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Abstract

Industry 4.0 is widely recognized as a strategic enabler of productivity, flexibility, and
competitiveness in manufacturing systems. However, in emerging economies, declared
preparedness for digital transformation often exceeds reported implementation. This study
examines the readiness—adoption gap of Industry 4.0 in surveyed large manufacturing
companies in Valle del Cauca, Colombia. An empirical cross-sectional study was conducted
through a structured survey administered to large manufacturing companies in the region.
The instrument was grounded in the Technology Acceptance Model and informed by a
sociotechnical understanding of Industry 4.0 adoption. It captured perceptions of ICT
infrastructure, workforce capabilities, expected benefits, implementation challenges, ease
of use, and the reported implementation status of 20 Industry 4.0 technologies. Data from
59 valid responses were analyzed using descriptive statistical techniques, cross-technology
comparisons, and an aggregate descriptive synthesis of readiness and adoption indicators.
The findings suggest that adoption remains concentrated in foundational technologies
such as cybersecurity, cloud computing, and data analytics, while advanced technolo-
gies, including artificial intelligence, cyber—physical systems, digital twins, and immersive
technologies, show limited implementation despite favorable readiness perceptions. The

aggregate synthesis points to a medium-to-high readiness proxy and a substantially lower
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1. Introduction

Technological change has historically shaped industrial development by transforming
production systems, organizational structures, and competitive dynamics. Within this
trajectory, Industry 4.0 (I14.0), originally promoted as part of the German strategic initiative
for advanced manufacturing, has become a central reference for the digital transformation of
industrial systems [1]. More broadly, Industry 4.0 is associated with the integration of cyber—
physical systems, digital technologies, and intelligent automation across manufacturing
value chains [2]. In this study, Industry 4.0 is understood not only as a technological
paradigm but also as a sociotechnical transformation in which digital infrastructure, human
capabilities, organizational routines, managerial decisions, and external constraints interact
as part of a broader manufacturing system.

In manufacturing contexts, Industry 4.0 is closely associated with smart manufactur-
ing and cyber—physical systems, where physical assets, computational systems, organi-
zational processes, and human operators interact through real-time data exchange and
decentralized decision-making [3]. Cyber—physical systems connect physical processes
with computational and control architectures, enabling monitoring, coordination, and
operational responsiveness [3,4]. Industry 4.0 is also supported by information and com-
munication technologies that enable connectivity, data exchange, and digital integration [5].
Cloud computing and IoT technologies support scalable digital resources and real-time data
capture from physical assets [6,7], while big data analytics strengthens data-driven decision-
making in manufacturing environments [8]. Artificial intelligence and robotics expand the
possibilities for intelligent control, automation, and adaptive production systems [9,10].

This technological base shows that Industry 4.0 adoption cannot be reduced to the
isolated acquisition of digital tools. Successful implementation requires the coordinated
integration of technologies, people, processes, and organizational capabilities. Design prin-
ciples for Industry 4.0 emphasize interconnection, information transparency, decentralized
decisions, and technical assistance [11]. Readiness-oriented approaches also indicate that
firms require infrastructure, capabilities, managerial support, and organizational prepared-
ness to exploit digital technologies effectively [12]. Thus, Industry 4.0 adoption should be
analyzed as a sociotechnical process in which technological deployment and organizational
readiness evolve together, but not necessarily at the same pace.

Despite its strategic relevance, Industry 4.0 adoption remains uneven across countries,
sectors, and firm sizes. Firms face different drivers and barriers depending on their
organizational scale, resources, and technological context [13,14]. In emerging economies,
adoption is frequently constrained by implementation costs, readiness limitations, skills
shortages, and difficulties in moving from intention to effective adoption [15]. Studies on
readiness and maturity also indicate that favorable perceptions or maturity assessments
do not necessarily imply deep implementation of Industry 4.0 technologies [16]. This
distinction is central because perceived readiness and actual adoption are related but
analytically different dimensions of digital transformation.

In Latin America, research has mainly examined adoption intention, readiness, matu-
rity, and implementation challenges in small and medium-sized enterprises or multicountry
organizational samples [17]. Cross-country evidence involving firms from Colombia and
other Latin American economies suggests that adoption intention is relevant, but imple-
mentation remains conditioned by organizational, technological, and contextual factors [18].
Evidence from manufacturing firms in Argentina and Brazil also indicates that Industry 4.0
diffusion is uneven and influenced by firm size, capability development, and implementa-
tion conditions [19]. Studies focused on production and engineering capabilities in Brazil
further highlight the importance of workforce preparation for digital transformation [20].
However, large manufacturing companies remain comparatively underexplored, despite
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their relevance for industrial output, employment generation, technological diffusion, and
regional competitiveness.

A key research gap therefore remains regarding the relationship between perceived
organizational readiness and actual technology implementation in large manufacturing
companies operating in emerging economy contexts. This gap is relevant because a com-
pany may report favorable perceptions regarding Industry 4.0, adequate ICT infrastructure,
or positive expectations about digital transformation, while still showing limited implemen-
tation depth in advanced, systemic, or emerging technologies. In this study, this possible
misalignment is conceptualized as the readiness—adoption gap.

Accordingly, the study addresses the following research questions:

e (RQ1) To what extent have the surveyed large manufacturing companies adopted
Industry 4.0 technologies?

e  (RQ2) Which Industry 4.0 technology categories exhibit the highest and lowest levels
of current adoption, ongoing implementation, and future adoption intention among
the surveyed companies?

e (RQ3) How do the surveyed large manufacturing companies perceive their organiza-
tional readiness for Industry 4.0 in terms of ICT infrastructure, employee capabilities,
expected benefits, implementation challenges, and ease of use?

o (RQ4) To what extent does perceived organizational readiness align with reported
adoption levels, and what readiness—adoption gap emerges from this relationship
within the surveyed sample?

Based on these research questions, the main objective of this study is to examine the
readiness—adoption gap of Industry 4.0 technologies in surveyed large manufacturing
companies in Valle del Cauca, Colombia, by comparing perceived organizational readiness
with reported implementation levels across 20 Industry 4.0 technologies.

The contribution of this study is fourfold. First, it provides empirical evidence from
surveyed large manufacturing companies in Valle del Cauca. Second, it contrasts per-
ceived organizational readiness with reported implementation levels across a broad set of
Industry 4.0 technologies. Third, it offers an exploratory interpretation of the readiness—
adoption gap. Fourth, it derives two practical outputs from the empirical findings: a
readiness—adoption matrix and a staged roadmap to support capability building and tech-
nology prioritization. These outputs are presented as context-specific exploratory tools
rather than universally validated models.

The remainder of this article is organized as follows. Section 2 presents the literature re-
view on Industry 4.0 adoption, sociotechnical manufacturing transformation, and empirical
evidence from Latin America and Colombia. Section 3 develops the conceptual framework
that links technology acceptance, organizational readiness, implementation barriers, actual
adoption, and the readiness—adoption gap. Section 4 presents the methodology and data
collection process. Section 5 reports the empirical findings. Section 6 discusses the results
in light of prior research and their practical implications. Finally, Section 7 concludes with
the main findings, limitations, and directions for future research.

2. Literature Review

This section reviews the literature relevant to the analysis of Industry 4.0 adoption
in large manufacturing companies. It focuses on two complementary dimensions. First,
it examines Industry 4.0 adoption as a sociotechnical manufacturing process in which
digital technologies, organizational capabilities, human resources, and operational routines
interact. Second, it discusses empirical evidence on Industry 4.0 diffusion in Latin Amer-
ica and Colombia, with particular attention to adoption patterns, readiness conditions,
implementation barriers, and the research gap addressed in this study.
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2.1. Industry 4.0 Adoption as a Sociotechnical Manufacturing Process

Industry 4.0 adoption requires more than the incorporation of isolated digital technolo-
gies. In manufacturing contexts, it involves the transformation of production systems, infor-
mation flows, decision-making routines, human-technology interaction, and organizational
coordination. From this perspective, Industry 4.0 can be interpreted as a sociotechnical
manufacturing process in which technological infrastructure and organizational capabilities
must evolve together [21]. This systems-oriented interpretation is relevant because the
effectiveness of digital transformation depends not only on what technologies are available,
but also on how firms coordinate data, people, processes, and managerial decisions around
those technologies.

Smart manufacturing studies emphasize that digital transformation depends on the
integration of sensing, connectivity, analytics, automation, and feedback mechanisms
across production environments [22]. These elements allow firms to move from isolated
technological solutions toward more integrated manufacturing architectures. However,
integration also increases organizational complexity because companies must align opera-
tional processes, information systems, workforce capabilities, and managerial priorities.
Therefore, Industry 4.0 adoption should be analyzed as an organizational and operational
transformation, not merely as a technological investment.

The implementation of Industry 4.0 also requires technological complementarities.
Cloud-based services, cybersecurity solutions, and data analytics may operate as founda-
tional enablers, while cyber—physical systems, digital twins, artificial intelligence, immer-
sive technologies, and additive manufacturing usually require higher levels of interoper-
ability, process standardization, specialized skills, and organizational coordination [23].
Digital transformation therefore advances through differentiated adoption trajectories,
where some technologies are incorporated earlier as enabling infrastructure and others
require more mature organizational and technical conditions [24]. This distinction helps
explain why firms may report a favorable orientation toward Industry 4.0 while still lacking
the internal conditions required to implement more complex technologies at scale.

Accordingly, readiness and adoption should not be treated as equivalent concepts.
Readiness describes the organizational perception or condition of being prepared for digital
transformation, whereas adoption refers to the reported implementation and use of specific
technologies. The distance between these two dimensions constitutes the conceptual basis
of the readiness—adoption gap examined in this study.

2.2. Industry 4.0 in Colombia and Latin America: Empirical Evidence and Research Gap

Empirical evidence from Latin America suggests that Industry 4.0 diffusion remains
uneven and context-dependent. Studies focused on manufacturing firms in the region show
that digital transformation is shaped by firm size, technological capabilities, organizational
adaptation, and sectoral conditions [18,19]. This distinction matters because firms may
recognize the importance of Industry 4.0 but still advance gradually, beginning with
foundational technologies before moving toward more complex and integrated solutions.

Country-specific evidence also supports this interpretation. In Chile, the adoption
and diffusion of Industry 4.0 technologies have been associated with firms’ innovation
trajectories and scale of operation [25]. In Peru, evidence from manufacturing MSMEs
indicates that implementation is affected by technological, organizational, and contextual
conditions [26]. Broader evidence also suggests that innovation research in Latin America
remains unevenly developed and fragmented across countries and sectors [27]. These
studies suggest that Industry 4.0 adoption in Latin America should not be interpreted as a
homogeneous regional transition, but as a process mediated by local industrial structures,
firm capabilities, and implementation constraints.
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Brazilian evidence further highlights the importance of workforce competencies, orga-
nizational culture, and the alignment between professional capabilities and Industry 4.0
technologies [28,29]. Complementary literature also shows that Industry 4.0 adoption may
require changes in business models and value creation mechanisms, not only the incorpora-
tion of isolated technologies [30]. These findings are relevant for large manufacturing firms
because greater scale does not necessarily eliminate implementation complexity; instead,
it may increase coordination demands across legacy systems, multiple operational areas,
heterogeneous infrastructures, and different levels of decision-making.

Colombia represents a relevant empirical context for examining this process because
the country combines growing interest in digital transformation with persistent challenges
related to technological capabilities, skills development, and organizational adaptation.
Previous research involving Colombian or comparable Latin American firms has mainly
examined readiness, adoption intention, maturity, or implementation barriers, especially in
SMEs and multicountry organizational samples [17,18]. Although these studies provide
valuable evidence, there is still limited empirical understanding of how perceived readiness
aligns with actual technology implementation among large manufacturing companies.

Regional studies on innovation and digital transformation suggest that firms’ capacity
to adopt advanced technologies depends on their ability to connect internal capabilities with
external ecosystems, knowledge networks, open innovation mechanisms, and institutional
support [31,32]. Therefore, the readiness—adoption gap may persist even in firms that
appear better positioned to adopt Industry 4.0 technologies.

Another limitation in the regional literature is that several studies emphasize readiness,
intention, or maturity, while providing less evidence on the reported implementation status
of specific technologies and data-driven capabilities [16,18,33]. This reduces the ability to
determine whether favorable perceptions toward Industry 4.0 are translated into concrete
technological deployment. Addressing this limitation requires comparing readiness-related
dimensions with reported implementation levels across a broad set of technologies.

Based on this literature, the present study adopts a readiness—adoption perspective to
examine Industry 4.0 diffusion in surveyed large manufacturing companies in Valle del
Cauca, Colombia. This perspective assumes that perceived organizational readiness and
actual adoption are related but analytically distinct dimensions of digital transformation.
The study does not treat readiness as a direct causal predictor of adoption; instead, it
examines whether perceived readiness is aligned with reported implementation depth.
This position supports the exploratory nature of the study and provides the conceptual
basis for the readiness—adoption matrix and staged roadmap proposed later in the article.

3. Conceptual Framework

This section presents the conceptual framework used to analyze the readiness—
adoption gap in Industry 4.0. It articulates technology acceptance, organizational readiness,
implementation barriers, actual adoption, and the readiness—adoption gap as the main
analytical elements guiding the comparison between perceived preparedness and reported
implementation levels.

Technology Acceptance, Organizational Readiness, and Actual Adoption

The Technology Acceptance Model provides a useful starting point for understanding
the perceptual component of digital transformation. TAM explains technology acceptance
through constructs such as perceived usefulness, perceived ease of use, and attitudes
toward technology [34]. In the context of Industry 4.0, these constructs help interpret
why managers and technical personnel may perceive digital technologies as strategically
valuable, operationally beneficial, or compatible with organizational expectations.
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However, technology acceptance does not automatically imply organizational adop-
tion. In manufacturing firms, the implementation of Industry 4.0 technologies depends on
additional conditions, including infrastructure, investment capacity, digital skills, process
maturity, interoperability, data governance, and managerial coordination [35]. Therefore,
TAM is useful for explaining favorable perceptions toward technology, but it must be
complemented with an organizational readiness perspective to understand whether those
perceptions can be converted into reported implementation.

Organizational readiness studies highlight the importance of evaluating whether firms
have the resources, capabilities, structures, and managerial conditions needed to adopt
and use digital technologies effectively [12]. In Industry 4.0, readiness may involve ICT
infrastructure, workforce capabilities, perceived benefits, expected productivity gains, ease
of use, and perceived implementation challenges. These dimensions do not prove adoption
by themselves; rather, they indicate whether firms perceive that they have favorable
conditions for digital transformation.

Actual adoption, by contrast, refers to the implementation status of specific Industry
4.0 technologies. This distinction is important because a company may report high readiness
in terms of expectations, infrastructure, or perceived benefits while still showing low
implementation depth in advanced technologies. Consequently, comparing readiness
dimensions with reported adoption levels provides a more precise analytical approach
than evaluating readiness or adoption separately.

Implementation barriers further explain why readiness may not become adoption.
Technological barriers are commonly related to interoperability problems, data integration
limitations, cybersecurity requirements, and the complexity of connecting legacy systems
with new digital platforms [23]. Economic barriers include high implementation costs,
uncertainty about return on investment, and difficulties in scaling pilot projects into stable
operational solutions [14,15]. Organizational barriers involve resistance to change, weak
digital culture, limited managerial alignment, and shortages of specialized talent [13].
In addition, broader Industry 4.0 studies show that implementation is also influenced
by innovation dynamics, operational practices, and capability alignment [31,36]. These
barriers show that the transition from readiness to adoption is neither automatic nor linear.

In this study, the readiness—adoption gap is therefore interpreted as an exploratory
construct that captures the misalignment between perceived organizational preparedness
and reported implementation depth. This interpretation is consistent with the empiri-
cal scope of the article, which does not seek to test causal relationships, but rather to
identify patterns, asymmetries, and gaps in Industry 4.0 adoption among surveyed large
manufacturing companies.

Table 1 presents the conceptual framework adopted in this study by articulating the
relationship between technology acceptance, organizational readiness, implementation
barriers, actual adoption, and the readiness—adoption gap. The framework is presented as
an author’s synthesis based on the cited literature, rather than as a direct reproduction of a
previous model.

Table 1. Conceptual framework for the readiness—adoption gap in Industry 4.0.

Conceptual Element

Role in the Study Interpretation for Industry 4.0 Adoption Basis

Technology Acceptance Model

Explains favorable perceptions toward
technology, particularly perceived usefulness,
perceived ease of use, and attitudes toward
digital transformation.

Perceptual foundation
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Table 1. Cont.

Conceptual Element

Role in the Study Interpretation for Industry 4.0 Adoption Basis

Organizational readiness

Captures whether firms perceive that they
have ICT infrastructure, employee capabilities,
expected benefits, and organizational
conditions to support Industry 4.0.

Preparedness dimension [12,14]

Implementation barriers

Explains why favorable readiness may not
become reported implementation, due to costs,
skills shortages, integration problems, time
requirements, or resistance to change.

Constraint dimension [14,15]

Actual adoption

Refers to the reported operational use or
Implementation dimension implementation status of specific Industry [16,18]
4.0 technologies.

Readiness—adoption gap

Represents the misalignment between positive
readiness perceptions and lower
implementation depth, especially in advanced,
systemic, or emerging technologies.

Analytical focus [12,16]

Note: The table was developed by the authors as a conceptual synthesis from the cited literature.

4. Methodology

This section describes the research design, bibliographic review strategy, sampling
procedure, research instrument, Industry 4.0 technologies considered, and data analysis
strategy. The study combined a structured bibliographic review with a quantitative, de-
scriptive, and exploratory assessment of Industry 4.0 adoption among large manufacturing
companies. The bibliographic review supported the literature review, the conceptual frame-
work, the selection of Industry 4.0 technologies, and the design of the empirical instrument.
The empirical component supported the analysis of the readiness—adoption gap based on
cross-sectional and self-reported evidence.

4.1. Research Design and Approach

This study adopted a quantitative, descriptive, exploratory, and cross-sectional design
to examine Industry 4.0 adoption among large manufacturing companies located in Valle
del Cauca, Colombia. The descriptive component characterized current adoption levels,
technology categories, implementation in progress, and future adoption intentions. The
exploratory component examined perceived organizational readiness and its alignment
with reported implementation levels.

Given the use of self-reported organizational data and one key informant per company,
the study does not aim to establish causal relationships. Instead, it identifies empirical
patterns, asymmetries, exploratory associations, and readiness—adoption gaps.

Figure 1 presents the methodological workflow of the study. It summarizes the
sequence followed from the bibliographic review and instrument design to data collection,
empirical analysis, and development of the readiness—adoption matrix and staged roadmap.

4.2. Bibliographic Review Strategy

A structured bibliographic review was conducted to support the conceptual frame-
work, the identification of Industry 4.0 technologies, and the design of the empirical
instrument. The review was not intended as a systematic review, meta-analysis, or formal
bibliometric study, but as a focused analytical review of conceptual foundations, method-
ological approaches, readiness dimensions, adoption barriers, technology categories, and
empirical gaps.
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Structured bibliographic review

!

Identification of technologies,
analytical dimensions, and research gap

v

Questionnaire design and
expert validation

v

Sampling of large manufacturing
companies

!

Online data collection

3

Descriptive statistical analysis

!

Interpretation of the
readiness-adoption gap

v

Analytical syntheses:
readiness-adoption matrix
and staged roadmap

Figure 1. Methodological workflow of the study.

The search was conducted in Scopus because of its broad coverage of peer-reviewed lit-
erature in engineering, management, manufacturing, information systems, and technology-
related fields. Web of Science was not included because the purpose was not to compare
databases, but to construct a focused conceptual and empirical basis for the survey and
research gap. This decision is treated as a methodological delimitation.

The primary search covered publications from 2014 to 2024. In addition, selected
2025-2026 references were incorporated during the revision stage when they provided
directly relevant conceptual, empirical, or technological support for Industry 4.0 adoption,
smart manufacturing, and immersive technologies. The review considered journal articles,
review papers, conference papers, and book chapters when they were directly relevant to
Industry 4.0 adoption, readiness, maturity, or implementation barriers.

The search used titles, abstracts, and keywords. The search terms combined Industry
4.0-related expressions with adoption, readiness, maturity, manufacturing, implementation
barriers, and Latin American or country-specific terms. A representative Scopus query was:

TITLE-ABS-KEY (“Industry 4.0” OR “Fourth Industrial Revolution” OR “smart manu-
facturing” OR “digital transformation”) AND TITLE-ABS-KEY (“adoption” OR “readiness”
OR “maturity” OR “implementation” OR “barriers”) AND TITLE-ABS-KEY (“manufactur-
ing” OR “industrial firms”) AND TITLE-ABS-KEY (“Latin America” OR “Colombia” OR
“Brazil” OR “Argentina” OR “Chile” OR “Peru” OR “Ecuador” OR “Mexico”).

The search strategy also included complementary country-specific queries to identify
regional evidence. These queries combined Industry 4.0-related terms with country names
and adoption-related concepts, including “Industry 4.0”, “Fourth Industrial Revolution”,

i Vi VZa7i /A7

“smart manufacturing”, “digital transformation”, “adoption”, “readiness”, “maturity”,
“implementation”, “barriers”, “manufacturing”, “Latin America”, “Colombia”, “Brazil”,
“Argentina”, “Chile”, “Peru”, “Ecuador”, and “Mexico”.

Although the review was not designed as a systematic review, the selection pro-

cess was organized and reported using a PRISMA-informed logic [36], understood here
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as a transparent organization of the identification, screening, eligibility assessment, ex-
clusion, and final inclusion stages, without claiming full compliance with a systematic
review protocol.

Documents were retained when they were directly relevant to Industry 4.0 adoption,
readiness, maturity, implementation barriers, manufacturing firms, industrial digital trans-
formation, or organizational technology adoption. They also had to contribute to at least
one component of the study: the conceptual framework, the identification and classifi-
cation of Industry 4.0 technologies, the questionnaire design, or the interpretation of the
readiness—adoption gap. Documents were excluded when they were unrelated to the study
topic, outside the industrial or organizational context, duplicated, insufficiently related
to the research questions, or not useful for the conceptual, methodological, or empirical
development of the article.

The retrieved documents were coded by country or regional scope, thematic focus,
methodological relevance, duplicate status, and contribution to the article. The main
coding categories were Industry 4.0 adoption, organizational readiness, maturity mod-
els, implementation barriers, manufacturing technologies, Latin American evidence, and
technology-specific definitions. Bibliographic data were verified using title, authorship,
year, source, abstract, keywords, and DOI when available. Full texts were used whenever
accessible; when full texts were not available, records were retained only if the title, abstract,
keywords, and bibliographic information were sufficient to assess relevance.

Table 2 was created by aggregating the identification and screening results by country.
The “records identified” column reports the initial records retrieved through the Scopus
search strategy and complementary country-specific searches. The exclusion columns
distinguish between records removed because of irrelevance and records removed as
duplicates. The “final records” column reports the documents retained to support the
conceptual framework, technology selection, instrument design, and identification of the
empirical research gap.

Table 2. Document selection process for Latin American countries.

Country Records Excluded Excluded Final Records
Identified (Irrelevant) (Duplicates)
Chile 8 3 0 5
Colombia 19 4 0 15
Mexico 29 6 2 21
Argentina 6 1 2 3
Brazil 130 14 7 109
Ecuador 7 3 3 1
Peru 9 2 1 6
Venezuela 3 2 0 1
Other 3 0 0 3
Total 214 35 15 164

4.3. Sample and Data Collection

The empirical component was based on a population of 137 large manufacturing
companies located in Valle del Cauca and identified through the EMIS database in 2024.
Companies were classified as large according to the Colombian business-size classification
in force, which defines firm size based on annual operating revenues by economic sector.
For the manufacturing sector, large companies are those whose annual operating revenues
exceed the upper threshold established for medium-sized firms [37].

The sampling frame was constructed from EMIS records by filtering companies lo-
cated in Valle del Cauca, classified within manufacturing activities, and meeting the large-
company criterion according to the Colombian business-size classification based on annual
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operating revenues by economic sector. After applying these filters, the final sampling
frame consisted of 137 eligible companies. Each company in this frame was assigned a
unique identification code. A simple random sampling procedure was then applied using a
computer-generated random sequence from the list of eligible firms, so that each company
in the defined population had the same probability of selection.

The minimum sample size was calculated for a finite population of 137 companies,
with a 95% confidence level, maximum variability assumption, and a maximum sam-
pling error of 10%. Under these assumptions, the minimum required sample size was
57 companies. The 10% maximum sampling error was adopted because the study has a
bounded regional, descriptive, and exploratory scope. The objective was not to produce
national-level estimates or causal inference, but to identify adoption patterns, asymmetries,
and readiness—adoption gaps within a defined regional population. This value is therefore
interpreted as a maximum sampling error under finite-population assumptions and is
acknowledged as a methodological limitation.

A total of 59 valid questionnaires were obtained, slightly exceeding the minimum
threshold. The final dataset covered 43.1% of the defined population. This value is therefore
reported as population coverage rather than as a conventional response rate because
complete fieldwork traceability on the exact number of companies that effectively received
the questionnaire was not available. This limitation is considered when interpreting the
scope and generalizability of the findings.

The unit of analysis was the company, and data were provided by one key organi-
zational informant per company. Respondents were personnel involved in ICT, digital
transformation, production management, or Industry 4.0-related activities. To reduce un-
informed responses, participants confirmed their organizational role and familiarity with
these areas. Data-quality controls included completeness, duplicate response checking,
consistency screening, and verification of the respondent profile.

The use of one key informant per company introduces a possible single-informant bias.
This risk was mitigated by targeting knowledgeable respondents, providing operational
definitions of each technology, and avoiding causal claims. Non-response bias was consid-
ered by comparing available characteristics of participating companies with the defined
population whenever information was available in EMIS.

Table 3 presents the sample and data collection summary. It specifies the population,
sampling frame, sampling parameters, valid responses, population coverage, respondent
profile, and methodological precautions used to interpret the data.

Table 3. Sample and data collection summary.

Item Value

Target population 137 large manufacturing companies

EMIS database, Valle del Cauca, manufacturing

Sampling frame sector, 2024

Colombian business-size classification based on

Firm-size criterion .
annual operating revenues by sector

Sampling technique Simple random sampling
Confidence level 95%
Maximum sampling error 10% under finite population assumptions
Minimum required sample size 57 companies
Valid responses 59 questionnaires
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Table 3. Cont.

Item Value
Population coverage 43.1% of the defined population
Unit of analysis Company
Source of information One key informant per company
Data collection mode Structured online questionnaire

ICT/digital transformation/production

Respondent profile management/Industry 4.0-related personnel

Completeness, duplicate responses, consistency,

Data-quali 1 . . .
ata-quality controls and informant-profile verification

Single-informant bias, self-reported data,
Main methodological precautions non-response bias, and cross-sectional design are
considered in interpretation

4.4. Research Instrument

The research instrument was partially adapted from the Industry 4.0 adoption model
proposed by Masood and Sonntag [14] and conceptually grounded in the Technology
Acceptance Model [34]. The questionnaire captured two analytical planes: perceived
organizational readiness and actual adoption of Industry 4.0 technologies.

The instrument included five analytical dimensions: contextual conditions, ICT use,
attitudes toward Industry 4.0 technologies, perceived benefits and challenges, and percep-
tions of productivity and ease of use. Together, these dimensions comprised 30 variables,
mainly measured through a five-point Likert scale. The questionnaire also included items
on the implementation status of 20 Industry 4.0 technologies, allowing perceptual evidence
to be contrasted with reported adoption.

Content validity was assessed through expert judgment involving 12 academic and
industry specialists in ICT, Industry 4.0, manufacturing systems, digital transformation, or
industrial management. Their feedback supported revisions to wording, clarity, relevance,
technical precision, and usability. Operational definitions of the 20 technologies were also
included to reduce ambiguity and improve response consistency.

The instrument was reviewed through expert judgment to assess content validity,
clarity, relevance, and technical precision. Because the empirical analysis focused on
aggregated descriptive indicators and combined perceptual Likert-scale items with cate-
gorical implementation-status items, reliability coefficients are not interpreted as the main
validation criterion of the instrument.

Table 4 presents the structure of the instrument. It links each questionnaire component
with its analytical role and the research questions it supports.

Table 4. Instrument structure and analytical use.

Instrument Component Main Role in the Study Related RQs
Contextual conditions Organizational setting RQ3, RQ4
ICT use Infrastructure and digital base RQ3, RQ4
Attitudes toward 14.0 Perceptions and disposition RQ3, RQ4
Perceived benefits and challenges Expected value and barriers RQ3, RQ4
Productivity and ease of use Perceived operational effect RQ3, RO4

Implementation status of

20 technologies Actual adoption RQ1, RQ2, RQ4

Table 5 summarizes the instrument validation and data-quality control procedures
applied in the study.
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Table 5. Instrument validation and data-quality control procedures.

Validation or Control Component

Procedure Applied

Purpose in the Study

Expert judgment

Review by 12 academic and industry
specialists in ICT, Industry 4.0,
manufacturing systems, digital
transformation, or industrial management

Assess content validity, clarity, relevance,
technical precision, and usability

Operational definitions

Concise definitions of the 20 Industry 4.0
technologies were provided to respondents

Reduce ambiguity and improve
response consistency

Respondent-profile verification

Respondents confirmed their
organizational role and familiarity with
ICT, digital transformation, production

management, or Industry
4.0-related activities

Reduce uninformed responses

Completeness control

Questionnaires were reviewed for
completeness before inclusion in the
final dataset

Exclude incomplete or
unusable responses

Duplicate-response checking

Responses were screened to identify
possible duplicate submissions

Preserve one valid response per company

Consistency screening

Responses were reviewed for internal
coherence across adoption and
readiness items

Improve data quality and reduce
inconsistent records

Interpretation precaution

The analysis was based on aggregated
descriptive indicators rather than
individual-level inferential modeling

Avoid causal overinterpretation of
self-reported and cross-sectional data

4.5. Industry 4.0 Technologies Considered

Based on the bibliographic review, the survey incorporated 20 representative Industry
4.0 technologies relevant to manufacturing contexts. These technologies covered foun-
dational digital infrastructure, connectivity, data-driven systems, automation, advanced
integration technologies, systemic technologies, and emerging digital infrastructures.

The technologies were categorized according to their function and degree of sophisti-
cation within the digital transformation process. This classification supports the analysis
of adoption depth across technology groups and provides the empirical basis for the
readiness—adoption matrix and staged roadmap.

Table 6 presents the 20 technologies included in the survey. For each technology, it
reports the analytical category, purpose in the study, operational definition provided to
respondents, and supporting literature. To avoid excessive citation clustering, one or two
directly relevant sources were retained for most technologies.

Table 6. Industry 4.0 technologies included in the survey.

Analytical Purpose in Operational Definition

Technology Category the Study Provided to Respondents Source(s)
Measures, practices, and
oy Fpdsiona gl Brireadopion bl ed o et g
threats and unauthorized access.
On-demand access to computing
Cloud Computing Foundational digital Baseline adoption resources such as storage, data 7]

infrastructure indicator processing, and software

without local infrastructure.
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Table 6. Cont.
Analytical Purpose in Operational Definition
Technology Category the Study Provided to Respondents Source(s)
Integrated systems used to
ERP/CRM/ Enterprise digital Operational digital manage organizational [39]
SCM Systems systems maturity indicator resources, customer relations,
and supply chain processes.
Network of physical objects
Internet of Things Connectivity Intermediate adoption equipped with sensors and [6]
and RFID technologies indicator connectivity to collect and
exchange data in real time.
Networked industrial assets and
Industrial Internet Industrial connectivity ~ Intermediate adoption cybe.r—physm:?ll components
. . .1 enabling real-time monitoring [40]
of Things technologies indicator - .
and control of industrial
processes.
Techniques and tools for
Big Data and Data-driven Intermediate adoption analyzing le}rge a'nd complex
. . o1 datasets to identify patterns, [8,33]
Data Analytics technologies indicator . .
trends, and relationships for
decision-making.
Technologies enabling
Automation and Automation Intermediate adoption automated and autonomous [10]
Robotics technologies indicator execution of manufacturing
tasks through robotic systems.
Dedicated computer systems
Embedded Systems Control systems Intermfedle}te adoption embedded w1th'1r'1 machlpes to [41]
indicator perform specific real-time
control functions.
Systems capable of simulating
Artificial Intelligence Ad.vanc?d digital Adva.nce.cl adoption human intelligence to learn, 9]
intelligence indicator reason, and perform
tasks autonomously.
Algorithms that allow systems to
Machine Learning Ad.\zanC?cl digital Adva.nce.d adoption learn from data ancll improve [42]
intelligence indicator performance without
explicit programming.
Integrated systems combining
Cyber-Physical Advanced integration Advanced adoption P hysma@ processes and
: Y computational elements to [3,4]
Systems technologies indicator . .
monitor, control, and optimize
operations in real time.
Virtual replicas of physical
Digital Twins Advanced s1m}11at10n Advapcefi adoption syst.ems or processes usgd for [43]
technologies indicator simulation, monitoring,
and optimization.
Techniques that replicate the
Modeling and Simulation Advanced adoption behavior of systems under [44]
Simulation technologies indicator specific conditions to support
analysis and decision-making.
Additive Advance(?l Advanced adoption Pr(?ductlon of Fhree-dlmgnsmnal
. manufacturing . objects by adding material layer [45]
Manufacturing . indicator ..
technologies by layer based on digital models.
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Table 6. Cont.

Analytical Purpose in Operational Definition

Technology Category the Study Provided to Respondents Source(s)
. Visualization Advanced adoption Technology that overlays dlglFal
Augmented Reality . . 1 elements onto the real world in [46]

technologies indicator . . .

real time through visual devices.

L . Immersive digital environments

Virtual Reality V1suahzat1.0n Adva.nce.d adoption that simulate interactive [47,48]
technologies indicator

three-dimensional experiences.

Integration of digital and
System-level Systemic adoption intelligent technologies across

Smart Manufacturing integration indicator manufacturing processes to [22]
enhance efficiency and flexibility.
Products embedded with digital
Smart Product P?oslugt-leyel Syste.m@ adoption technplogles that enable [49]
digitalization indicator connectivity, data exchange, and
advanced functionalities.
Distributed ledger technology
Blockchain Data governance Emergmg adoption enabling secure and transparent [50]
technologies indicator recording of transactions
without intermediaries.
Enabling Fifth-generation cellular
5G Communication communication Emerging adoption networks providing high-speed, 51]

Systems . indicator low-latency connectivity for
infrastructure . . ..
industrial applications.

4.6. Data Analysis Strategy

The empirical analysis followed a descriptive, comparative, and exploratory strategy.
Frequencies, percentages, comparative distributions, cross-technology comparisons, and
exploratory association measures were used to characterize adoption patterns and examine
the readiness—adoption gap.

The analysis was organized in five stages. First, company and respondent profiles
were summarized. Second, the implementation status of the 20 technologies was analyzed
by distinguishing between adopted technologies, technologies under implementation,
technologies planned for future adoption, and technologies with no adoption plans. Third,
perceived organizational readiness was assessed through Likert-scale responses grouped
into agreement, neutral, and disagreement categories.

Fourth, a simple readiness score and a simple adoption score were calculated. The
readiness score was based on the proportion of agreement responses in readiness-related
dimensions, including ICT infrastructure, employee capabilities, expected benefits, produc-
tivity expectations, and ease of use. Implementation challenges were treated as a constraint
dimension. The adoption score was based on the proportion of Industry 4.0 technologies
reported as already implemented by each company or technology group.

Fifth, the relationship between perceived readiness and adoption depth was examined
through an aggregate descriptive synthesis. This synthesis contrasted readiness-related
agreement indicators with adoption-depth indicators by technology group. Because the
available analysis was based on aggregated survey results, the study does not report
individual-level inferential statistics such as Spearman correlations or regression models.

Table 7 presents the operationalization criteria used to derive the readiness—adoption
matrix and staged roadmap. It specifies the analytical components, operational definitions,
empirical indicators, and classification criteria used to transform the descriptive survey
results into interpretive outputs.
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Table 7. Operationalization criteria for the readiness—adoption matrix and staged roadmap.

Analytical Component

Operational Definition

Empirical Indicator

Classification Criterion

Perceived readiness

Organizational perception of
preparedness for Industry
4.0 adoption

Agreement responses related to
ICT infrastructure, employee
capabilities, expected benefits,
productivity expectations, and
ease of use

Low: <33.3%; Medium:
33.3-66.6%; High: >66.6%

Adoption depth

Reported implementation of
Industry 4.0 technologies

Percentage of companies
reporting that each technology is
already implemented

Low: <33.3%; Medium:
33.3-66.6%; High: >66.6%

Readiness—adoption gap

Misalignment between readiness
and implementation

Difference between readiness
level and adoption-depth level

Gap identified when readiness is
medium/high and adoption
remains low

Implementation momentum

Technologies currently being
introduced but not yet fully adopted

Percentage of companies
reporting implementation
in progress

Used to identify short-term
transition priorities

Adoption resistance

Technologies with no reported
adoption plans

Percentage of companies
reporting no plans for adoption

Used to identify low-priority or
high-barrier technologies

Implementation constraints

Barriers affecting the transition from
readiness to adoption

Agreement responses related to
costs, skills requirements,
implementation time, and

resistance to change

Used to interpret the
readiness-adoption gap

Roadmap stage

Suggested sequence of
adoption priorities

Combined interpretation of
maturity category, adoption
depth, implementation
momentum, and constraints

Foundational consolidation;
intermediate integration;
advanced scaling; systemic
transformation

For interpretive purposes, readiness and adoption depth were classified into three
descriptive levels: low (<33.3%), medium (33.3-66.6%), and high (>66.6%). These thresh-
olds were used as tercile-based descriptive criteria, not as inferential cut-off points. The
interpretation was contrasted against alternative threshold scenarios during the analytical
review of the matrix to verify that the main classification pattern did not depend exclusively
on a single cut-off scheme.

A readiness—adoption gap was identified when perceived readiness was medium or
high while actual adoption depth remained low, particularly for advanced, systemic, or
emerging technologies. The matrix and roadmap were developed as structured analytical
syntheses of the empirical findings and are presented as interpretive tools grounded in the
survey results, rather than as predictive models or universally validated frameworks.

5. Results

This section presents the empirical findings obtained from the 59 valid questionnaires.
The results are organized according to the research questions and the analytical logic of
the study. First, the profile of respondents is described. Second, the overall adoption of
Industry 4.0 technologies is examined. Third, adoption is analyzed by technology category.
Fourth, perceived organizational readiness, expected benefits, implementation challenges,
ease of use, and perceived usefulness are reported. Finally, the readiness-adoption gap is
synthesized through the readiness—adoption matrix and the staged roadmap.

All results reported in this section refer exclusively to the 59 surveyed companies.
Therefore, the findings should be interpreted as evidence from the analyzed sample and
should not be extrapolated to all large manufacturing companies in Colombia, Latin
America, or other emerging economy contexts.

5.1. Characteristics of the Sample

A total of 59 large manufacturing companies located in Valle del Cauca, Colombia,
participated in the study. All organizations met the inclusion criteria defined in the method-
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ology and were classified as large according to the Colombian business-size classification
based on annual operating revenues by economic sector. This sample provides an empirical
basis for examining Industry 4.0 adoption in companies with established organizational
structures and potential capacity for technological implementation.

Figure 2 presents the distribution of respondents according to their organizational
role. This information is relevant because the study relies on one key informant per
company; therefore, the respondent profile helps assess the quality and relevance of the
information collected.

Executive posts
10.17%

Operational
positions

16.95%

Strategic
positions
38.98%

Mid-level roles
20.34%

Managerial roles

13.56%

Figure 2. Distribution of survey respondents according to their organizational role.

Regarding the profile of the respondents, the largest proportion corresponded to
strategic-level positions (38.98%), followed by middle management (20.34%) and opera-
tional staff (16.95%). Smaller shares were represented by managerial positions (13.56%) and
executive-level roles (10.17%). This distribution indicates that most responses were pro-
vided by personnel with decision-making, coordination, or implementation responsibilities.
Therefore, although the study relies on one key informant per company, the respondent pro-
file supports the analytical relevance of the dataset for examining organizational priorities,
technology-related decisions, and implementation dynamics.

5.2. Overall Adoption of Industry 4.0 Technologies

Overall, the adoption of Industry 4.0 technologies among the surveyed large manufac-
turing companies shows meaningful but uneven progress. Approximately 66.10% of the
companies reported having incorporated Industry 4.0 initiatives into their organizational
strategy, indicating that most firms recognize the strategic relevance of digital transfor-
mation. At the same time, 23.73% reported that they had not yet started implementing
Industry 4.0 technologies, which shows that a relevant share of companies remains outside
the current adoption trend.

Figure 3 presents the number of years since the beginning of Industry 4.0 adoption
among the surveyed companies. This figure helps distinguish between firms in early
adoption stages and those with more consolidated trajectories.
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10 year or more

8.47%
No implementation
to date 7 to 9 years
23.73% 3.39%
1 year or less
8.47% 4 to 6 years
22.03%
1 to 3 years
32.20%

Figure 3. Years since the beginning of Industry 4.0 adoption in surveyed companies.

The temporal distribution of adoption reflects an early and gradual transition. Among
the surveyed companies, 32.20% reported that their Industry 4.0 adoption process had be-
gun within the last one to three years, while 22.03% indicated an implementation trajectory
of four to six years. Only a smaller proportion reported more consolidated trajectories, with
3.39% adopting these technologies for seven to nine years and 8.47% for ten years or more.
These results suggest that most companies are not yet in a mature Industry 4.0 stage, but
rather in initial or intermediate phases of digital transformation.

In addition to implementation status, the results reveal high levels of awareness and
future expectation. A total of 88.14% of respondents stated that they were familiar with
the concepts of Industry 4.0 and smart manufacturing, while 67.80% expected greater
implementation of these technologies in their companies within the next five years. This
combination of high awareness and positive expectations is relevant because it anticipates
the readiness—adoption gap examined later: firms recognize the strategic value of Industry
4.0, but this recognition does not necessarily translate into advanced implementation depth.

Figure 4 presents the ten Industry 4.0 technologies with the highest implementation
levels. It provides an initial overview of technology penetration before the category-
based analysis.

Smart Manufacturing

(SM)
20.34% Supply Chain
Machine Learning (SCH-ERP-CRM)
(ML) 44.07%
18.64%
Industrial Internet of Cloud Computing
Things (IIoT) (CO)
40.68% 64.41%
5G Communication :
Systems (5G) Cyber752e chgr;y e
23.73% s
Modelling and Big Data-Data
Simulation (M-S) Analytics (BD&DA)
32.20% 50.85%
Smart Product (SPR)

18.64%

Figure 4. Highly implemented Industry 4.0 technologies among surveyed companies.
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A first overview of technology penetration shows marked differences across tools.
Foundational or enabling technologies exhibit the highest implementation levels, whereas
more advanced or specialized solutions remain less widespread. Cybersecurity and cloud
computing appear as the most widely implemented technologies, followed by big data and
data analytics. This pattern indicates a selective adoption process in which companies first
consolidate basic digital capabilities before moving toward more complex and integrated
Industry 4.0 technologies.

5.3. Adoption by Technology Category

When Industry 4.0 technologies are examined by analytical category, significant asym-
metries in adoption become evident. The highest implementation levels are concentrated in
foundational digital infrastructure and data-oriented technologies. Cybersecurity (72.88%)
and Cloud Computing (64.41%) are the most widely adopted technologies, followed by Big
Data and Data Analytics (50.85%) and enterprise systems such as ERP-CRM-SCM (44.07%).
These results indicate that the most widespread advances are associated with information
protection, cloud-based resource access, data management, and operational digitalization.

Connectivity, industrial integration, and system-level technologies show intermediate
but still uneven implementation levels. Industrial Internet of Things (IloT) reached an
adoption rate of 40.68%, while Modeling and Simulation showed an adoption rate of
32.20%. In contrast, [oT-RFID (22.03%), Smart Manufacturing (20.34%), Embedded Systems
(15.25%), and Automation and Robotics (10.17%) remain less consolidated. This pattern
suggests that the surveyed companies have made progress in selected connectivity and
analytical capabilities, but broader operational integration across physical assets, automated
systems, and real-time decision-support environments remains limited.

By contrast, several advanced, emerging, visualization, and product-level technologies
exhibit lower adoption levels. Artificial Intelligence (11.86%), Cyber-Physical Systems
(16.95%), Machine Learning (18.64%), and Digital Twins (6.78%) remain in early or selective
stages of adoption. Similarly, Augmented Reality (8.47%), Virtual Reality (10.17%), Smart
Product (18.64%), Blockchain (6.78%), and Additive Manufacturing (6.78%) show limited
penetration. These low implementation levels should be interpreted together with the
perceived barriers reported later, particularly cost, specialized skills, integration complexity,
implementation time, and resistance to change.

Table 8 presents the implementation status of the 20 Industry 4.0 technologies included
in the survey. Technologies are organized according to the analytical categories defined in
the methodology. To avoid ambiguity, the table reports four implementation conditions:
already adopted, currently in progress, planned adoption, and no reported adoption plans.
The planned adoption column captures the proportion of companies that had not yet
implemented each technology but reported some level of future adoption intention.

Table 8 shows that the adoption landscape is not binary. Several technologies with
low current adoption show considerable levels of planned adoption or implementation
in progress. This is particularly visible in Artificial Intelligence, IoT-RFID, Automation
and Robotics, Machine Learning, Smart Product, Blockchain, and 5G. Therefore, the results
should not be interpreted only as low adoption of advanced technologies, but as evidence
of an incomplete and gradual transition.

Figure 5 compares adoption and implementation-in-progress rates across Industry 4.0
technologies. This figure highlights both consolidated technologies and those currently
moving through the implementation process.
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Table 8. Adoption of Industry 4.0 Technologies by Analytical Category.

Analytical Category Technology Adoption (%) In Progress (%) Planned Adoption (%) No Plans (%)
Foundational digital Cybersecurity (CS) 72.88 8.47 16.95 1.69
infrastructure Cloud Computing (CC) 64.41 13.56 15.25 6.78
Enterprise digital systems ERP-CRM-SCM 44.07 16.95 25.42 13.56
. . Big Data and Data
Data-driven technologies Analytics (BD&DA) 50.85 20.34 23.73 5.08
. . Internet of Things and
Connectivity technologies RFID (IoT-RFID) 22.03 25.42 30.51 22.03
Industrial connectivity Industrial Internet of
technologies Things (IloT) 40.68 13.56 2203 23.73
Automation and Robotics
Automation and (ARo) 10.17 25.42 37.29 27.12
control technologies
Embedded Systems (ES) 15.25 10.17 32.20 42.37
Advanced digital Artificial Intelligence (AI) 11.86 25.42 37.29 25.42
intelligence Machine Learning (ML) 18.64 15.25 38.99 27.12
Advanced integration Cyber-Physical
technologies Systems (CPS) 16.95 11.86 2881 4237
Advanced integration Digital Twins (DT) 6.78 6.78 4237 44.07
technologies
Advanced simulation Modeling and
technologies Simulation (MS) 3220 11.86 2881 2712
Advanced manu.facturlng Additive Ma}u{facturmg 6.78 508 3051 5763
technologies (3D Printing)
Visualization Augmented Reality (AR) 8.47 13.56 27.12 50.85
technologies Virtual Reality (VR) 10.17 11.86 28.81 49.15
. . Smart Manufacturing
System-level integration (SM) 20.34 20.34 35.59 23.73
I;.”F‘““.t'le." el Smart Product (SPR) 18.64 6.78 35.59 38.98
igitalization
Data governance Blockchain (BCH) 6.78 8.47 40.68 44.07
technologies
Enabling communication 5G Communication 23.73 13.56 33.90 28.81

infrastructure

Systems (5G)

Note. Values are reported as percentages of surveyed companies. Adoption refers to technologies already
implemented; In progress refers to technologies currently under implementation; Planned adoption refers to
technologies expected or intended for future implementation; No plans refers to technologies for which companies
reported no adoption plans. Small differences may occur due to rounding.
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Figure 5. Adoption and implementation rates of Industry 4.0 technologies among surveyed companies.
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The comparison confirms the dominance of foundational technologies, with cyberse-
curity and cloud computing standing above the rest in terms of completed adoption. At the
same time, several advanced technologies appear more prominently in the implementation
stage than in full adoption, suggesting that companies are beginning to allocate resources
to technologies that have not yet been fully integrated into operations.

Figure 6 focuses on the technologies with the highest rates of ongoing implementation.
This figure is useful for identifying short-term technological momentum among companies
that are still transitioning toward more advanced Industry 4.0 configurations.

Artificial Intelligence (AI)

25.42%
Internet of Things (IoT)
Augmented Reality (AR) and RFID
13.56% 25.42%
Industrial Internet (IIoT) Cloud Computing (CC)
13.56% 13.56%
5G Communication System (5G) Machine Learning (ML)
13.56% 15.25%
Supply Chain (SCH) and Big Data (BD) and
RP, CRM Data Analytics (DA)
16.95% 20.34%
Smart Manufacturing (SM) Robotic Automation (ARo)
20.34% 25.42%

Figure 6. Leading Industry 4.0 technologies currently under implementation among surveyed
companies.

Artificial Intelligence, Automation and Robotics, and IoT-RFID each show implementation-
in-progress levels of 25.42%, while Big Data and Data Analytics and Smart Manufacturing
also display relevant ongoing deployment activity. These results suggest that some advanced
technologies are not absent from companies’ agendas; rather, they remain in transition between
intention, pilot implementation, and operational consolidation.

Figure 7 contrasts current adoption levels with the proportion of companies reporting
no adoption plans. This figure identifies technologies facing greater resistance, lower
perceived priority, or higher implementation barriers.

0,
80% 72.88%

70% 64.41%
57.63%

50.85% / o15%  S085%
/ 1237 4407% 44.07% 44.07% f\/
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10.17%

Percentage of companies (%)

13.56%
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Figure 7. Comparison between implemented Industry 4.0 technologies and technologies for which
companies report no adoption plans.
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More than half of the surveyed companies reported no intention to adopt 3D print-
ing (57.63%), while similarly high levels of non-intention were observed for augmented
reality (50.85%), virtual reality (49.15%), blockchain (44.07%), and digital twins (44.07%).
This pattern indicates that some technologies remain outside the short-term priorities of
many companies, possibly because of their technical complexity, uncertain applicability,
investment requirements, or insufficient organizational readiness.

5.4. Perceived Technological Readiness and Attitudes

Survey responses indicate that the participating companies perceive themselves as
having a moderately favorable organizational base for Industry 4.0 adoption, although
important internal gaps remain. Regarding ICT-related readiness, 83.05% of respondents
considered their organization’s ICT infrastructure robust enough to support new digital
initiatives, while 62.71% agreed that the current infrastructure could support Industry 4.0
projects without major difficulties. Perceptions of workforce capabilities were also generally
positive, although less strongly so: 61.02% reported that employees had sufficient specific
ICT knowledge and skills, 55.93% considered general ICT competencies adequate, and
59.32% indicated that their companies provided ongoing ICT training. In addition, 76.27%
expected their organizations to invest further in ICT to improve productivity.

Figure 8 presents perceived organizational readiness for Industry 4.0 adoption. It
compares infrastructure-related, skills-related, training-related, and investment-related
dimensions.

Employees ICT skills will help the transition

to Industry 4.0 55.93%

20.34% 23.73%

Employees receive ongoing training to

improve their ICT skills 59.32%

15.25%

25.42%

11.86%
156
6.78%

0% 20% 40% 60% 80% 100%

Percentage of respondents

. Agree . Neutral - Disagree

Employees ICT knowledge ans skills to
improve productivity

61.02%

The company will invest in ICT to
enhance its productivity

76.27%

The ICT infrastructure can support
Industry 4.0 - SM

62.71%

Robust ICT infrastructure 83.05%

Figure 8. Perceived organizational readiness for Industry 4.0 adoption. Note: The blue bars rep-
resent agreement responses, while the orange and gray bars represent neutral and disagreement
responses, respectively.

Figure 8 shows that infrastructure-related items received stronger levels of agreement
than skills development and training. This result is relevant because it suggests that
readiness is stronger in technological infrastructure than in human capability development,
which may help explain why advanced technologies remain limited in implementation.

Respondents also reported strongly positive attitudes toward the expected benefits of
Industry 4.0 while recognizing substantial implementation challenges. On the benefits side,
more than 90% agreed that these technologies improve productivity (93.22%) and create
competitive advantages (91.53%), while 89.83% associated them with greater flexibility and
employee skill development. Additional expected gains were reported in manufacturing
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14.0 will help
develop skills and

knowledge
89.83%

14.0 will increase
R&D+I of new
products
76.27%

quality (84.75%), cost reduction (83.05%), and innovation (76.27%). At the same time,
respondents acknowledged major barriers to adoption: 98.31% agreed that Industry 4.0
requires new knowledge and skills, 86.44% identified high implementation costs, and
79.66% pointed to long deployment periods and cultural resistance to change.

Figure 9 presents the perceived benefits and challenges associated with Industry 4.0
adoption. Panel (a) summarizes expected organizational benefits, while panel (b) shows
perceived implementation constraints.

14.0 will decrease costs 14.0 will have high
83.05% implementation costs
86.44%

10.17%

23.73% ——

14.0 will improve
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/
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Figure 9. Perceived benefits and challenges associated with Industry 4.0 adoption: (a) perceived
benefits; (b) perceived challenges. Note: In both ring charts, the outer blue ring represents the
percentage of “agree” and “strongly agree” responses, whereas the inner orange ring represents
neutral responses.

The results in Figure 9 show that companies recognize both the strategic value and
the organizational difficulty of Industry 4.0 adoption. This dual perception is central to the
readiness—adoption gap: firms expect productivity, quality, flexibility, and competitiveness
gains, but they also perceive high requirements in skills, cost, time, and cultural change.

A more nuanced picture emerges when respondents assess ease of use and perceived
usefulness. In relation to usability, responses were notably more ambiguous than those
observed for benefits and barriers. Around 71% of respondents selected neutral responses
regarding whether interacting with Industry 4.0 technologies is easy, suggesting uncertainty
or limited direct experience. Likewise, opinions were divided regarding whether these
technologies are frustrating to use, with 33.90% agreeing and 35.59% disagreeing. By
contrast, perceptions of usefulness were clearly positive. More than 90% agreed that
Industry 4.0 technologies improve task quality, provide greater control over work activities,
support critical aspects of work, and enhance productivity and performance.

Figure 10 presents employee perceptions of Industry 4.0 ease of use and perceived useful-
ness. Panel (a) reports ease-of-use perceptions, while panel (b) summarizes perceived usefulness.

Figure 10 shows a contrast between perceived usefulness and perceived ease of use.
Companies tend to believe that Industry 4.0 technologies are valuable for work perfor-
mance, but they show greater uncertainty regarding usability. This suggests that positive
expectations alone may not be sufficient to accelerate adoption if users lack direct experi-
ence, training, or confidence in operating these technologies.
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Figure 10. Employee perceptions of Industry 4.0 ease of use and perceived usefulness: (a) ease of
use; (b) perceived usefulness. Note: In the bar chart, the blue bar represents the sum of “agree”
and “strongly agree” responses, the orange bar represents neutral responses, and the gray bar
corresponds to “disagree” and “strongly disagree”. In the ring chart, the outer blue ring represents
the percentage of “agree” and “strongly agree” responses, whereas the inner orange ring represents

neutral responses.

Overall, the results show that respondents perceive Industry 4.0 positively in terms
of organizational relevance, expected benefits, and strategic value, while simultaneously
recognizing important barriers related to capabilities, cost, implementation time, resistance
to change, and usability. This combination informs the readiness—adoption gap examined
in the following subsection.

5.5. Readiness—Adoption Gap

In this study, the readiness—adoption gap is understood as the coexistence of relatively
positive perceptions of organizational readiness and limited implementation depth, par-
ticularly in advanced Industry 4.0 technologies. The gap does not imply the absence of
digital progress; rather, it reflects an incomplete transition in which favorable expectations,
perceived preparedness, and strategic interest are only partially translated into effective
technological deployment. This subsection addresses RQ4 by integrating the evidence on
adoption levels, category-based asymmetries, and perceived organizational readiness.

The results show that companies do not adopt Industry 4.0 technologies indiscrimi-
nately. Instead, their choices reflect a selective response to perceived feasibility and internal
preparedness. Firms tend to prioritize foundational and intermediate technologies that are
more compatible with their existing infrastructure and organizational routines, while more
demanding solutions are postponed, piloted, or excluded. This indicates a partial alignment
between readiness and adoption: companies appear to recognize their implementation
limits and sequence their adoption efforts accordingly.

At the same time, the findings reveal a mismatch between favorable perceptions
and implementation depth. Respondents reported strong agreement regarding expected
benefits, especially in relation to productivity, quality, competitiveness, and operational
value. They also expressed relatively favorable views of ICT infrastructure and future
investment intentions. However, these positive perceptions have not translated into broad
adoption of advanced technologies. Artificial intelligence, cyber—physical systems, digital
twins, augmented reality, virtual reality, blockchain, and additive manufacturing remain

https://doi.org/10.3390/systems14070799


https://doi.org/10.3390/systems14070799

Systems 2026, 14, 799

24 of 33

AR

VR

lloT

5G

M-S

€PS
SPR
SCH, ERP, CRM
SM

DT

ML

BCH

ES

3D

ARo
BD&DA
cC

cs
loT-RFID
Al

weakly adopted despite the generally positive orientation toward digital transformation.
This mismatch constitutes the core empirical expression of the readiness—adoption gap
identified in the study.

The observed gap is consistent with the barriers identified in the previous subsection.
High implementation costs, the need for specialized knowledge and skills, long imple-
mentation periods, and resistance to change act as constraints that slow the translation
of readiness into adoption. As a result, the surveyed companies appear to be located
in an incomplete transition stage: they recognize the relevance of Industry 4.0 and have
adopted foundational technologies, but they have not yet reached consolidated or systemic
implementation.

Figure 11 presents the planned implementation timelines for Industry 4.0 technologies.
It complements the adoption analysis by showing whether technologies with low current
implementation are being considered for future deployment.
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Figure 11. Planned implementation timelines for Industry 4.0 technologies.

Figure 11 shows that some technologies with low current adoption, such as 5G, IoT-
RFID, and smart production systems, appear more prominently in short-term adoption
plans. This suggests that some companies are not rejecting these technologies permanently,
but postponing them until internal conditions become more favorable. Other technologies,
including augmented reality and virtual reality, tend to be deferred to medium- or long-
term horizons, indicating lower short-term priority.

Opverall, the evidence indicates that positive perceptions of organizational readiness
do not automatically lead to advanced Industry 4.0 adoption. Rather, the transition from
readiness to implementation remains conditioned by organizational capabilities, workforce
preparedness, implementation constraints, and the perceived feasibility of each technology.

5.6. Exploratory Synthesis of the Readiness—Adoption Gap

To strengthen the empirical interpretation of the readiness—adoption gap, an aggregate
synthesis was developed using the descriptive indicators reported in the previous subsec-
tions. This synthesis does not replace individual-level statistical testing, but it provides a
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clearer analytical bridge between perceived organizational readiness, technology adoption
depth, implementation momentum, and the staged roadmap.

First, perceived readiness was summarized using the agreement percentages reported
for ICT infrastructure, infrastructure support for Industry 4.0 projects, specific ICT knowl-
edge, general ICT competencies, ongoing ICT training, and expected future ICT investment.
These indicators capture the organizational conditions that firms perceive as enabling
Industry 4.0 adoption. In parallel, the main implementation constraints were summarized
through the agreement percentages associated with knowledge and skills requirements,
implementation costs, implementation time, and resistance to change.

Table 9 presents the aggregate readiness and implementation-constraint indicators
used to support the interpretation of the readiness—adoption gap.

Table 9. Aggregate readiness and implementation-constraint indicators.

Analytical Dimension

Indicator Agreement/Reported Value (%) Interpretation

Robust ICT infrastructure to

ICT infrastructure support new digital initiatives 83.05 Strong perceived technological base
Infrastructure able to support
ICT infrastructure Industry 4.0 projects without 62.71 Modera.te—to—favorable
S perceived support
major difficulties
Workforce capabilities Employees have sufficient specific 61.02 Moderate workforce readiness
P ICT knowledge and skills ’
Workforce capabilities Employees have sufflcu?nt general 55.93 Moderate but .le.ss consolidated
ICT competencies capability base
. Company provides ongoing ..
Training ICT training 59.32 Moderate training support
Future investment Expect'ed future ICT investment 76.27 ' Strong strategic
to improve productivity investment orientation
Aggregate readiness proxy izg;gzs;nn;ie;r;;it:;oiz 66.38 Medium-to-high perceived readiness
Knowledge and Industry 4.0 requires new 98.31 Very high perceived

skill requirements knowledge and skills ’ capability requirement
Implementation cost High implementation costs 86.44 High economic constraint
Implementation time Long deployment periods 79.66 High temporal constraint
Resistance to change Cultural resistance to change 79.66 High organizational constraint

Aggregate constraint proxy Arithmetic mean of the four 86.02 High perceived

constraint indicators above implementation pressure

Note. The aggregate readiness and constraint proxies are descriptive arithmetic means based on the percentages
already reported in the survey results. They are not psychometric scale scores and should not be interpreted as
causal indicators.

Second, adoption depth was summarized by grouping the 20 Industry 4.0 technologies
according to their function in the digital transformation process. The grouping follows
the analytical logic used in the methodology and in the staged roadmap: foundational
digital base, operational and connectivity integration, advanced digital and integration
technologies, and emerging systemic/data-governance technologies.

Table 10 presents the average adoption status by technology group.

Third, the readiness—adoption gap was examined by contrasting the aggregate readi-
ness proxy with the average adoption depth of each technology group. This comparison
shows that the gap is not uniform. It is smaller for foundational technologies, where
adoption is more consolidated, and larger for operational, advanced, systemic, and emerg-
ing technologies, where positive organizational perceptions have not yet translated into
broad implementation.
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Table 10. Aggregate adoption status by Industry 4.0 technology group.
Technology Group Technologies Included Adoption (%) In Progress (%)  Planned Adoption (%)  No Plans (%) Empirical
8y 8 8 Interpretation
Cybersecurity; Cloud
. . Computing; Most consolidated group;
Foundational digital base ERP-CRM-SCM; Big 58.05 14.83 20.34 6.78 low adoption resistance
Data and Data Analytics
IoT-RFID; IoT; Smart Low current adoption
Operationaland Manufacturing; 21.69 18.98 31.52 27.80 but visible
connectivity integration Embedded Systems; transition momentum
Automation and Robotics
Artificial Intelligence;
Machine Learning;
Cyber-Physical Systems; .
Advanced digital and Digital Twins; Modeling 13.98 1271 3284 40.47 Lox aﬁl Ozsotﬂzrp;t:natnd
integration technologies ~ and Simulation; Additive ’ . ’ : gml‘)resti};tance
Manufacturing;
Augmented Reality;
Virtual Reality
Emerging systemic/data- Smart Product; Low current adoption,
8ING 8y X Blockchain; 5G 1638 9.06 36.72 37.29 but relevant
governance technologies Communication Systems future intention
Overall average 20 Industry 27.52 13.89 30.35 28.08 Uneven and incomplete

4.0 technologies

Industry 4.0 transition

Note. Values are arithmetic means calculated from the technology-level percentages reported in the adoption
table. Adoption refers to technologies already implemented; In progress refers to technologies currently under
implementation; Planned adoption refers to technologies expected or intended for future implementation; No
plans refers to technologies for which companies reported no adoption plans.

Table 11 presents the descriptive readiness—adoption gap by technology group.

Table 11. Descriptive readiness-adoption gap by technology group.

Aggregate Readiness

Descriptive Gap

. o . S,
Technology Group Proxy (%) Adoption Depth (%) (Percentage Points) Gap Interpretation Roadmap Implication
Limited gap; adoption is Consolidate and
Foundational digital base 66.38 58.05 8.33 relatively aligned with standardize the
perceived readiness digital base
High gap; readiness is Prioritize
Operationaland 6638 21.69 44.69 notyet translated into M teroperability, process
connectivity integration . . . integration, and
operational integration ?
operational data use
Very high gap; advanced Promote pilots,
) Advan‘ced digital an_d 66.38 13.98 50.40 technqlogles remain spegahzed‘skllls,
integration technologies limited in experimentation, and
implementation change management
. . Evaluate feasibility,
. . ~ Very high gap; adoption !
Emerging systemic/ data 66.38 16.38 50.00 is mostly postponed governance, and
governance technologies or planned strategic prioritization

before scaling

Note. The descriptive gap was calculated as the difference between the aggregate readiness proxy and the average
adoption depth of each technology group. Because readiness was measured as an organizational perception and
not as a technology-specific score, this table should be interpreted as an aggregate descriptive synthesis, not as an
inferential test.

The aggregate synthesis provides descriptive support for the central pattern identified
in the study. Although the surveyed companies report a medium-to-high readiness proxy
of 66.38%, the average adoption across the 20 technologies is only 25.08%. This difference
indicates that favorable organizational perceptions coexist with limited implementation
depth. The gap is especially marked in advanced digital and integration technologies,
where average adoption reaches only 13.98%, and in emerging systemic/data-governance
technologies, where average adoption reaches 16.38%.

At the same time, the data show that low current adoption should not be interpreted
as complete rejection of Industry 4.0 technologies. Planned adoption is relatively high
in operational and connectivity integration technologies (31.52%), advanced digital and
integration technologies (32.84%), and emerging systemic/data-governance technologies
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(36.72%). This suggests that many companies are not excluding advanced technologies
permanently, but are postponing them until organizational, technical, financial, or human
capabilities become more favorable.

Therefore, the readiness—adoption gap observed in this study is better interpreted
as an incomplete and capability-constrained transition. Foundational technologies form
the current digital base, while operational integration, advanced piloting, and systemic
transformation remain pending stages. This empirical pattern supports the readiness—
adoption matrix and informs the staged roadmap presented in the following subsection.

5.7. Empirical Synthesis of the Readiness—Adoption Gap

The evidence presented in the previous subsections allows a more integrated inter-
pretation of the transition pattern observed among the surveyed companies. Beyond
describing adoption levels, perceived organizational readiness, implementation barriers,
and future adoption intentions, the results reveal the central empirical configuration of
the study: large manufacturing companies show favorable readiness perceptions, but
their adoption depth remains uneven and limited, particularly in advanced Industry
4.0 technologies.

The previous aggregate indicators provide the empirical basis for the readiness—
adoption matrix. The matrix is not intended to replace the descriptive evidence reported
above; rather, it synthesizes the observed transition pattern by contrasting perceived orga-
nizational readiness with adoption depth across technology groups. In this sense, Figure 12
should be interpreted as an exploratory visual synthesis of the readiness—adoption gap, not
as a predictive model or as a validated positioning tool for individual companies.

High

High readiness / Low adoption depth
Dominant area observed in the surveyed companies.

¢ Favorable perceptions of readiness.

* Foundational technologies already adopted.

¢ Advanced technologies still limited or in
transition.

Low readiness / Low adoption depth
Early stage of digitalization.

High readiness / High adoption depth
Consolidated digital transformation.

* Strong organizational capabilities.
¢ Broad and systemic adoption.
e Advanced technologies already integrated.

Low readiness / High adoption depth
Fragmented or opportunistic adoption.

Perceived organizational readiness

¢ Limited organizational base. ¢ Selective implementation.
¢ Low depth of implementation. : ¢ Weak organizational base.
¢ Limited technological consolidation. : * Low consistency of integration.
Low :
Low High

Depth of Industry 4.0 adoption

Figure 12. Readiness—adoption matrix for Industry 4.0 in large manufacturing companies.

The dominant pattern does not correspond either to low readiness or to fully con-
solidated transformation. Instead, the evidence points to an intermediate transition zone
characterized by relatively favorable readiness perceptions and limited implementation
depth, especially in advanced and emerging technologies. This pattern suggests that the
surveyed companies have moved beyond the earliest stage of digitalization through the
adoption of foundational technologies such as cybersecurity, cloud computing, ERP-CRM-
SCM systems, and data analytics. However, they have not yet reached advanced and
systemic Industry 4.0 adoption, since technologies such as artificial intelligence, cyber—
physical systems, digital twins, augmented reality, virtual reality, blockchain, and additive
manufacturing remain limited in implementation or deferred to later stages.
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Technologies or categories with medium-to-high perceived readiness but low adop-
tion were interpreted as evidence of a readiness—adoption gap. In this sense, the matrix
condenses the main empirical finding of the study: readiness is present as a favorable
organizational perception, but implementation remains selective, gradual, and constrained
by capability, cost, integration, and change-management barriers.

Table 12 presents the staged roadmap for capability building and technology prior-
itization. This roadmap organizes the observed transition pattern into sequential stages
based on current adoption levels, implementation momentum, technological complexity,
and capability-building needs.

Table 12. Staged roadmap for capability building and technology prioritization in Industry 4.0

adoption.

Stage

Empirical Focus

Priority Technologies

Capability-Building
Priorities

Transition Logic

Stage 1. Foundational
digital consolidation

Highest current adoption
and lowest
adoption resistance

Cybersecurity; Cloud
Computing;
ERP-CRM-SCM; Big Data
and Data Analytics

ICT infrastructure; data
management; digital
security; basic staff
training; standardization
of digital practices

Build and stabilize the
digital base

Stage 2. Operational and
connectivity integration

Moderate adoption,
visible implementation
momentum, and relevant
planned adoption

IIoT; IoT-RFID; Smart
Manufacturing;
Embedded Systems;
Automation and Robotics

Interoperability; process
integration; operational
data use; cross-functional
coordination; connection
between assets, processes,
and information systems

Connect assets, processes,
and information flows

Stage 3. Advanced
technology piloting

Low adoption depth, high
readiness-adoption gap,
and high
technological complexity

Artificial Intelligence;
Machine Learning;
Cyber—Physical Systems;
Digital Twins; Augmented
Reality; Virtual Reality;
Additive Manufacturing

Specialized skills; pilot
testing; experimentation;
technical integration;
change management;
evaluation of
operational feasibility

Test complex technologies
before scaling

Stage 4. Systemic
transformation
and scaling

Low current adoption but
relevant future intention
in systemic and emerging

Smart Product; Blockchain;
5G Communication
Systems; integrated

portfolio of foundational,

intermediate, and

Strategic alignment;
governance; data
interoperability;
organizational learning;
scaling capability; digital

Move from selective
adoption to
broader transformation

hnologi
technologies culture; external

advanced technologies ecosystem collaboration

The roadmap in Table 12 should be interpreted as a context-specific analytical synthesis
derived from the empirical findings, rather than as an external prescriptive model. The
surveyed companies appear to be concentrated mainly between the first and second stages,
with stronger consolidation in foundational technologies and more limited progress in
advanced and systemic solutions. Consequently, the roadmap complements the readiness—
adoption matrix by clarifying how capability-building needs and technology priorities may
evolve over time in large manufacturing companies.

Overall, the empirical synthesis reinforces the main argument of the study: Industry
4.0 adoption among the surveyed companies is not absent, but it remains incomplete,
staged, and capability-constrained. The readiness—adoption gap is therefore not simply
a lack of technological interest; it reflects the difficulty of converting favorable organiza-
tional perceptions into reported implementation, especially when technologies demand
higher levels of interoperability, specialized knowledge, investment, experimentation, and
organizational change.
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6. Discussion

The results show that Industry 4.0 adoption among large manufacturing companies
in Valle del Cauca remains uneven and only partially consolidated. Adoption is stronger
in foundational technologies, such as cybersecurity, cloud computing, ERP-CRM-SCM
systems, and data analytics, while advanced, systemic, and emerging technologies re-
main limited in implementation. This pattern suggests that the surveyed companies have
built an initial digital base, but have not yet reached a mature or systemic Industry 4.0
transformation stage.

This result is consistent with the view of Industry 4.0 adoption as a sociotechnical and
capability-dependent process. Firms do not move directly from awareness to full implemen-
tation; instead, they usually consolidate technologies that are compatible with their existing
infrastructure, routines, and capabilities before adopting more complex systems [21,24].
Therefore, Industry 4.0 adoption should be understood not only as technological acquisition,
but as a gradual process requiring data integration, workforce preparation, organizational
coordination, and managerial alignment [35].

The main contribution of this study is the identification of a readiness—adoption gap.
Although respondents reported favorable perceptions regarding ICT infrastructure, ex-
pected benefits, productivity gains, usefulness, and the strategic relevance of Industry 4.0,
these perceptions were not matched by broad implementation of advanced technologies.
This finding extends readiness- and maturity-oriented studies by showing that positive
organizational perceptions do not necessarily translate into deeper technological adop-
tion [12,16]. It also contributes to Latin American literature by providing evidence from
large manufacturing companies, a segment less frequently examined than SMEs in regional
Industry 4.0 studies [17-19].

From a sociotechnical perspective, the gap appears to be shaped by the interaction of
infrastructure, human capabilities, implementation barriers, and technological complexity.
The surveyed firms show relatively favorable ICT conditions, but still face limitations
related to specialized skills, implementation costs, deployment time, resistance to change,
interoperability, and operational integration. These factors help explain why foundational
technologies are more consolidated, while advanced technologies remain postponed, pi-
loted, or excluded from short-term priorities.

The readiness—adoption matrix and staged roadmap should be interpreted with cau-
tion. The matrix does not position individual companies through a predictive index, nor
does it validate a universal maturity model. Its value lies in synthesizing the aggregate
pattern observed in the surveyed companies. Similarly, the roadmap is a context-specific
analytical synthesis of the findings, not a prescriptive framework. It organizes the observed
transition into stages of foundational consolidation, operational integration, advanced
piloting, and systemic scaling.

From a managerial and policy perspective, the findings suggest that Industry 4.0
adoption should be approached as a staged capability-building process. Firms need to
align technological priorities with data infrastructure, workforce skills, integration capacity,
governance, and organizational culture. At the regional level, innovation ecosystems,
technology transfer mechanisms, training programs, and experimentation spaces can
support firms in moving from isolated digital initiatives toward more integrated Industry
4.0 trajectories [32].

Several limitations must be acknowledged. The study is restricted to Valle del Cauca
and relies on self-reported data from one key informant per company, which may introduce
perception bias, social desirability effects, single-informant bias, and common method
bias. Its cross-sectional design prevents observing adoption trajectories over time, and
the 10% maximum sampling error limits the precision of estimates. In addition, sectoral
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heterogeneity within manufacturing may influence adoption patterns, and implementation
was not objectively verified through audits, technical inspections, or operational records.
Finally, longitudinal evidence is still required to validate whether the proposed roadmap
reflects firms’ actual transition over time.

Overall, the surveyed companies are not at the beginning of digitalization, but
neither have they reached a consolidated Industry 4.0 transformation. Their trajec-
tory is cautious, incremental, and capability-constrained. The central challenge is con-
verting readiness, expectations, and strategic recognition into effective and sustained
technological implementation.

7. Conclusions

This study examined Industry 4.0 adoption among large manufacturing companies in
Valle del Cauca, Colombia, with particular attention to the relationship between perceived
organizational readiness and reported implementation levels. The findings show that
digital transformation is underway in the surveyed companies, but remains uneven and
only partially consolidated. Adoption is stronger in foundational technologies such as
cybersecurity, cloud computing, ERP-CRM-SCM systems, and data analytics, whereas
advanced, systemic, and emerging technologies show more limited implementation.

The main contribution of the study is the identification of a readiness—adoption gap
based on the aggregate descriptive synthesis of the survey results. Although the surveyed
companies reported favorable perceptions regarding ICT infrastructure, expected benefits,
productivity, usefulness, and the strategic relevance of Industry 4.0, these perceptions
were not matched by broad implementation of advanced technologies. This indicates
that positive organizational readiness does not automatically result in deep technological
adoption, especially when implementation requires specialized skills, investment capacity,
interoperability, operational integration, and organizational change.

The readiness—adoption matrix and staged roadmap synthesize this transition. The
matrix shows that perceived readiness and adoption depth are not fully aligned, while the
roadmap organizes the observed pattern into stages of foundational digital consolidation,
operational and connectivity integration, advanced technology piloting, and systemic
transformation. Both outputs should be interpreted as context-specific analytical tools
grounded in the survey results, not as universal maturity models, predictive frameworks,
or externally validated roadmaps.

From a practical perspective, Industry 4.0 adoption should be approached as a staged
and capability-dependent process. Firms need to consolidate data infrastructure, strengthen
workforce skills, improve interoperability, promote organizational learning, and develop
mechanisms for experimentation and scaling. From a policy perspective, the findings
highlight the importance of regional ecosystems that support training, technology transfer,
pilot projects, and collaboration between firms, universities, technology providers, and
public institutions.

Future research should expand this line of inquiry through longitudinal designs,
interregional comparisons, and mixed-method approaches. Longitudinal studies would
make it possible to observe how readiness and adoption evolve over time and to validate
whether the staged roadmap reflects actual transition trajectories. Future studies could
also compare large companies with SMEs, incorporate objective indicators of technological
implementation, and examine differences among manufacturing subsectors.

Opverall, the study shows that the key challenge for large manufacturing companies in
emerging economies is not only to recognize the value of Industry 4.0, but to convert that
recognition into effective, coordinated, and sustained technological deployment. In this
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sense, the readiness—adoption gap offers a useful analytical lens for understanding why
digital transformation may be strategically accepted but operationally incomplete.

Author Contributions: Conceptualization, D.].Q.-P. and L.O.A.; methodology, D.J.Q.-P. and L.O.A ;
validation, D.J.Q.-P, B.EH.A,, LM.M., HV.A. and L.O.A,; formal analysis, D.J].Q.-P. and L.O.A;
investigation, D.J.Q.-P.,, B.E.H.A., LM.M. and H.V.A.; data curation, D.].Q.-P. and L.O.A.; writing—
original draft preparation, D.J.Q.-P.; writing—review and editing, B.E.H.A., LM.M., H.V.A. and
L.O.A.; visualization, D.J.Q.-P. and L.O.A.; supervision, L.O.A.; project administration, D.J.Q.-P. and
L.O.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Universidad Politécnica Estatal del Carchi (UPEC), Ecuador,
under grant number DIIN-2025-E2, and by Universidad Cooperativa de Colombia, under grant
number INV3430. Both institutions also supported the article processing charge.

Institutional Review Board Statement: Ethical review and approval were waived for this study
because the research involved non-sensitive organizational survey data collected anonymously from
professional informants and did not involve clinical, biomedical, or personally sensitive information.

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request, subject to confidentiality restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Kagermann, H.; Wahlster, W.; Helbig, J. Securing the Future of German Manufacturing Industry: Recommendations for Implementing the
Strategic Initiative Industrie 4.0; Acatech—National Academy of Science and Engineering: Munich, Germany, 2013.

2. Lu, Y. The current status and developing trends of Industry 4.0: A review. Inf. Syst. Front. 2025, 27, 215-234. [CrossRef]

3. Dafflon, B.; Moalla, N.; Ouzrout, Y. The challenges, approaches, and used techniques of CPS for manufacturing in Industry 4.0: A
literature review. Int. J. Adv. Manuf. Technol. 2021, 113, 2395-2412. [CrossRef]

4. Hehenberger, P.; Vogel-Heuser, D.; Bradley, D.; Eynard, B.; Tomiyama, T.; Achiche, S. Design, modelling, simulation and
integration of cyber-physical systems: Methods and applications. Comput. Ind. 2016, 82, 273-289. [CrossRef]

5. Aceto, G.; Persico, V.; Pescapé, A. A survey on information and communication technologies for Industry 4.0: State of the art,
taxonomies, perspectives, and challenges. IEEE Commun. Surv. Tutor. 2019, 21, 3467-3501. [CrossRef]

6.  Atzori, L.; Iera, A.; Morabito, G. The Internet of Things: A survey. Comput. Netw. 2010, 54, 2787-2805. [CrossRef]

7. Armbrust, M.; Fox, A.; Griffith, R.; Joseph, A.D.; Katz, R.H.; Konwinski, A.; Lee, G.; Patterson, D.; Rabkin, A.; Stoica, I; etal. A
view of cloud computing. Commun. ACM 2010, 53, 50-58. [CrossRef]

8.  Kusiak, A. Smart manufacturing must embrace big data. Nature 2017, 544, 23-25. [CrossRef] [PubMed]

9.  Russell, S.J.; Norvig, P. Artificial Intelligence: A Modern Approach, 4th ed.; Pearson Education: Harlow, UK, 2020.

10.  Siciliano, B.; Khatib, O. Springer Handbook of Robotics, 2nd ed.; Springer: Cham, Switzerland, 2016. [CrossRef]

11. Hermann, M.; Pentek, T.; Otto, B. Design Principles for Industrie 4.0 Scenarios. In Proceedings of the 2016 49th Hawaii
International Conference on System Sciences (HICSS), Koloa, HI, USA, 5-8 January 2016; pp. 3928-3937. [CrossRef]

12.  Ansari, I; Barati, M.; Sadeghi Moghadam, M.R.; Ghobakhloo, M. An Industry 4.0 readiness model for new technology exploitation.
Int. J. Qual. Reliab. Manag. 2023, 40, 2519-2538. [CrossRef]

13.  Horvéth, D.; Szab6, R.Z. Driving forces and barriers of Industry 4.0: Do multinational and small and medium-sized companies
have equal opportunities? Technol. Forecast. Soc. Change 2019, 146, 119-132. [CrossRef]

14. Masood, T.; Sonntag, P. Industry 4.0: Adoption challenges and benefits for SMEs. Comput. Ind. 2020, 125, 103261. [CrossRef]

15. Mahmood, A.; Habib, M.A.; Ahmad, M.; Baig, S.A. Assessing Industry 4.0 readiness and adoption barriers in textile sector:
Strategic insights for sustainable industrial transformation. IEEE Access 2025, 13, 121965-121982. [CrossRef]

16. Queiroz, M.M.; Fosso Wamba, S.; Chiappetta Jabbour, C.J.; Lopes de Sousa Jabbour, A.B.; Machado, M.C. Adoption of Industry
4.0 technologies by organizations: A maturity levels perspective. Ann. Oper. Res. 2022. advance online publication. [CrossRef]
[PubMed]

17.  Avila-Bohérquez, ].H.; Gil-Herrera, R.J. Proposal and validation of an Industry 4.0 maturity model for SMEs. J. Ind. Eng. Manag.

2022, 15, 433-454. [CrossRef]

https://doi.org/10.3390/systems14070799


https://doi.org/10.1007/s10796-021-10221-w
https://doi.org/10.1007/s00170-020-06572-4
https://doi.org/10.1016/j.compind.2016.05.006
https://doi.org/10.1109/COMST.2019.2938259
https://doi.org/10.1016/j.comnet.2010.05.010
https://doi.org/10.1145/1721654.1721672
https://doi.org/10.1038/544023a
https://www.ncbi.nlm.nih.gov/pubmed/28383012
https://doi.org/10.1007/978-3-319-32552-1
https://doi.org/10.1109/HICSS.2016.488
https://doi.org/10.1108/IJQRM-11-2022-0331
https://doi.org/10.1016/j.techfore.2019.05.021
https://doi.org/10.1016/j.compind.2020.103261
https://doi.org/10.1109/ACCESS.2025.3586326
https://doi.org/10.1007/s10479-022-05006-6
https://www.ncbi.nlm.nih.gov/pubmed/36217321
https://doi.org/10.3926/jiem.3673
https://doi.org/10.3390/systems14070799

Systems 2026, 14, 799 32 of 33

18.

19.
20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

Cordero, D.; Altamirano, K.L.; Parra, J.O.; Espinoza, W.S. Intention to adopt Industry 4.0 by organizations in Colombia, Ecuador,
Mexico, Panama, and Peru. IEEE Access 2023, 11, 12456-12472. [CrossRef]

Ascaa, R.A. Industry 4.0 in manufacturing SMEs of Argentina and Brazil. . Int. Counc. Small Bus. 2021, 2, 203-222. [CrossRef]
Bischof-dos-Santos, C.; de Oliveira, E. Production engineering competencies in the Industry 4.0 context: Perspectives on the
Brazilian labor market. Production 2020, 30, €20190145. [CrossRef]

Elnadi, M.; Abdallah, Y.O. Industry 4.0: Critical investigations and synthesis of key findings. Manag. Rev. Q. 2024, 74, 711-744.
[CrossRef]

Kim, ].J.; Jeong, H.K.; Park, H. Key drivers and performances of smart manufacturing adoption: A meta-analysis. Sustainability
2023, 15, 6496. [CrossRef]

Lu, Y. Industry 4.0: A survey on technologies, applications and open research issues. J. Ind. Inf. Integr. 2017, 6, 1-10. [CrossRef]
Amjad, M.S,; Rafique, M.Z.; Khan, M.A. Modern divulge in production optimization: An implementation framework of LARG
manufacturing with Industry 4.0. Int. |. Lean Six Sigma 2021, 12, 992-1016. [CrossRef]

Gatica-Neira, F. Adoption and diffusion of technologies 4.0 based on the innovative trajectory and the scale of operation: The case
of Chile. Rev. Adm. Empresas 2023, 62, €2020-0932. [CrossRef]

Huang, C.J.; Chicoma, E.D.T.; Huang, Y.H. Evaluating the factors that are affecting the implementation of Industry 4.0 technologies
in manufacturing MSMEs: The case of Peru. Processes 2019, 7, 161. [CrossRef]

Cortés-Sanchez, ].D. Innovation in Latin America through the lens of bibliometrics: Crammed and fading away. Scientometrics
2019, 121, 869-895. [CrossRef]

Rocha, L.T.V,; Pereira, L. R.M.; Fernandes, RM.; Melo, A.C.S,; Silva, D.; Rampasso, 1.S.; Anholon, R.; Martins, V.W.B. Industrial
engineer and Industry 4.0? Empirical evidence from the Brazilian context considering the relation between competences and
technologies. High. Educ. Ski. Work-Based Learn. 2025, 15, 1-18. [CrossRef]

Tortorella, G.L.; Narayanamurthy, G.; Staudacher, A.P. Organizational culture and Industry 4.0 design principles: An empirical
study on their relationship. Prod. Plan. Control 2024, 35, 1263-1277. [CrossRef]

Weking, J.; Stocker, M.; Kowalkiewicz, M.; Bohm, M.; Kremar, H. Leveraging Industry 4.0: A business model pattern framework.
Int. J. Prod. Econ. 2020, 225, 107588. [CrossRef]

Fiorini, P.D.C.; Bresciani, S.; Ferraris, A.; Santoro, G. Digitalisation of manufacturing and innovation: The role of inbound open
innovation and environmental turbulence in enabling Industry 4.0-based innovation. Prod. Plan. Control 2024. advance online
publication. [CrossRef]

Vaillant, Y.; Lafuente, E.; Horvath, K.; Vendrell-Herrero, F. Regions on course for the Fourth Industrial Revolution: The role of a
strong indigenous T-KIBS sector. Reg. Stud. 2021, 55, 1816-1828. [CrossRef]

Davenport, T.H.; Harris, ].G. Analytics and Big Data: The Davenport Collection; Harvard Business Review Press: Boston, MA,
USA, 2014.

Davis, F. User Acceptance of Information Systems: The Technology Acceptance Model (TAM); Working Paper No. 529; University of
Michigan, School of Business Administration, Division of Research: Ann Arbor, MI, USA, 1987.

Kumar, R.; Singh, R.K,; Dwivedi, Y.K. Application of Industry 4.0 technologies in SMEs for ethical and sustainable operations:
Analysis of challenges. |. Clean. Prod. 2020, 275, 124063. [CrossRef] [PubMed]

Page, M.].; Moher, D.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ]. M.; Akl, E.A.; Brennan,
S.E.; et al. PRISMA 2020 explanation and elaboration: Updated guidance and exemplars for reporting systematic reviews. BMJ
2021, 372, n160. [CrossRef] [PubMed]

Presidencia de la Reptblica de Colombia. Decreto 957 de 2019, Por el Cual se Adiciona el Capitulo 13 al Titulo 1 de la Parte 2 del
Libro 2 del Decreto 1074 de 2015, Relativo a la Clasificacion Del Tamafio Empresarial; Bogotd, Colombia, 2019. Available online:
https:/ /www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=94550 (accessed on 29 May 2026).

National Institute of Standards and Technology. Framework for Improving Critical Infrastructure Cybersecurity; Version 1.1; U.S.
Department of Commerce: Gaithersburg, MD, USA, 2018. [CrossRef]

Davenport, T.H. Putting the enterprise into the enterprise system. Harv. Bus. Rev. 1998, 76, 121-131. [PubMed]

Boyes, H.; Hallaq, B.; Cunningham, J.; Watson, T. The industrial Internet of Things (IloT): An analysis framework. Comput. Ind.
2018, 101, 1-12. [CrossRef]

Camargo, C.I. Transferencia Tecnolégica y de Conocimientos en el Disefio de Sistemas Embebidos. Master’s Thesis, Universidad
Nacional de Colombia, Bogotd, Colombia, 2011. Available online: https:/ /repositorio.unal.edu.co/handle/unal/8966 (accessed
on 12 June 2025).

Hey, J. Encyclopedia of Machine learning. In Turing’s Legacy: Developments in Artificial Intelligence and Machine Learning; Sammut,
C., Webb, G.I,, Eds.; Springer: Boston, MA, USA, 2021; pp. 217-239. [CrossRef]

Grieves, M.; Vickers, J. Digital twin: Mitigating unpredictable, undesirable emergent behavior in complex systems. In Transdisci-
plinary Perspectives on Complex Systems; Kahlen, EJ., Flumerfelt, S., Alves, A., Eds.; Springer: Cham, Switzerland, 2017; pp. 85-113.
[CrossRef]

https://doi.org/10.3390/systems14070799


https://doi.org/10.1109/ACCESS.2023.3238384
https://doi.org/10.1080/26437015.2021.1899773
https://doi.org/10.1590/0103-6513.20190145
https://doi.org/10.1007/s11301-022-00314-4
https://doi.org/10.3390/su15086496
https://doi.org/10.1016/j.jii.2017.04.005
https://doi.org/10.1108/IJLSS-07-2020-0099
https://doi.org/10.1590/S0034-759020220303x
https://doi.org/10.3390/pr7030161
https://doi.org/10.1007/s11192-019-03201-0
https://doi.org/10.1108/HESWBL-11-2023-0305
https://doi.org/10.1080/09537287.2023.2170294
https://doi.org/10.1016/j.ijpe.2019.107588
https://doi.org/10.1080/09537287.2024.2411218
https://doi.org/10.1080/00343404.2021.1899157
https://doi.org/10.1016/j.jclepro.2020.124063
https://www.ncbi.nlm.nih.gov/pubmed/32921931
https://doi.org/10.1136/bmj.n160
https://www.ncbi.nlm.nih.gov/pubmed/33781993
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=94550
https://doi.org/10.6028/NIST.CSWP.04162018
https://www.ncbi.nlm.nih.gov/pubmed/10181586
https://doi.org/10.1016/j.compind.2018.04.015
https://repositorio.unal.edu.co/handle/unal/8966
https://doi.org/10.1007/978-0-387-30164-8
https://doi.org/10.1007/978-3-319-38756-7_4
https://doi.org/10.3390/systems14070799

Systems 2026, 14, 799 33 of 33

44.

45.

46.

47.

48.

49.

50.

51.

Guasch Petit, A.; Piera, M.A. Modelado y Simulacién: Aplicacién a Procesos Logisticos de Fabricacién y Servicios; Universitat Politécnica
de Catalunya, Iniciativa Digital Politécnica: Barcelona, Spain, 2004.

Gibson, I.; Rosen, D.W,; Stucker, B. Additive Manufacturing Technologies: Rapid Prototyping to Direct Digital Manufacturing; Springer:
New York, NY, USA, 2010. [CrossRef]

Azuma, R.T. A survey of augmented reality. Presence Teleoper. Virtual Environ. 1997, 6, 355-385. [CrossRef]

Lanier, ]. Dawn of the New Everything: Encounters with Reality and Virtual Reality; Henry Holt and Co.: New York, NY, USA, 2017.
Alpala, L.O.; Quiroga-Parra, D.J.; Montalvo, E]J.; Pozo, E.J.; Torres, ].C. Towards Industry 4.0: A metaverse-driven approach to
smart factory process monitoring using virtual reality. Eng. Sci. 2026, 40, 2097. [CrossRef]

Raff, S.; Wentzel, D.; Obwegeser, N. Smart products: Conceptual review, synthesis, and research directions. J. Prod. Innov. Manag.
2020, 37, 379-404. [CrossRef]

Nakamoto, S. Bitcoin: A Peer-to-Peer Electronic Cash System; Bitcoin.org. 2008. Available online: https://bitcoin.org/bitcoin.pdf
(accessed on 14 July 2024).

3GPP. Service Requirements for the 5G System; Stage 1; Release 19, 3GPP TS 22.261, V19.6.0; 3rd Generation Partnership Project:
2024. Available online: https://www.3gpp.org/ftp/Specs/archive/22_series/22.261/ (accessed on 29 May 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/systems14070799


https://doi.org/10.1007/978-1-4419-1120-9
https://doi.org/10.1162/pres.1997.6.4.355
https://doi.org/10.30919/es2097
https://doi.org/10.1111/jpim.12544
https://bitcoin.org/bitcoin.pdf
https://www.3gpp.org/ftp/Specs/archive/22_series/22.261/
https://doi.org/10.3390/systems14070799

	Introduction 
	Literature Review 
	Industry 4.0 Adoption as a Sociotechnical Manufacturing Process 
	Industry 4.0 in Colombia and Latin America: Empirical Evidence and Research Gap 

	Conceptual Framework 
	Methodology 
	Research Design and Approach 
	Bibliographic Review Strategy 
	Sample and Data Collection 
	Research Instrument 
	Industry 4.0 Technologies Considered 
	Data Analysis Strategy 

	Results 
	Characteristics of the Sample 
	Overall Adoption of Industry 4.0 Technologies 
	Adoption by Technology Category 
	Perceived Technological Readiness and Attitudes 
	Readiness–Adoption Gap 
	Exploratory Synthesis of the Readiness–Adoption Gap 
	Empirical Synthesis of the Readiness–Adoption Gap 

	Discussion 
	Conclusions 
	References

