driving objective of the whole methodology. 
TRM has been effectively integrated with several managerial and decision-making tools, 
including QFD (Hilary & Daim, 2012), SWOT (Ramos et al., 2022), AHP (Verma et al.,  
2022), TOPSIS (Sajjad et al., 2022), Delphi (da Silveira Junior et al., 2018) and others, 
which were chosen based on the specific scope of TRM and the corresponding domain of 
investigation. Nevertheless, a deficiency is observed in the rationale for establishing 
linkages and quantifying relationships among criticalities and their corresponding effects 
(Phaal & Muller, 2009; Valério et al., 2020). Consequently, this deficiency undermines the 
robustness of prioritizing actions aimed at enhancing the roadmap’s efficacy and per-
formance (Valério et al., 2020). To overcome such deficiency, the proposed methodology 
integrates system dynamics theory, multi-objective decision models and multi-attribute 
decision models to TRM domain.

Hence, this article proposes a methodology to integrate I4.0 and economic and 
environmental sustainability in manufacturing, reviews the academic literature of TRM 
for TT and provides empirical evidence from an Italian manufacturer. Different from 
other domain-specific or industry-specific methodologies (Harmon et al., 2012; Perossa 
et al., 2023), the proposed one addresses TT from a holistic perspective. To achieve this, 
the research proposes a methodology to identify and prioritize impediments to TT. 
Consequently, it integrates the results into a complete TRM methodology to foster 
Sustainable and Digital Transition in the manufacturing domain.

The research also underlines the multi-perspective nature of TT, emphasising the role 
of Process and Digital Backbone optimisation.

The methodology also combines aspects functional to the achievement of strategic and 
operational performances, such as good management practices, and the functionality of 
digital technologies in a single framework.

Regarding the contribution to practice and the managerial implications, this docu-
ment provides manufacturing companies with a practical tool to undertake a TT in 
a facilitated way thus supporting managers in identifying strategic investments and 
planning actions and resources in a defined timeframe. Thanks to the use of the 
methodology, it was possible to ascertain various advantages in the company involved 
as an application case. The main ones include 1) the ability to integrate long-term 
strategic objectives into practical and operational activities, 2) the ability to orchestrate 
functional and departmental objectives of the various managers in a single operational 
plan, 3) the ability to generate awareness of drawbacks of the critical issues generated 
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within a function in downstream activities, 4) the ability to link business and sustain-
ability objectives through actions that directly affect both positively, and 5) the ability to 
generate awareness of the activities to plan and execute both earlier than during digital 
technology implementation projects. Also, the research emphasizes of relying on 
a holistic approach by considering operations’ physical and information flow and 
investigating possible synergies with other functions. Thus, the methodology aims to 
foster commitment within the organizations through the engagement of employees 
ranging from top management to shopfloor operators.

The following research presents some limitations and boundaries. First, the metho-
dology does not consider project risk management dimensions, thus limiting its applic-
ability in the high uncertainty sector. Furthermore, no quantitative evaluation of 
economic and sustainability aspects has been developed yet. Future studies will be 
devoted to further validating the methodology proposed and refining it based on the 
insights collected, extending it by introducing a risk management-related step, further 
consolidating the KPI definition phase as well as applying the model in a multi-sector 
manufacturing application case.
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Appendices

Annex 1 list of interviewees involved in the application case

(1) Director of the AIT centre
(2) Head of the Organizational Unit (U.O) ‘Industrialization, Innovation, and R&D’
(3) Head of ‘Avionics and Electrical Product Line’
(4) Head of ‘Thermo-mechanical structure and product line’
(5) Head of ‘Platforms Product Line’
(6) Head of Industrial Supply Chain
(7) Head of ‘AIT and Test Operations Management’
(8) Head of the ‘Thermo-Mechanical Systems’ Unit
(9) Head of the ‘Quality Control Inspectors’ Unit

(10) Logistics Manager
(11) Head of ‘Logistics & Clean Rooms’
(12) Head of Technical and Industrialization Office
(13) Head of AIT for a reference product
(14) Quality Inspector
(15) Specialist in the Quality Management System
(16) Specialist in the Quality Assurance AIT/Product Assurance AIT/Industry Maturity Leader
(17) Head of Information System and Product Lifecycle Manager (PLM)
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Annex 2 C-E relationship map and Matrices obtained during the 
C-E quantification workshop
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EFFECT

Frequent
rescheduling

Human
errors

Difficult to
estimate
budget time

Stops/slowd
owns in
production

Non-
conformities

Lack of
planning

Difficult
cost
monitoring

Increased
assembly
times

Difficult
setting up
and
monitoring
of
improvemen
t actions

Long NPD
times

Difficult
saturation
monitoring

Inaccurate
material
tracking

Unavailabilit
y of tools

Increased
NCR
management
time

Relatively
long set-up
and de-set
up times

Increased
time
required
material in
stock

Procedures
loaded to
DMS
manually

Increase in
LT of
supply

Relatively
long testing
and
validation
times

Long
quotation
times

TOTAL

Unmonitored
timing

146 0 322 0 0 0 298 0 472 0 429 0 0 0 0 0 0 0 0 18 1,7

No Design for
Assembly logic

137 0 0 160 0 0 0 358 0 0 0 0 0 0 288 0 0 0 90 0 1,0
There is no MRP 135 183 0 0 89 0 0 0 0 0 0 0 315 0 0 0 0 143 0 0 0,9
Warehouse
managed via excel

177 183 0 144 89 0 0 0 0 0 0 223 0 0 0 0 0 0 0 0 0,8
Procedure sub-
paragraphs not
related to the
procedure

107 366 0 0 179 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,7

There is no
BoM/BoP/BoR

195 0 0 0 0 454 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,6
Bureaucratic
warehouse
management

183 0 0 43 0 0 298 0 0 0 0 0 0 0 0 125 0 0 0 0 0,6

AIT team has no
visibility into the
external warehouse

192 0 0 224 0 0 0 0 0 0 0 0 0 0 0 156 0 0 0 0 0,6

DMS does not
integrate external
supporting
documents

80 274 0 0 134 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,5

Paper-based
procedures

49 114 0 18 56 0 0 0 0 0 0 0 0 0 0 0 248 0 0 0 0,5
Non-use of past
order data

0 0 286 0 0 0 0 0 0 149 0 0 0 0 0 0 0 0 0 16 0,4
There is no unique
coding of
equipment

110 0 0 128 0 0 0 0 0 0 0 198 0 0 0 0 0 0 0 0 0,4
Quality test results
reported manually

13 46 0 0 22 0 0 0 0 0 0 0 0 322 0 0 0 0 0 0 0,4
Reduced ability to
predict
rescheduling

390 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,4

Very binding CSs 0 0 0 0 0 0 0 0 0 298 0 0 0 0 0 0 0 0 0 0 0,3
Non-optimal
equipment
arrangement

55 0 0 64 0 0 0 143 0 0 0 0 0 0 0 0 0 0 0 0 0,3

Manually compiled
shipping list

40 137 0 0 67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,2
There is no
repository with test
data from past
orders

24 0 143 0 0 57 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0,2

Certifications not
updated
periodically

70 0 0 0 36 114 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,2
Difficult ascent of
the data from the
shopfloor

0 0 215 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 0,2
There is no
predictive
maintenance

98 0 0 114 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,2
Manual equipment
expiration check

13 46 0 0 22 0 0 0 0 0 0 0 79 0 0 0 0 0 0 0 0,2
TOTAL 2,2 1,3 1,0 0,9 0,7 0,6 0,6 0,5 0,5 0,4 0,4 0,4 0,4 0,3 0,3 0,3 0,2 0,1 0,1 0,1

C
R
IT
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A
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Annex 3 Brief description of the actions for improvements proposed

Area # Name of the project Description
Process 1 Task authorization 

control
Introduction of a skill matrix to assign process certification (e.g. titanium 

welding certification) to operators and authorize task advancement 
and certified tool usage to selected workers

2 Concurrent 
engineering

Introduction of Concurrent Engineering process in order to minimize the 
risk of delays due to the need for redesign.

3 DfA Introduction and reliance on Design for Assembly (DfA) rules of satellites 
trays

Digital 
Backbone

4 MRP Introduction of a Material Requirement Planning (i.e. MRP II) system
5 MES Introduction of a Manufacturing Execution System
6 WMS Introduction of a Warehouse Management System
7 Certification alert Introduction of an automatic alert system that is activated whenever the 

certification of an operator approaches the expiry date.
8 EBOM vs MBOM Introduction of layered Bill of Materials BOM) divided into Engineering 

BOM (EBOM) and Manufacturing BOM (MBOM)
9 PLM Introduction of a Product Lifecycle Management system

Industry 4.0 10 Smart Tools Introduction of a system of intelligent tools connected in real-time with 
MES to increase process efficiency, avoid the risk of using a tool whose 
calibration is no longer certified and automatically record process 
parameters on mandatory documents (i.e. logbook).

11 IIoT Introduction of IIoT to monitor and increase efficiency in the ascent and 
subsequent real-time analysis of the data.

12 Wearables Introduction of tablets and smartwatches to support the monitoring of 
assembly times and with the aim of facilitating some activities of the 
design and product development process (e.g. budget time 
estimation)

13 Digital Twin – AR/VR Introduction of Augmented and Virtual Reality systems (e.g. smart 
glasses) and digital twins to promote a logic of concurrent 
engineering, DfA involving the various business functions involved, 
improve virtual commissioning, provide the operator with real-time 
instructions for step-by-step tasks, and automatically validate them 
upon their completion

14 Exoskeleton Enhancement of human assembly operators through mechanic and 
sensorised exoskeleton

15 Cobot Introduction of Collaborative Robotics for low-complexity assembly tasks
16 Laser Check Adoption of precision laser scanners to check dimensional and shape 

non-conformances
17 AGV Introduction of Autonomous Guided Vehicles for transportation of 

subassembly and core bodies within the clean room
18 BDA – AI/ML Introduction of Artificial Intelligence systems to: a) define common design 

patterns among programs, b) enable predictive maintenance, c)
Cross- 

category
19 IT System Integration Integration of ICT systems (i.e. ERP, WMS, MES, MRP, PLM) to guarantee 

the digital continuity of data and information
20 Training Definition of Education and Training programs on I4.0 technologies, 

Lean management, Design rules, and new ICT systems implemented
21 Cybersecurity Definition of a cybersecurity architecture consistent with the ICT and I4.0 

technologies implemented
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Annex 4 Scheme defining priority of intervention

Annex 5 Scenario analysis based on the extent of the solutions 
implemented

Technologies 4.0
Priority of 

intervention
Time to Market/Reduction of non- 

recurring costs
Reduction of 

recurring costs
Delivery 

Rate

Tablet, smart watches e Smart 
Glasses

A x x x

Digital Twin, AR, VR A x x
IIoT A x x
Big Data Analytics, AI, 

Machine Learning
B x x

Smart Tools A x
Laser dimensional verification 

system
B x x

AGV e RFID B x x
Collaborative robots B x x
Exoskeleton B x x

Technologies 4.0
Time to Market/Reduction 

of non-recurring costs
Reduction of 

recurring costs
Delivery 

Rate

Scenario with priority 
A interventions

Tablet, smart watches 
e Smart Glasses

−10% −15% variable

Digital Twin, AR, VR
IIoT
Smart Tools

Scenario with the addition of 
priority B interventions

Big Data Analytics, AI, 
Machine Learning

−15% −20% variable

Laser dimensional 
verification system

AGV e RFID
Collaborative robots
Exoskeleton
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Annex 6 Comments collected during the model validation workshop

What criteria would you rely on to chronologically distribute 
projects?

What criteria would you adopt to define the expected 
effort required for a project?

1 Prioritizing projects which represent the prerequisites for 
other projects proposed in the TRM

1 Distinguishing between projects carried out 
internally or outsourced

2 Spreading the projects to guarantee the sustainability of 
budget and financial indicator expectations (e.g. 
corporate ROI, Payback time)

2 Number of processes changed by the solution 
proposed

3 Prioritizing projects improving safety and security 3 Expected budget
4 Learning-oriented programs (high level for managerial 

level) should anticipate operational training
4 Necessary skills

5 The expected duration of projects should be provided 
from the beginning

5 Maximum available time (the shorter the time, 
the higher the effort)

6 Prioritizing projects with shorter Payback Time (quick 
wins)

6 Number of necessary people to allocate to the 
project (the higher the number, the higher the 
effort)

7 Prioritizing projects with the lowest cost-benefit ratio 7 Number of expected external stakeholders to 
involve

8 Prioritizing projects enabling multidisciplinary and 
synergic actions (i.e. cross-department projects)

8 Maximum expected tier of the Supply Chain 
involved

9 9 Complexity, format, granularity, quantity, and 
quality of the expected necessary data to run 
the project
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