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Abstract

This paper aims at understanding whether and how the European manufacturing sector can better implement standards. It
argues that despite the understudy of standardisation in the manufacturing sector, new innovative technological develop-
ments force academics and practitioners alike to re-examine the relevance, the benefits and challenges of standards, from
policy to implementation. The paper leverages information gathered for the purposes of the “Boosting the Exploitation
of Standardisation Inputs from European Projects” (STAND4EU) project, where various standardisation stakeholders
were surveyed to understand their views on the barriers in the development and adoption of standards, providing their
suggestions for best practice in standardisation. Grounded under the Standards Development Lifecycle, and based on the
respondents’ views, the study ultimately proposes a remediation plan to support standardisation policymaking. Therefore,
this paper advances the discourse on international standards development and application, promoting the improvement of
regulatory frameworks and the advancement of knowledge in standardisation.

Keywords Standards - Standardisation - Manufacturing - Additive manufacturing - Industrial digitalisation - Welding -

Circular economy

1 Introduction

Standardisation establishes common and consistent pro-
cedures that help streamline production and sustainability.
Examples of successful standardisation implementation
include ISO/ASTM 52900-Terminology for AM—General
Principles—Terminology, and ISO/ASTM 52901-Additive
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Manufacturing—General principles—Requirements for pur-
chased AM Parts.! Despite the general recognition of the
benefits of standardisation, and its connection with innova-
tion, there is limited research on the gaps, challenges and
the ways to advance standardisation efforts in the manufac-
turing sector. Therefore, this paper aims at identifying key
barriers and solutions for the efficient implementation of
standardisation, by asking: can the European Manufacturing
sector better implement standards? There are two objectives
of this research (1) firstly, to understand key obstacles to
standardisation, (2) and secondly, how these obstacles feed
into fostering ways to a better standards implementation.
To guide this study, this paper will address three research
questions: (A) What are the key obstacles encountered in
the development, adoption, and implementation of stan-
dards in the European manufacturing sector? (B) How do
these obstacles vary across different technological domains
(Additive Manufacturing, Welding, Smart Manufacturing,
and the Circular Economy)? (C) What practices or strategies

I ASTM (n.d.). The 5 Most Important Standards in Additive Manu-
facturing. https://www.astm.org/news/5-most-important-standards-ad
ditive-manufacturing
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can support more effective and sustainable standardisation
processes in these domains?

The study analyses specific challenges in additive manu-
facturing standards and proposes concrete solutions based
on stakeholder feedback. This paper is based on primary
data collected and analysed for the research project titled
“Boosting the Exploitation of Standardisation Inputs from
European Projects” (STAND4EU), which aimed at identify-
ing potential barriers to standardisation research and indus-
trial innovation.? Similar to this paper, its objective was to
support the development of standards by identifying and
analysing the main barriers that occur in the standardisa-
tion process directly. The STAND4EU project focused on
and incorporated four main technological domains STAN-
D4EU: Additive Manufacturing (enabling technology),
Welding (conventional well-established process), Smart
Manufacturing, Industry 4.0, Digitalisation, Artificial Intel-
ligence (technology-oriented), and Circular Economy. It
follows a robust sequence of methods, starting with a survey
(n=184), then interviews (n=44) with various experts in
the manufacturing sector, and finally, focus groups through
workshop events organised by the STAND4EU project
consortium.

The paper can be further contextualised under the
increasing EU interest in investing further research capac-
ity to understand the relationship between standardisation
and innovation, amidst the introduction of new technolo-
gies, and the nascent EU efforts to further strategize on
standardisation (European Commission, 2022a; European
Commission 2022b; European Commission, 2022b; Euro-
pean Commission, 2023a; European Commission, 2023b;
European [25], Directorate-General for Internal Market,
Industry, Entrepreneurship and SMEs, 2022). This includes
the formation of an expert High-Level Forum on European
Standardisation, to navigate standardisation strategy on
the European level, which focuses on the internal market,
industry, entrepreneurship, and Small-Medium Enterprises
(SMEs) (High Level Forum on European Standardisation,
2024). In line with the interest of EU bodies on the per-
formative and sustainability aspects of standardisation, the
study contributes to a holistic expression of barriers in the
European manufacturing standardisation sector. It aims at
bridging the gap between academic research and practice,
producing potential policymaking outputs, to support those
involved in standardisation processes, policymaking and
implementation in navigating standardisation successfully.

Furthermore, the motivation for this study lies in pre-
existing, emerging or expediated challenges to the stan-
dardisation of manufacturing. Therefore, it moves beyond
the relationship between innovation and standardisation,

2 STAND4EU (2021). Stand4eu.eu. https://www.stand4eu.eu/backgr
ound.html
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factoring in the organic complexity of standardisation,
acknowledging, for instance, the existence of discrepancies
in the standardisation process amongst different organisa-
tions, bureaucratic limitations, and the different life cycles.
In fact, framed and grounded under the “Standards Devel-
opment Lifecycle Model” (SDLM), it recognises a series of
obstacles through practitioners’ accounts.

Meanwhile, literature that addresses the impact of Indus-
try 4.0 and Smart Manufacturing on standardisation high-
lights the need to expediate the facilitation of manufacturing
processes, in line with the organic integration of digital tech-
nologies, data analytics and automation [39]. Uncertainty,
discrepancies and different velocities over the direction of
technological developments or making changes in differ-
ent organisations have been hurdles in the standardisation
process already. Because of globalisation and the expan-
sive nature of supply chains, quality assurance became sig-
nificant across different sectors, with frameworks like ISO
(International Organization for Standardisation) providing
structure and consistency [35]. Due to rapid changes on the
technological front and Industry 4.0, current standards are in
danger of becoming outdated and necessitating updates. Yet,
achieving uniformity is difficult due to factors such as legal
complications and regulations, and compliance, making the
process more difficult both creation and implementation.

Finally, in terms of structure, the paper presents first a
brief thematic scoping literature review, in order to iden-
tify key themes and debates in the standardisation literature,
with particular focus to the descriptive discourse on the key
drivers and obstacles pertaining to standardisation. Next,
the methodology of the paper is presented, which follows
a qualitative focused mixed-methods approach, and the
methodical steps followed to conduct this study in detail,
including the overarching conceptual SDL framework of the
study. Results are thereby presented categorically, demon-
strating needs, obstacles and best practices. The discussion
further analyses the obstacles into thematic clusters, and
proposes a remediation plan to stakeholders such as SMES,
SDOs, Policymakers, and Research Projects.

2 Literature review

A quick scholarly outlook on standardisation suggests
there is a consistent focus on the interaction between stan-
dardisation and innovation, and whether the former drives
or impedes the latter. Research has also focused on the
motivators and drivers for participating in standardisation
in various settings, delving on the normative and descrip-
tive debates on the importance and impact of standardi-
sation. There is also nascent discourse on standardisation
and sustainability. The literature also recognises persistent
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coordination challenges between national, European, and
international standards bodies. However, few studies exam-
ine how these coordination issues are experienced in prac-
tice at the organisational level, representing a gap that this
study directly addresses.

Truly, societal changes and advancements have brought
further interest to standards and standardisation in relation
to additive manufacturing. For example, standards have
supported streamlined communication, safety features,
and innovative metric assessments [7, 30]. Dominant to
the literature on standardisation is Blind’s work, as leading
contributor to the standardisation literature, Blind [7], has
contextualised standardisation as part of a so-called “qual-
ity infrastructure”, and views it as the product of a general
socio-technical transformation. Blind has argued that stan-
dardisation can be understood as a transdisciplinary knowl-
edge production and process, where many different parties
can be involved [8]. In fact, when it comes to the interplay
between national and international impact of standardisa-
tion, Blind acknowledges, that international standards can
exploit changes to regulations national regulations, globally
[9].

However, few have addressed the agency of the involved
actors in standardisation [7, 33]. In that regard, Moon and
Lee [33] investigated how primary actors affect the market,
in three phases: the technology development, standard-set-
ting and implementation/regulation. The authors identified
four key roles: technology producers, standard-setters, regu-
lators and technology users [33]. This kind of research fur-
ther supports our understanding of the stakeholders and the
roles of various parties to the standardisation process. Nota-
bly, others have even highlighted the agency and importance
of researcher involved in the standardisation process and
in standardisation research [2]. There are also studies that
further focus on the importance of research to advancing
standardisation implementation and development, and the
advantage of the public availability of standards and their
application for research and policy implementation [2]. A
prime example of this is the Searle Centre Database on tech-
nology standards and standard setting Organizations, laud-
ing the public availability of the database and its potential
exploitation [2]. Similarly, Blind and Fenton [4] explore the
benefit of standard-relevant scientific publications and the
interaction of research integrated into standard development
patents, which could be done more formally to maximize
the advantage for all parties.

In terms of the motivation to participate in standardi-
sation, a Chinese manufacturing study by Zhang et al.,
investigated what drives firms to participate in technical
standardisation. The results of the study showed that techni-
cal standards impact national security developments, corpo-
rate innovation abilities and second firm performance [42,

43], p. 888). Therefore, there are strong strategic motives
for firms to participate in standardisation. Moreover, the
direction of competitors and of technology developments
positively impact the motivation of firms to standardisation
[42, 43]. Other organisations like SMEs may weigh their
approach to standardisation, differently, and case by case.
For example, SMEs may wish to access the knowledge of
larger firms, but SMEs that are more autonomous in terms
of their Research & Development (R&D) activities may be
reluctant to participate in standardisation to safeguard their
knowledge from competitors and assure their own competi-
tive advantage [3].

Nevertheless, innovation remains the leading competi-
tive driver and impact factor to standard-setting, and vice-
versa [14, 37]. The significance of standards in that regard
is demonstrated by another Chinese empirical study that
has highlighted the positive effect of participating in the
standards-setting process for corporate innovation [42, 43].
Other parts of the literature focus on the positive effect of
specific standards such as ISO 9001, linking it to product
innovation [31]. Standards have also been viewed as a
model for sustainability [5] and as a beneficial mechanism
for the successful integration of the front end of process
development activities [12]. Participation within formal
standardisation is positively related to firm performance in
the manufacturing sector [41].

However, other research exploring the relationship of
standards and innovation has shown no particular effect
[10]. Another opposing critique is that studies on standardi-
sation may not be engaging appropriately with practitioners
and can be of little help to the practitioners who actually
apply and create standards [15]. Nevertheless, the acknowl-
edgment of the role of international organisations, groups
and projects in advancing standardisation, for instance, in
additive manufacturing, is recognised by Monzon et al. [32].
The authors recognise two key challenges to the standardi-
sation process: the identification of the real requirements
and needs of the industry, and the efficient coordination with
other committees for standardisation, working in materials
and processes. The latter is important due to the variable
expertise in existing committees for AM—in materials, fields
and sectors [32, p. 1120].

Finally, there can be other unprecedented external forces
and intermediate variables that can constrain or promote
standardisation, operating as push and pull factors. For
example, Covid-19 impacted more significantly specific
industries such as medicine and more moderately firms [7].
Methodologically, Blind and Gauch [11] have studied nano-
technology standardisation and the importance of research
and standardisation, identified problems and recommended
solutions. There are few instances of attempts to provide
more robust recommendations or remediation plans for
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industrial stakeholders in terms of standardisation—so far,
other, operational material has played that role [34, 38].

Overall, so far studies on standardisation have been
either too broad or too narrow domain-wise and geography-
wise and not experimented with many other themes. Key
to standardisation is enabling SMEs to participate in stan-
dardisation [17] and promoting researchers’ involvement in
publishing and patenting. Though some of the drivers and
motives for to standardise have been explored under differ-
ent contexts, previous studies have not managed to provide
a systematic or holistic approach in identifying the obsta-
cles and gaps to this process in the European manufacturing
sector. In established domains like Welding, standards are
widely institutionalised and embedded in certification and
training pathways; however, in emerging domains such as
Smart Manufacturing and the Circular Economy, the litera-
ture highlights ongoing debates regarding definitions, scope,
and appropriate standardisation mechanisms. These differ-
ences suggest that the role and function of standards cannot
be understood uniformly across technological contexts.

Despite growing attention to standardisation in manufac-
turing, there remains limited empirical evidence comparing
how standardisation challenges are experienced across dif-
ferent technological domains, particularly between mature
domains (e.g. Welding) and rapidly evolving ones (e.g. Cir-
cular Economy and Smart Manufacturing). Existing studies
tend to examine single domains in isolation, or they focus
on the technical development of standards rather than the
organisational and practical issues involved in implement-
ing them. Moreover, the literature provides little insight into
how emerging fields such as the Circular Economy nego-
tiate standards while their conceptual frameworks are still
evolving. The next section reports on the data collection
method and addresses this gap by drawing on survey and
interview data across four distinct technological domains to
compare the obstacles encountered in standardisation pro-
cesses and to identify strategies that organisations consider
effective in addressing these challenges.

3 Research methodology

This paper follows an inductive, qualitative focused, mixed
methods approach. The primary data collected is derived
from the STAND4EU project and its respective survey,
interviews and focus groups. It follows the sequence of
data collection methods that were employed for the STAN-
DA4EU project—a survey, interviews and focus groups—to
identify the major obstacles of the current standards devel-
opment lifecycle and to derive practical recommendations
for improvement by means of a remediation plan. The data
is analysed thematically, identifying emerging themes and
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ideas. The technological domains were selected based on
the diversity to include conventional, well-established and
focused technologies, such as welding; and emergent cross-
cutting and enabling technologies such as Additive Manu-
facturing, Smart Manufacturing and the Circular Economy.

The use of both surveys and semi-structured interviews
was deliberately chosen to allow for a comprehensive
examination of organisational experiences with standardi-
sation across different technological domains. The survey
enabled the collection of broad, comparable data on aware-
ness, participation, and perceived obstacles, which was
necessary to identify patterns that hold across sectors. How-
ever, survey data alone is limited in its ability to explain
why these challenges occur or how organisations interpret
and respond to them in practice. For this reason, semi-struc-
tured interviews were conducted to provide greater depth,
nuance, and contextual understanding. Interviews allowed
respondents to elaborate on organisational processes, stra-
tegic considerations, and internal decision-making in a way
that cannot be captured through structured survey formats.
This mixed-method approach aligns with established prac-
tice in standardisation and organisational research, where
both systematic breadth and interpretive depth are required
to understand multi-stakeholder environments. Further-
more, because the four technological domains differ in their
level of maturity, institutionalisation, and rate of techno-
logical change, triangulating survey and interview evidence
was essential to avoid overgeneralisation. By integrating
both forms of data, the study can capture variation across
domains, explain the sources of this variation, and develop
findings that are analytically robust and grounded in real
organisational experience.

3.1 Standards development lifecycle (SDL) analysis

Identifying and overcoming obstacles based the Standards
Development Lifecycle (SDL) is critical in ensuring that
the standardisation processes are smooth and effective. The
SDL framework supports this paper by offering a struc-
tured lens to examine each phase of standardisation—from
development to implementation, thus helping to identify
key barriers and propose targeted improvements for the
European manufacturing sector. To achieve a high-impact
remediation plan, it is important to solicit valuable feed-
back from a broader community to ensure the relevance of
the identified obstacles and improve the depth of the rec-
ommended actions. To do so, first, we analysed various
Standards Development Lifecycle Models (SDLM). Key
considerations for the SDLMs research and analysis were
set accordingly:
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e (Consideration of common SDLMs of national, Europe-
an and international standards developing and standards
setting organisations (e.g., ISO, IEC, CEN, CENELEC,
IEEE,’ DIN, ETSI);

e Consideration of common SDLMs (for example from
research projects such as SDL MIMOSA”,* BRIDGIT2
and other relevant tools NENnovation funnel®);

e Selection of common SDLMs based on the four tech-
nological domains formulated in STAND4EU (additive
manufacturing, welding, smart manufacturing and arti-
ficial intelligence, and circular economy);

e Consideration of non-conventional or standout SDLMs,
also from other areas that may provide additional in-
formation on further phases, content and roles, such as
SAE International or NFPA.

Furthermore, key general phases of the standards devel-
opment lifecycle models were distinguished, resulting in
a general structure of the SDLM that reflects and iden-
tifies the common elements of the SDL models and their
processes, and in addition includes further extensions and
process segments that embrace more unconventional or
outstanding components in the SDL. Each phase includes
various steps—these phases simply provide guidance on the
detailed information gathered at one step or another:

1. Orientation and conception phase include, for
instance, such steps as orientation regarding the land-
scape of a standard’s domain, gap analysis, develop-
ment of requirements.

2. Proposal conception and initiation phase is com-
monly focusing on proposal conceptualization, engage-
ment with experts of related technical committees and
working groups, also including the proposal initiation
and planning steps.

3. Proposal review and approval phase includes activi-
ties around the review and approval of a proposal. At
this stage, the responsible committee reviews the pro-
posal’s scope, compliance, feasibility, priorities, impact,
and resource planning, and initiates further steps for
approval, such as an approved work item.

4. Preparatory / development phase commonly entails
the mobilization of the working group and the actual
work on the development of the standard based on the
approved proposal. If necessary, membership is also
clarified at this point, and the necessary meetings are

3 IEEE SA—Developing Standards. (n.d.). Standards.ieee.org. https:/
/standards.ieee.org/develop/index.html

4 Standards Development Lifecycle — MIMOSA. (2024). Mimosa.org.
https://www.mimosa.org/standards-development-lifecycle/

5 NEN Webtool (2022, September 8). NEN Webtool | English https:/
nennovationfunnel.nl/en/

held. Some organisations provide extra services and
support to the experts in the organisation to advance the
standard design to completion.

5. Veting and final approval phase encompasses the
invitation to vote and the steps around the draft review
(including internal and sometimes external experts/
stakeholders), followed by a number of various amend-
ments based on the comments. The final step of this
phase is to finalize the draft proposal for release and
submit it for publication. Frequently, there is an addi-
tional round of voting to complete the final review of
the document.

6. Publication phase—with the adoption of the standard,
the standardisation organisation publishes the standard
and makes it available to the public.

3.2 Stakeholder mapping

Key standardisation stakeholders were mapped out based
on the four technological domains previously outlined. The
stakeholders comprise of actors in technical committees,
standardisation committees, innovation actors, technol-
ogy providers, technology and standards adopters, Small
Medium Enterprises (SMEs), research centres and aca-
demia, politics, etc. Top-level stakeholders include ISO
(International Organization for Standardisation), ASTM,
IEC and CEN, followed by National Standardisation Bod-
ies, including but not limited to SIS (Sweden), BSI (UK)
and DIN (Germany). A summary of stakeholder categories
is:

i. Research and Technology Organisations

ii. Business associations

iii. Industrial companies—Small company or enterprise
iv. Industrial companies—Medium company or enterprise
v. Industrial companies—Large company or enterprise
vi. Universities or Academic Institutions

vii. Policy Makers and Regulators

3.3 Data collection and analysis

For this study, needs are understood as missing dimensions
in the standardisation process from the perspective of indi-
viduals and their respective organisations. Obstacles are
understood as variables hampering aspects of the standardi-
sation process. Best practices are considered as the best
means and guidelines shared by key stakeholders and prac-
titioners to facilitate the standardisation process.

An online survey and interviews were used to gather data
with great scope, at national, regional, European, and inter-
national levels. The purpose of the survey and interviews
was to collect, analyse and quantify the specific needs and

@ Springer
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requirements of the stakeholders previously identified. The
survey was first carried out online during a three-month
period, targeting a larger sample. Interviews were next car-
ried out online on an individual basis, allowing stakeholders
to share their experience and challenges with standardisa-
tion in more depth.

For the online survey, a set of structured and semi-struc-
tured questions were deployed to attract varied responses
(Appendix A, Appendix B). The dissemination of the sur-
vey online proved valuable in reaching to as many stake-
holders as possible from various locations [26]. Structured
questions such as multiple choice and Likert scale questions
were used in the survey in closed-ended format with a fixed
response or with specific answer options for respondents
to choose from [36]. These questions were useful in cross-
tabulating and comparing with other types of open-ended
questions in between the survey and interviews, that were
used to collect more detailed and personalised answers [16].

Our sampling can be best described as convenience and
snowballing, for our interviews, survey and focus groups,
as it was largely based on key STAND4EU consortium con-
tacts. The online survey gathered a total of 184 responses,
and 44 valid interviews. Out of a total of 184 respondents,
the online survey included 108 complete responses, 62
partial responses, and 14 disqualified responses. Finally,
focus groups or unstructured conversations were employed
during workshops from the 7th of June to the 27th of July
2023, which were conducted online via Teams with the
exception of one workshop that was held in Singapore. The
objective of these focus groups and conversations was to
gather feedback on the survey and interview results and to
engage with participants willing to share key best practices
in standardisation.

To analyse the online survey results, complete responses,
as well as partial responses, were considered to eliminate
the possibility of introducing a bias to the analysis. Con-
cerning the statistical analysis technique, simple cross-tab-
ulation was performed to identify patterns and relationships
in the survey results. Thematic analysis was performed after
gathering insights based on participants’ experiences, views,
perceptions, beliefs, and attitudes. The data was analysed
thematically and manually via Excel in spreadsheets, iden-
tifying themes through language and frequency. Obstacles

Table 1 Stakeholder affiliation to technology domain: survey and
interviews

Stakeholder domain Interviews ~ Surveys Total
affiliation respondents
Additive manufacturing 25 66 91
Welding 7 32 39

Smart manufacturing 27 79 106
Circular economy 20 43 63

Other 6 40 46

@ Springer

were analysed using multiple information sources (e.g.,
interview, survey, general research); information source
types (e.g., standards body, research organisation, business
association, industrial company, university, policy makers
and regulators, and industry association); size of a company
(if provided); mapping to the associated STAND4EU area;
bottleneck type or a suggestion for improvement; detailed
description; associated category of the analysis (e.g., bottle-
neck, improvement, or important observation). The obsta-
cles identified were classified and assigned into different
categories according to the general standardisation phases
and steps. With consideration to the needs identified, the
obstacles were further classified into key thematic clusters,
indicating important areas to improve.

Since the study was conducted by different partners
involved in the STANDA4EU project, therefore appropriate
ethical standards were maintained to ensure the integrity of
the data collection process and the analysis of the results.
These standards include obtaining informed consent from
participants, protecting participants’ privacy and confiden-
tiality anonymising their data, ensuring that the survey and
interview questions and responses are not misleading or
coercive, and ensuring that the data is stored securely and
used only for research purposes. Before delving into the
results, it is useful to present some demographic data that
were collected from the survey and interviews, were sam-
pling was more purposeful.

4 Results and findings

To contextualise the data, first, a brief demographic state-
ment on the survey and interviews is provided, discussing
how the demographic factors may influence the results.
The results in Table 1 indicated the number of respondents
who took part in the interviews and survey. The distribu-
tion of stakeholder affiliations across the four core techno-
logical domains indicates that Smart Manufacturing and
Additive Manufacturing were the most represented areas
among participants. Smart Manufacturing had the highest
overall engagement, with 106 total respondents (27 inter-
viewees and 79 survey respondents). Additive Manufactur-
ing formed the second largest group, with 91 stakeholders
in total (25 interviews and 66 surveys). Circular Economy
and Welding had moderate representation, with 63 and 39
total participants respectively. Finally, the ‘Other’ category
in Table 1 (46 participants) reflects involvement from other
general manufacturing services. Overall, the distribution
suggests that respondents were mainly affiliated with Smart
Manufacturing and Additive Manufacturing in this study.
In this table, the Other category refers to organisations
that do not fall neatly into any of the defined stakeholder
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categories, such as Consultancy firms (e.g., technology,
compliance, certification consultants), Training and Skills
organisations, digital innovation hubs, independent experts
or freelancers participating individually, Non-profit founda-
tions or NGOs as well as other technology transfer centres
that are not classed as RTOs.

Three key observations are important to highlight in that
respect are:

1. The prevalent participation of Research and Tech-
nological Organisations (RTOs and Standardisation
Bodies. The survey gathered most responses from Research
and Technological Organisations (RTOs), and the least from
the Policy Makers and Regulators category. There is an
even participation to the survey amongst higher education—
university large industrial companies and standardisation
bodies. Respondents recorded their responses in more than
one category. The ‘Other’ category represents respondents
from certification bodies, Vocational Education and Train-
ing, professional associations, and so forth, providing mix
of responses. The most prevalent group of respondents in
the interviews came from standardisation bodies, though
Small Industrial Companies, and RTOs were second close
(Table 2).

2. An evenly sparse geographic distribution of
responses with Germany being the study’s top respon-
dent: The study captured a diverse geographical distri-
bution of survey responses where Germany, Spain and
Belgium scored the highest (Table 3). From the interviews,
Germany scored the highest number of respondents, fol-
lowed by Sweden and Belgium. There is a strong central
European presence into the responses, overall.

3. Most inputs came from experienced Middle Level
Management individuals: Participants in the survey and
interviews came from different types of management level
yet were mostly experienced. For instance, most partici-
pants in the survey reported having more than ten years
of work experience. The largest age group among the sur-
vey participants was 36—55 years old and the second larg-
est group was “over 55” years old. Moreover, most of the
survey respondents came from Middle Level Management.
Similarly, most interview participants reported having more
than ten years of work experience.

4.1 Standardisation needs and obstacles
identification

To gauge views on the needs and obstacles in the develop-
ment, use and implementation of standards, it was deemed
beneficial to understand the role standards play in differ-
ent organisations and innovation. Regarding the impact of
standards, survey respondents described them as supporting
building audit systems and thus exporting best practices.

Table 2 Stakeholder category representation: survey and interviews

Stakeholder category representation Survey Interviews
Standardisation Body 21 12
Research and Technological Organisation 47 9
Business Association 10 5
University 25 8
Policymakers and Regulators 2 0

Small Industrial Company 17 10
Medium Industrial Company 9 0

Large Industrial Company 23 6

Other 13 6

Table 3 Geographical representation of research participants

Geographical representation of
research participants

Inter-
views

Survey

Austria
Belgium
Brazil

—

Bulgaria
Cyprus
Denmark
Finland
France
Gabon
Germany

—_ L) R e e e e e

N
N
—

Greece
Ireland
Italy

Latvia
Luxembourg
Netherlands
Norway
Peru
Portugal
Romania
Serbia
Slovenia
Spain
Sweden

w2

Switzerland

Ukraine

United Kingdom

United States of America

W WO N NN OO O~ —~NO —~ O NN~ OO~ O o o

N W —= W A = — W= 0= W W~ = 3=

Standards were described as a step towards establishing
a common language for technological activities, which in
turn, can verify their functionality and adherence. Stan-
dards with valuable propositions and a certain formality
were also perceived as important in keeping track of stan-
dardisation, especially considering legislation affecting the
products requiring standardisation. Furthermore, in terms
of understanding the role of standardisation in innovation,
it is important to add that 65.9% of survey respondents
did not see standards constraining innovation. A sizable
minority (34.1%) did, however, express the opposite view.

@ Springer



2260

Progress in Additive Manufacturing (2026) 11:2253-2270

Nevertheless, this was not labelled as positive or negative in
further technological advancement. Those participants that
identified standards as constraints for innovation argued that
concepts like circular economy remain practically confus-
ing, or that standards can also push companies in the wrong
directions. On one hand, standards were seen to slow down
the realisation of an innovative project, on the other hand
constraining innovation was still described as enabling cre-
ativity. In terms of use and implementation of more estab-
lished standards, 14 different standards were described by
the respondents, and of these, the Quality Management Sys-
tems Standards were most mentioned by the respondents
and from all technology domains, highlighting awareness
and interest.

Quality Management Systems Standards

ISO 9001—Quality Management Systems

ISO 9000—Fundamentals and Vocabulary

Environmental & Energy Management Standards

ISO 14001—Environmental Management Systems

ISO 14040—Life Cycle Assessment—Principles and
Framework

ISO 50001—Energy Management Systems

Welding Standards

ISO 3834—Welding Quality Requirements

ISO  14731—Welding  Coordination-Tasks  and
Responsibilities

ISO 9606—Qualification Testing of Welders

Additive Manufacturing Standards

ISO/ASTM 52904—Process Characteristics and Perfor-
mance (Metal PBF)

ISO/ASTM 52920—Qualification of AM Operators /
Personnel Competence

ISO/ASTM  52930—Guidance on Registration and
Traceability in AM

ISO/ASTM 52904—Metal powder bed fusion process to
meet critical applications

Inspection, Testing & Certification Standards

ISO/IEC  17020—Conformity Assessment—Require-
ments for Inspection Bodies

Cybersecurity Standards

ISO/IEC 27001—Information Security Management
Systems

Survey respondents were directly asked to identify
obstacles in implementing or using standards (Fig. 1). In
this case, most respondents pointed to a “lack of awareness
about the right standards to be used”. The next most fre-
quently identified obstacles are non-financial costs such as
time, labour and capacity, and the complexity of standards.
Many respondents highlighted the inconsistencies between
standards, and financial costs associated with using stan-
dards. Participants were also asked to identify obstacles in
developing standards, based on the standardisation devel-
opment life cycle (SDL) phases (Fig. 1). Here, a list of
predetermined options to choose from was demonstrated:
financial costs, the lack of awareness, approaching stan-
dardisation bodies, the complexity of the process, the value
of implementing some standards. Like the implementation
of standards, non-financial costs (time, manpower, capacity)
are regarded significantly impactful in obstructing the devel-
opment of standards. In terms of “other” in Fig. 1, reasons
for obstacles that organisations encounter include political
impact, speed of technology development, trust inside the
industry, trust from the end user, sustainable development,
quality control, the readiness of standards, SMEs represen-
tation, risk regulation, and increased data sharing.

Yet, respondents mostly identified other obstacles out-
side the scope of the options (40.7%) (Fig. 2). Examples
provided in this category include—but are not limited to—
the amount of comments on standards drafts, the inabil-
ity to keep track of what is published, the lack of access
to all standards, hardship in making dialogue with other
companies, gaining support from the community, getting a

Type of Obstacles Organisations Encountered While Implementing or Using Standards.

Financial costs | 20
Non-financial costs (time/manpower/capacity) | <5

Lack of awareness about the right standard(s) to be used \

Type of Obstacle

Complexity of the standard |

47

Incompatibility - | >
Inconsistencies between standarcs | !
Excessive proliferation of standards to be implemented |GG 51

45

Some standards may not be worth implementing [N 22

Other |GG 18

0 5

T

10 15 20 25 30 35 40 45 50

Number of Responses

Fig. 1 Types of Obstacles Organisations Encountered While Implementing or Using Standards (Survey)
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Financial Cost I 6.6%

Non-financial costs (time/manpower/capacity) [N 31.8%

Lack of awareness
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Fig. 2 Obstacles Organisations Encountered during the Standardisation Development Life Cycle (SDL) Phases (Survey)

consensus during the voting process, the difficulty of devel-
oping a standard in a language outside one’s native, find-
ing the correct project leader, and the lack of marketing. In
terms of “Other” in Fig. 2, reasons include: the amount of
comments on standards drafts, keeping track of what is pub-
lished, lack of access to all standards, making dialogue with
other companies, gaining support from the community, get-
ting a consensus during the voting process, the difficulty of
developing a standard in a language they are not native in,
finding the correct project leader, and the lack of marketing.

4.2 Analysis of differences across technological
domains

The responses indicate that perceptions of standardisa-
tion vary notably across the four technological domains,
reflecting differences in technological maturity, rate of
innovation, and clarity of operating frameworks. Additive
Manufacturing (AM) respondents consistently emphasised
the need for continued development and harmonisation of
standards, particularly in areas such as process qualifica-
tion, operator competence, material traceability, and quality
assurance. AM is a rapidly evolving field, and stakeholders
highlighted that standards often lag technological progress,
leading to uncertainty in certification and industrial adop-
tion. As a result, participants viewed standardisation as nec-
essary for scale-up and trust, but also as an ongoing process
with unresolved gaps. In contrast, Welding respondents
described a mature and stable standardisation environment.
Many organisations already work under long-established
frameworks such as ISO 3834, ISO 14731 and ISO 9606.
Here, standards are perceived as routine tools for qual-
ity and compliance, rather than topics of active debate or
concern. Discussion focused more on implementation and
auditing than on the development of new standards. This
indicates lower perceived urgency for new standards in
welding compared to AM. Smart Manufacturing responses

highlighted challenges related to interoperability and inte-
gration. Because smart manufacturing systems depend on
the interaction of digital platforms, sensors, control systems
and data architectures, respondents noted difficulties in
applying standards consistently across heterogeneous sup-
ply chains and vendor ecosystems. Standardisation in this
domain is therefore seen as necessary to enable system-level
compatibility but complicated by the breadth and diversity
of the technologies involved. For the Circular Economy
domain, respondents expressed conceptual and definitional
uncertainty. Stakeholders noted that the underlying models
for environmental value, material flows and lifecycle met-
rics are still evolving, which creates a risk of premature or
overly prescriptive standardisation. As one respondent sug-
gested, standards may “mislead” practice if applied before
the domain’s principles are widely agreed. Thus, the Circu-
lar Economy domain exhibits high interest but still matur-
ing engagement with standardisation. Finally, respondents
affiliated with the Other category tended to focus on coor-
dination challenges, noting the need for clearer alignment
across overlapping standards and between technical and
management system standards (e.g., ISO 9001, ISO 14001,
ISO 17020).

The interview data confirmed that challenges and
obstacles differ significantly across the four technologi-
cal domains. In Additive Manufacturing, the rapid pace of
technological change means that standards often lag behind
practice, creating uncertainty and the perception of “miss-
ing” or incomplete standards. For example, one respon-
dent quoted that “Drafting a standard can be painful. Very
slow development of standards (arguing over fine details
of text...). Achieving perfection in a timely / consensus
process is very difficult.” In Welding, challenges relate
less to developing standards and more to uneven adoption
due to differing national or regional standard frameworks.
A respondent replied that “The most important obstacle is
that strong influence of North American standards. People
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don’t use normally Eurocodes or ISO standards because
there is a lack of knowledge about it.” Smart Manufacturing
stakeholders highlighted delays and inefficiencies in con-
sensus-building and document alignment such as “The chal-
lenge here is consensus management... The first obstacle
we face... formal, technical, and consensus management.
Oftentimes, we receive documents that don’t comply with
the ISO regulations... this leads to delays, and then those
delays can be massive.”, while Circular Economy respon-
dents noted that the domain’s conceptual foundations are
still evolving, making premature standardisation difficult
and sometimes counterproductive where one respondent
replied “There’s no ‘one’ standard that is really working for
circular economy. They start to complain about that and say
‘We need better standards. But then it’s always a little bit
waiting and seeing because you cannot do that yourself.”

4.3 Standardisation best practices identification

Most participants had considered the use of current stan-
dards as part of their projects to determine whether any
would have been useful. First, through the survey roll out,
respondents shared the following best practices: engaging
stakeholders in standardisation with lower participation,
organising more regular exchanges with relevant projects
and research organisations, and changing the standards
development process to include specific/additional feed-
back loops from the research community and other stake-
holders. Another key best practice put forward was the
establishment of a foundation to develop evidence-based
indicators reflecting the performance of Research & Devel-
opment (R&D) in relation to standardisation efforts. Partici-
pants also raised that SDOs should be allowed to broaden
their service offerings for R&D projects and investigate
innovative approaches to better synchronise standardisation
with R&D. Moreover, participants raised as best practice

Increase funding

Reduce time

More collaboration/communication
Reduce bureaucracy/Clearer processes

More transparency/inclusivity

Suggestions

More digitalised processes
Incentives for developers
Increase meetings

Make templates/pilot guides I 4,5%

Other

0% 5%

the need for training and coaching on standardisation. Next,
from our interviews, we gathered the following best prac-
tices: aligning standards with the values of the civil society,
avoiding duplication of work through information-sharing
across projects, creating a body to write routine reports
on standardisation, developing standards even if they will
not be used, developing standards that would motivate the
consumers to use a product. Participants also raised fur-
ther suggestions primarily increasing funding, reducing
time, including creating incentives for developers, fostering
inclusivity, increasing meetings. Other practices are those
of making templates/pilot guides, making a platform to find
standards easier, increasing communication and collabora-
tion, implementing more digitalised processes, increasing
transparency, pushing standards in a minimum viable form
and updating them later, and reducing bureaucratic hurdles
(Fig. 3). The “Other” category includes activities such as
developing standards that encourage consumer adoption,
publishing initial minimum-viable standards and refining
them over time, creating platforms to improve the discover-
ability of standards, reducing duplication of work through
information-sharing across projects, aligning standards with
civil society values, establishing bodies to produce routine
standardisation reports, and developing machine-readable
or systemic standards.

Our third method of data collection—focus groups—con-
centrated on understanding best practices shared by various
practitioners and stakeholders in further detail. The follow-
ing thematic areas organically emerged, echoing similar
practices shared in the survey and interviews:

Communication and engagement with stakeholders and
committees. Key practices shared here revolve around
establishing a collaborative approach to standardisation, by
forming working groups and creating committees. This the-
matic area includes pursuing a collaborative development of
standards, by synergising information and insights. It also

T 29,5%
I 27,3%
I 20,5%
I 18,2%
I 18,2%
I 15,9%

I—— 11,4%

N 6.8%

I, 22,7%

10% 15% 20% 25% 30% 35%

Percentage of respondents

Fig. 3 Suggestions for improvement in the standardisation process (interviews)
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includes pursuing the collaboration of organisations to avoid
duplications and the align with other stakeholders. The key
here is to is implement clear and effective communication
and information exchange between the stakeholders, such as
technical committees and project members. Additionally, it
was advised to recruit industry experts and to take proactive
measures to engage directly with national standards commit-
tees, gathering feedback from various industry stakeholders
to ensure inclusivity, transparency and collaboration in the
standards-setting process. This could include organising
workshops and enabling further networking opportunities
with standardisation organisations. On that front, another
best practice put forward was that of providing further clar-
ity on the involvement and value of SMES, and to work
with SME associations.

Methods, applications, and organisation of standardi-
sation process. This thematic area involves best practices
shared in streamlining the standardisation process, elimi-
nating steps to expedite the process. Methods shared here
include employing structured standardisation approaches,
such as creating a centralised database to manage stan-
dardisation efforts more effectively, meticulously analys-
ing, developing and reviewing standards on an international
level to understand further engagement with stakeholders
and conducting risk analysis for standards, to estimate their
future applicability.

Moreover, a form of domain knowledge transfer was sug-
gested, for instance, by adopting best practices from other
industries as sources of inspiration. Other best practices
revolve around the alignment and conformity of standards:
ensuring the alignment of standards with established regula-
tions and international norms and aligning welding standards
with key regulations and standards (i.e. ISO 3834). Another
dimension of best practices revolves around enhancing the
accessibility and awareness of standards and their value.
This includes making standards publicly available. Addi-
tionally, the soft implementation of standards was deemed
important, using guidelines rather than bans of products and
elements. This also means using positive language for the
implementation of standards as valuable tools, facilitating
any other language issues amongst international entities in
the process regarding the technical documentation.

The role of SMEs was highlighted again, helping them
in facilitating the standardisation process, should they be
lacking expertise in their teams. Be it complex, adopting an
inclusive approach by incorporating innovation and sustain-
ability in the process, was further emphasized. In terms of
the efficiency and speed of the standards development, here
it was suggested that time is minimised in developing stan-
dards or in between the stages and processes, engaging rel-
evant industry stakeholders in the standards-setting process.

In that regards, timeliness as best practiced includes provid-
ing timely updates and releases of standards.

Revisions should be purposeful and should provide trans-
parency and clarity. In that sense, implementing a robust and
continuous review mechanism, periodically assessing the
relevance and efficacy of established standards was advised.
Participants urged that revision proposal are formalised,
and that a more structured and systematic approach is fol-
lowed. This could include also templates to guide research-
ers on how to contribute effectively. At the same time, to
assure the best reproduction of standards, stringent quality
controls should be in place, promoting harmonisation and
connectivity.

Material and other support for standardisation. This area
of best practices focuses on maximizing resources, by trans-
forming standardisation projects into paid positions, and
seeking more funding, for example, connecting with digi-
tal innovation hubs, Horizon and European projects. It also
includes applying reforms and improvements in the fund-
ing process for standardisation projects and receiving sup-
port in bridging the gap between standardisation and actual
research projects. Time was also considered an essential
variable; it was suggested that shorter timelines are set for
standardisation projects, as it can take some time to secure
liaisons with projects.

Academic participation and education. Research partici-
pants highlighted the importance of the participation of aca-
demic institutions in standardisation. Best practices came in
the form of engaging academia in recognising standardisa-
tion as an academic merit, with universities participating in
standardisation committees. Here, universities were urged
to create separate courses or include standardisation in cur-
ricula. At the same time, there is an opportunity for tech-
nical committees to create student chapters to participate
in these organisations. SDOs could also provide education
and training opportunities for SMEs and RTOs. Applying
cross-sectoral training. Focusing on improving engineer-
ing education and trainings, proposing even cross-sectoral
trainings. Following robust qualification and certification
procedures.

Age and participation. Finally, the benefit of including
younger people in the standardisation process was brought
forward on a theoretical, practical and educational level.
This is consistent with the aforementioned best practice in
establishing academic-student-standardisation connections,
as well as the demographic data of the age groups engaging
with the survey and interviews.
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5 Discussion

Overall, the participants’ perception of standards as com-
plex suggests that the processes of understanding, develop-
ing and applying them can often be perceived to be unclear,
technical or overly bureaucratic, which can hinder their
effective adoption and use. The obstacles identified through
the survey, interviews and focus groups are classified the-
matically in twelve (12) key categories. These categories
often overlap and can have a spill-over effect in obstructing
standardisation. In fact, our analysis shows that the needs,
obstacles and best practices shared by research participants
significantly overlap thematically, and thus interchangeably
and directly operate as key indicators for the direction of
remediation plans and the formulation of further recom-
mendations. The barriers identified in this study, including
limited resources, time constraints, and reliance on volun-
tary expert contribution, are consistent with previous find-
ings that standardisation processes often depend on uneven
organisational capacity (Blind and Hel3 2023). The variation
observed across technological domains aligns with research
highlighting that standards maturity differs significantly
between established sectors, such as Welding, and rapidly
developing fields like Additive Manufacturing and Smart
Manufacturing [37]. In the Circular Economy domain, the
challenges relating to conceptual ambiguity and evolving
definitions reflect prior work cautioning against premature
standardisation in emerging sustainability frameworks [8].
Additionally, the coordination and consensus-building diffi-
culties observed here are consistent with studies describing
the structural governance constraints inherent in interna-
tional standardisation systems [15]. In summary, the 12 key
obstacle categories are:

1. Lack of resources and funding: Standards development
is time- and resource-intensive, and progress slows or
stops when organisations cannot allocate sufficient staff
or funding.

2. Lack of time: Time pressure can arise from short pro-
cess phases or from the overall long duration of stan-
dardisation, causing delays and reduced capacity for
meaningful participation.

3. Poor quality of a standard: Low-quality proposals or
insufficient review can result in unclear, incomplete, or
ineffective standards.

4. Lack of expertise: Limited involvement of qualified
experts or adopters can weaken the technical soundness
and relevance of a standard.

5. Low coordination and unclear processes: Weak coor-
dination and inefficient procedures can lead to errors,
rework, delays, and increased costs.
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Table 4 Thematic clusters of key best practices

Efficiency and speed  To update the standardisation process by
making it more efficient. This includes
implementing reforms, ensuring the consis-
tency and quality of standards, however, the
process should be made simpler and should
include younger people

Communication To increase the awareness and accessibility
of standards. This includes acknowledg-
ing cross-domain insights, engaging with
external stakeholder, and using positive and
inclusive standardisation language

collaboration and Transparency; Research; Centralised func-

inclusivity tions and databases; Dedicated bodies for
standardisation reports; Working with Small
and Medium Enterprises (SMEs); Soft
implementation of standards via guidelines

Funding Lower costs and more funding; Financial

incentives for those involved in the process
To bridge the gap between standardisa-
tion and research projects, and to connect
academia with practice

Education and
training

6. Process complexity and bureaucracy: Lengthy, multi-
step procedures and administrative requirements can
slow decision-making and create confusion.

7. Complexity of scope and standards landscape: Overlap-
ping, competing, or poorly aligned standards, especially
in emerging technologies make it difficult for organisa-
tions to select, apply, and integrate relevant standards.

8. Poor expert involvement: When expert participation is
inconsistent or insufficient, standards risk being out-
dated, incomplete, or lacking acceptance.

9. Low motivation and interest: Limited awareness, low
perceived benefit, or insufficient incentives can reduce
stakeholder engagement in standardisation.

10. Limited transferability and support: Missing guidance,
training, and education reduce the usability and adop-
tion of standards in practice.

11. Slow development speed: The need for consensus, tech-
nical validation, and iterative review makes standardi-
sation processes inherently slow, sometimes misaligned
with technological change.

12. Lack of consensus and conflicts of interest: Divergent
stakeholder priorities can make agreement difficult,
requiring transparent processes and impartial decision-
making to maintain fairness and legitimacy.

Research participants to the STAND4EU project’s survey,
interviews and workshop focus groups were also asked to
provide what they understand as best practices. Their rec-
ommendations ultimately revealed five (5) key distinct areas
that necessitate more attention and care. These are: 1. effi-
ciency and speed, 2. communication, 3. collaboration and
inclusivity, 4. funding, 5. education and training (Table 4).
These areas can operate as key principles and directives
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to improve standardisation efforts. More importantly, they
demonstrate the need for flexibility, for inclusivity when it
comes to stakeholder engagement and for stronger structures
to support those involved in standardisation. They also sug-
gest that the successful implementation of standardisation
depends not only on addressing current barriers but also on
investing in long-term capacity-building and system-wide
coordination. Overall, the core themes of the best practices
can serve as practical and strategic guides for shaping more
effective and resilient standardisation efforts.

5.1 A way forward: remediation plan

The empirical results gathered on the obstacles, needs and
best practices to tackle standardisation have fuelled the
remediation plan proposed in this paper. The plan includes
measures and suggestions that can be adopted by the stan-
dardisation bodies to make the standardisation process more
flexible, such as addressing low expertise, missing funding
opportunities, and the quality of standards. The widespread
application of the remediation plan has already been imple-
mented within the STANDA4EU project through training and
coaching activities as well as the use of the project platform.
Below are some examples of the general recommendations
developed and targeted at various stakeholders:

1. Small Medium Enterprises (SMEs): SMEs should
assign internal responsibilities to cover and address stan-
dardisation, not only for personnel development, but also
to improve the work within the projects and the impact of
their results on the standardisation groups, considering the
demonstrated growing impact on the surveyed company
activities. Moreover, it is recommended that SMEs attend
available trainings to build up their own standardisation and
sustainability experts.

2. Standardisation Development Organisations
(SDOs): Support to industry and standardisation experts to
participate in standardisation events should be provided to
stimulate the engagement of organisations with standardisa-
tion. An easier contact between SME’s and SDOs should
be promoted to ensure an easier contribution to standards.
The advantage provided by digital tools to get in touch with
an SDO should be exploited; by providing an online open
comment section or an easier and quicker on-boarding pro-
cess have experts and SMEs not involved in the standardi-
sation committees contribute as well. Independent access to
consulting services for SMEs should be enabled to get an
overview on ongoing activities, and to get support on deal-
ing with existing standardisation needs. The complexity of
some standards should be simplified by creating a guide for
implementation that reduces or deconstruct the standards,
clarifying all the dependencies for SMEs, making the stan-
dards adoption more flexible.

3. Policy Makers (including the EU commission):
The development of a Lean Standard Development Process
for EU standards is crucial for the engagement of different
stakeholders in standardisation. A “Standardisation Training
Centre/Service for SMEs” to encourage adoption and con-
tribution to standards should be created. Within the Digital
Innovation Hubs (or similar innovation support ecosys-
tems), a dedicated service to support and encourage SMEs
to adopt standards should be established: either as a training
service or as Standardisation test cases, where the compe-
tence centres associated with the DIHs support the SMEs
with standardisation activities.

A clear description and guidance of what is expected
from the Research Projects concerning contributions to
standardisation should be provided for the call topics, such
that those projects should be aware from the proposal stage
of what is expected in terms of contribution to standardi-
sation and present an initial mapping of relevant standards
and/or standardisation committees.

New funding opportunities to promote and value the
involvement of organisations (R&D centres, companies,
etc.) to participate in the discussions of standardisation
technical committees and operationalisation activities, and
to support the costs of access to standards. Further strate-
gies to inform and create awareness to standards to young
professionals and the new generation of researchers should
the developed. The creation of a Centre of Excellence for
Standardisation (CoE) to manage the implementation of the
recommendations should be promoted. The services of this
centre are targeted at various standardisation stakeholders
and should include (but not limited to): Identification of stan-
dardisation gaps on national and regional (e.g. EU) levels;
Provide regional-level standardisation roadmaps for differ-
ent domains; Testing and validation of standards in collabo-
ration with regional standards testbeds. This CoE should
complement the existing structures and initiatives, such as
the EU Excellence Hub on Standards (to facilitate stronger
internal cooperation within the Commission) and the High-
Level Forum for Standardisation (to identify standardisation
priorities in support of EU policies and legislation).

4. Research Projects: It is recommended for project
consortia to adequately plan standardisation activities while
preparing proposals. This may include access to previous
standardisation work performed on the topic, to be followed
by direct interaction and engagement with experienced
experts, and potential advice on the actions to be taken
towards standardisation. Research projects should seek
available training, which can be found for instance directly
in the STANDA4EU portal, at the beginning of and during
their research activities, so they can ensure an effective con-
tribution to standardisation. The engagement of universities
and Research Centres into standardisation activities will
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also support shortening the time between innovation and the
development of associated standards. Furthermore, consid-
ering the necessity of ongoing engagement with standardi-
sation activities beyond the project duration, it is crucial to
include partners, such as industrial associations, that main-
tain a continuous involvement with standardisation bodies.
This ensures a lasting impact and relevance of the standardi-
sation efforts initiated during the project.

5.2 Limitations

This study has several limitations that should be acknowl-
edged. First, due to resource constraints, this study opted
for a relatively simple data analysis strategy, which may
not fully capture the complexity of stakeholder responses.
Additionally, while efforts were made to engage a broad
range of participants, not all stakeholder groups, in particu-
larly end-users were adequately represented. The sample
also carries the risk of selection bias, as those who chose
to participate may already have a vested interest in stan-
dardisation, potentially skewing the findings toward more
engaged or informed perspectives. Furthermore, geographic
representation across EU countries was uneven, limiting
the generalisability of results at a European level. Finally,
the study provides only a snapshot in time, without a longi-
tudinal component to assess how stakeholder perspectives
might shift over the course of the standardisation life-
cycle or in response to evolving policy and technological
developments.

Future surveys and interviews on this topic could con-
sider using a larger sample size to increase the accuracy of
their results. This would offer a more representative view
of the population. [1]. Finally, including different groups of
stakeholders could provide a more complete understand-
ing of the issues surrounding standards. Even though this
was attempted, especially in the interview process, a lack
of experts willing to participate was noted. Additionally,
conducting the survey and the interviews in different lan-
guages and countries could capture a broader range of per-
spectives and experiences. It would ensure that the results
are representative and can be generalised to the population
of interest.

6 Conclusion

The paper addresses a critical gap in the standardisation
of manufacturing, with a particular focus on the Euro-
pean sector and four key technological domains: Additive
Manufacturing, Welding, Smart Manufacturing (Industry
4.0 and Artificial Intelligence), and the Circular Economy.
This study contributes to the field of standardisation in
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European manufacturing by delineating the key challenges
and proposed remedies for standardisation implementation
and development. Conceptually and theoretically grounded
under the Standardisation Development Lifecycle (SDL), it
surveys the views of international and European stakehold-
ers in standardisation efforts in the European manufactur-
ing sector, with particular focus to the development and
implementation of standards. We return to the three research
questions guiding this study and the following short sum-
maries show how the collected evidence directly responds
to each question.

(A) What are the key obstacles encountered in the
development, adoption, and implementation of standards
in the European manufacturing sector?—Stakeholders
reported obstacles including slow consensus-building pro-
cesses, lack of clarity in roles and responsibilities, and
practical difficulties in applying standards consistently
across organisations. Additional challenges include limited
organisational capacity, uneven awareness of standards,
and the resource burden associated with compliance and
certification.

(B) How do these obstacles vary across different tech-
nological domains?—In rapidly evolving domains such as
Additive Manufacturing and Smart Manufacturing, stan-
dardisation challenges are linked to technology maturity,
interoperability, and the need to continually update guid-
ance. In contrast, more established domains like Welding
reported fewer development challenges, while the Circular
Economy domain showed hesitancy due to ongoing concep-
tual ambiguity and evolving definitions.

(C) What practices or strategies can support more
effective and sustainable standardisation processes?—
Respondents highlighted the importance of early stakeholder
involvement, clearer communication across standardisation
bodies, and practical guidance that aligns standards with
real industrial needs. Cross-sector collaboration, support for
SMEs in implementation, and iterative approaches to updat-
ing standards were also viewed as critical enablers of more
effective standardisation.

One of the most important contributions of this manu-
script is its identification of key barriers to the adoption of
manufacturing standards. Among these, the lack of aware-
ness regarding which standards to apply stands out as the
most prevalent, while other non-financial obstacles, such as
time, labour, capacity, and the complexity of standards, are
also highlighted. This nuanced understanding of the hurdles
encountered by practitioners and industry players offers
valuable new perspectives that can inform both policy and
practice. The study’s results echo existing concerns over the
overall complexity of standardisation, however, more than
that, they demonstrate where the complexity and need for
the establishment of common best practices lies. This is
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reflected under key areas that need to be further streamlined,
such as efficiency and speed, communication, collaboration
and inclusivity, funding, education, and training.

These areas constitute the basis for the provision of a
remediation plan, a roadmap for remediation activities
within the SDL, while minimizing barriers in the standards
development process. Following the development and
validation of recommendations/remedies, it is important to
address the adoption possibilities of the remediation plan
results and investigate their transferability to other domains
outside the four domains within the STAND4EU project.
With consideration to this study’s limitations, it is recom-
mended that future research delves deeper into the impact
of these challenges by addressing other domains or further
focusing on specifics domain. Moreover, it is recommended
that specific obstacles are explored to understand their
impact on different phases of the SDL. Further to this, it is
possible that geographical location influences the perceived
complexity of standards. It is also possible that different
regions or types of organisations face unique standardisa-
tion challenges.

Another direction would be to further engage with poli-
cymakers, to gather their feedback on the proposed remedi-
ation plan and its feasibility. Future research could also use
our findings to compare and validate the identified obstacles
across different EU industries and EU regions. It is also pos-
sible to assess the transferability of the proposed remedia-
tion plan, by investigating its applicability to other sectors in
the EU beyond the STANDA4EU project. Another suggestion
would be to study the real-world impact and effectiveness
of the remediation plan during its potential implementation.
Our study highlights the importance of education and train-
ing, therefore it is recommended that future studies exam-
ine the role and effectiveness of education and training in
improving standardisation practices, as well as how educa-
tion and training can raise awareness. Finally, it is recom-
mended that a longitudinal study is conducted to trach how
standardisation practices evolve over time across different
EU industries and EU regions.

Appendix A: Survey questions

1. I have read the Participant Information Sheet included
with this questionnaire

2. Tam over the age of 18

3. I understand that no personal identifying data is col-
lected in this study, therefore I know that once I have
submitted my answers I am unable to withdraw my data
from the study

;@

10.
11.
12.
13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

I agree that my data can be anonymised, stored and used
in future research in line with Brunel University’s data
retention policies

I agree to take part in this study

Which of the following age categories do you fall into?
What work experience do you have?

Which kind of stakeholder category do you represent?
What is your role in your Organisation?

What is your Organisation’s Name?

Where is your Organisation based?

Which of the four technological domains are you
involved in? (You can select more than one)

How well does the use of standards support emerging
technologies (such as Al, blockchain, additive manufac-
turing etc.) in the EU/UK?

Do standards constrain innovation?

To what extent do you agree that there is a need for
training and coaching on standardisation?

There is a need to examine the needs of small and
medium-sized businesses in joint research on standards
and standardisation.

Have you participated in an EU or nationally funded
research project?

Have you considered the use of current standards as part
of your project to determine whether any will be useful?
Why hasn’t your organisation considered the use of
standards as part of your project?

The standardisation process involves 8 phases. If you
are involved in any of these phases, please describe the
obstacles

What were your project’s primary motivations for
addressing standardisation?

Have you worked together with Standards Developing
Organisations (SDOs) OR National Standards Bodies
(NSBs) on projects? (Examples of SDOs-ISO, IEC,
CEN; Examples of NSBs—DIN, BSI, AFNOR, etc.)
How involved was the NSB / SDO in the project?

Has your project directly or indirectly been involved or
resulted in a specific recommendation or proposal for
the development of new or revised standards?

SDOs should be allowed to broaden their service
offerings for R&D projects and investigate innovative
approaches to better synchronise standardisation with
R&D.

It is necessary to establish a foundation (one-stop shop)
to develop evidence-based indicators reflecting the per-
formance of R&D in relation to standardisation efforts
To what extent do standards or standardisation activi-
ties have an impact on your Organisation’s processes/
project activities?

How important is standards to your organisation’s inno-
vation activities?
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29. Has your organisation used or implemented standards?

30. Identify the obstacles that your organisation encoun-
tered while implementing or using standards.

31. Have decisions in your organisation been affected in
any way by SDOs or NSBs?

32. Is your organisation in contact with any of the standard
body(ies) in your country?

33. Does your organisation participate in any Techni-
cal Committee or is involved in the development of
standards?

34. Why is your organization not involved in the develop-
ment of standards?

35. At what level you are involved in the development of
standards? Tick as many as applicable

36. Do you think the Technical Committee is fully aware
of the relevant technological, research and innovation
developments?

37. What could be further done to improve the participation
of stakeholders and links with the latest developments
in the sector and standardisation work?

38. Would you like to participate in an interview?

Appendix B: Interview questions

(1) Which of the following age categories do you fall into?
(2) What work experience do you have?

less than 1 year
1-5 years

6—-10 years

More than 10 years

(3) Which kind of stakeholder category do you represent?

e Standardisation body
e RTO Business association
e Industrial company

e Small
e Medium
e Big

e University
e Policy Makers and Regulators
e Other (please specify):

(4) What is your Organisation’s Name?

(5) Where is your Organisation based?
(6) What is your role in your Organisation?

@ Springer

Top Level Management
Middle Level Management
Lower Level Management
Other (please specify):

(7) Which of the four technological domains are you
involved in? (You can select more than one)

e Additive Manufacturing

e Welding

e Smart Manufacturing, Industry 4.0, Digitalisation,
Al

e Circular Economy

e Other (please specify):

(8) Has your organisation implemented the use of stan-
dards? Specify examples. Also, has your organisation
used or implemented standards?

(9) What obstacles have your organisation encountered dur-
ing the standardisation development life cycle (SDL)
phases?

Phase 1: Identification of a standardisation gap (e.g. col-
lecting relevant information from the project)

Phase 2: Conception of a proposal (e.g. formulation of
the proposal)

Phase 3: Initiation of a standardisation project (e.g.
selection of a suitable contact, approaching standardization
bodies)

Phase 4: Mobilization of the working group (e.g. calls
for experts)

Phase 5: Development of a standard (e.g. drafting a stan-
dard, voting on a standard, getting final approval)

Phase 6: Publication of a standard

Phase 7: Adoption of a standard (e.g. utilizing in a
project)

Phase 8: Maintenance and renewal of a standard(10)

Do you feel that there is a gap (anything missing) in
standardisation in your domain? E.g. technologi-
cal, processes and products, etc. Have you faced any
difficulties?

(11)What were your organisation’s primary motivations for
addressing standardisation?

(12) Did standards or standardisation activities have an
impact on your Organisation’s processes/ project activi-
ties? Can you provide some examples?

(13) Do you think that standards constrain innovation?
If so, please identify some of the constraints that your
organisation has encountered?

(14) Are you aware of any existing approaches and pro-
cesses that engage actors to develop standards?



Progress in Additive Manufacturing (2026) 11:2253-2270

2269

(15) What factors influence the development or adop-
tion of standards for emerging technologies in your
organisation/ 4 domains?

Please provide some suggestions for improve-

ments in the standardisation process.

(16)
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