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Abstract

Industry 4.0 has rapidly transformed traditional industries and manufacturing processes by seamlessly integrating digital technologies,
automation, data analytics, and the Internet of Things. It represents a profound shift in business operations, emphasizing efficiency,
flexibility, and responsiveness to customers. As a result, the required knowledge and skills are evolving for all relevant personnel
including industrial engineers (IEs), to achieve success in the Industry 4.0 era. Preparing a capable IE workforce to meet these changing
demands is a persistent challenge, particularly in a rapidly evolving environment. This study aims to identify the needs of Thai
automobile companies regarding the knowledge and skills of IEs for Industry 4.0. Furthermore, it aims to rank these IE knowledge and
skills in terms of importance. In this study, a questionnaire was developed and used as a tool for the research. Respondents representing
31 companies in the Thai automobile industry were asked to rate the importance of each knowledge area and skill. Questions in the
knowledge section were divided into 15 knowledge areas across four categories: core subjects, global subjects, engineering subjects,
and technological fundamentals. The questions in the skill section were divided into 18 skills spanning five categories: communication,
system thinking, creative thinking/ adaptation/ decision-making, learning, and technical proficiency. There are also 12 questions asking
respondents to evaluate their level of Industry 4.0 adoption. The findings indicate that the importance rankings for essential IE
knowledge and skills vary across a distinct group of Industry 4.0 adoption levels. The rankings of vital IE knowledge and skills across
these diverse adoption levels are comparatively analyzed and discussed. While this study primarily centers on the automotive industry,
it has the potential to illuminate broader trends that extend to other sectors as well.
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1. Introduction

Industry 4.0 is the integration of industrial systems with information communication technologies (ICT) and other industrial
technologies to provide the information for making effective and optimal decisions through faster and more precise processes, which
can significantly add value both upstream and downstream of the supply chain [1-6]. In addition, Industry 4.0 creates better real-time
flexibility and connectivity in the production processes by giving the machine the ability to virtually visualize and decentralize the
system, which has a great many implications [1-6]. To complete the interoperation of the system, the production processes involve
technologies such as sensor- and cloud-based technologies, Internet of Things (10T), cyber-physical systems (CPS), and big data [1-6].
Other frequently cited technologies of Industry 4.0 are autonomous robots, artificial intelligence (Al), augmented reality (AR) and
virtual reality (VR), data security/cybersecurity, simulation, additive manufacturing, and horizontal and vertical integration [7-13]. The
applications of technologies can vary depending on an organization’s characteristics, even within the same industrial sector [14-18].

Although the advanced applications of Industry 4.0 technologies can enable an organization to transform its processes, the difficulty
of adapting human resources to work in the Industry 4.0 environment is still a major challenge [19, 20]. Actions are needed to deliver
competent human resources, a key opportunity factor for an organization to maintain competitiveness in the era of Industry 4.0 [21-
23].

Currently, the Thai government has a policy to promote the transformation of the country’s industry into an innovative and value-
based market for 12 industries, including the automotive industry, which accounts for about 12% of Thailand’s economic growth and
employs over 850,000 people [24, 25]. Thailand has been attracting all of the world’s most renowned assemblers and manufacturers
of automotive and automotive components, which account for a significant share of the country’s annual car production of around two
million units [25, 26]. The automotive industry includes the manufacture of automobiles for the carriage of passengers or freight, the
manufacture of other parts and accessories for automobiles, and the manufacture of bodies for automobiles, including trailers and
semitrailers [27]. Although the global pandemic that occurred in 2019 caused a reduction in the country’s GDP, it did not impact the
growing demand for green vehicles. The Thai government has increased its export capacity and has aggressively encouraged
international manufacturers to use Thailand as a regional green vehicle manufacturing base [24]. It has been the largest country in the
Association of Southeast Asian Nations (ASEAN) for automotive manufacturing and an export hub for more than 50 years [24, 25].
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There is a growing demand for competent human resources to support Thailand’s competitive position in the automotive industry.
Industry 4.0 applications have already had a huge impact on the automotive industry. The Thai government expects research and
development (R&D) in technologies [24, 28] as well as competent human resources [24, 29, 30] to enable the country’s competitive
potential. The requirements from the Thai government are to encourage a requisite roadmap and policy for human resources in the era
of Industry 4.0, especially in the automotive industry.

Using the concepts and techniques of engineering analysis, industrial engineers (IE) are responsible for the design, improvements,
and installation of an integrated system of people, materials, machines, methods, and information [31]. The role of the IE in industry
is particularly important, as it necessitates designing operational solutions based on simulation and optimization to meet the customers’
requirements, selecting techniques and technologies to support shop-floor activities using logical procedures with finite resources, and
implementing changes in operations that lead to digitalization and automation [3, 6, 32]. Therefore, it is important to prepare the IEs
that the industry needs, and particularly IEs for Industry 4.0.

A specific job requires a specific set of knowledge and skills. Knowledge and skills are two separate but related factors that affect
a person’s performance and competency. Knowledge is the theoretical understanding of concepts, facts, principles, information, and a
subject relevant to a certain field of work or study acquired through learning, education, and experience [33-35]. Skills, however, refer
to the ability to apply knowledge to specific situations. Skills are developed through practice, training or hands-on experience [33-35].
To the best of our knowledge, although quite a number of studies have been done on the IE qualifications required for Industry 4.0 [36-
43], none have studied the needs of a specific industry such as the automotive industry, particularly in the Thai context. This research
thus aims to identify important IE knowledge and skills required for Industry 4.0 for the Thai automobile industry.

2. Research methodology

This research used a questionnaire to prioritize and identify the important knowledge and skills of an IE that the automobile industry
needs to support Industry 4.0. Representatives of companies in the automobile industry in Thailand were asked to rate the importance
of each knowledge and skill area in the questionnaire.

2.1 Questionnaire development

Lists of knowledge and skills were compiled from previous research related to knowledge and skills in the 21st century, engineers’
competencies to support Industry 4.0, and IE competencies for Industry 4.0. Once compiled, the researchers then grouped and adapted
them to the context of IE and Industry 4.0. Table 1 shows the main categories, and knowledge and skills in each category. Details of
each knowledge area and skill and pertinent references are described below. These lists of knowledge and skills were later used in the
questionnaire.

Table 1 Main categories, and knowledge and skills in each category

Main categories Knowledge/skill
1.1 Core subjects 1.1.1 Mathematics and statistics fundamentals
1.1.2 Physical and chemical sciences
1.1.3 Economics and business
1.1.4 Foreign languages
1.1.5 Law and politics
1.2 Global subjects 1.2.1 Civic literacy
1.2.2 Health literacy
1.2.3 Environmental literacy
1.2.4 Global awareness
1.3 Engineering subjects 1.3.1 Engineering fundamentals
1.3.2 Engineers’ laws, regulations, and standards
1.3.3 Specialized knowledge in industrial engineering
1.4 Technological fundamentals 1.4.1 Technology application
1.4.2 Information literacy
1.4.3 Recent innovation trends
2.1 Communication skills 2.1.1 Speaking and listening
2.1.2 Presentation
2.2 System thinking skills 2.2.1 Component interaction understanding
2.2.2 Critical thinking
2.2.3 Analytical thinking
2.2.4 Problem-solving
2.3 Creative thinking, adaptation, and decision-making 2.3.1 Creative thinking
skills 2.3.2 Adaptation
2.3.3 Decision-making
2.4 Learning skills 2.4.1 Good questioning
2.4.2 Cross-disciplinary skills
2.4.3 Lifelong learning
2.4.4 Research skills
2.5 Technical skills 2.5.1 Operational planning
2.5.2 Choosing the right tool
2.5.3 Managing and prioritizing
2.5.4 Skills in using tools
2.5.5 Supervising the use of tools

1. Knowledge

2. Skills
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1. Knowledge: consists of 4 main categories: core subjects, global subjects, engineering subjects, and technological fundamentals.
These main categories can be further divided into 15 items as shown in Table 1.

1.1 Core subjects ground the foundations for developing other knowledge. Knowledge in this category includes:

1.1.1 Mathematics and statistics fundamentals [40, 41, 43-53]

1.1.2 Physical and chemical sciences [32, 41, 43-62]

1.1.3 Economics and business [32, 38, 43-50, 52-55, 57, 59-61, 63]

1.1.4 Foreign languages [32, 40, 43-50, 55, 57-64]

1.1.5 Law and politics [43, 45, 46, 48-51, 54, 57-61, 63, 65, 66].

1.2 Global subjects include contemporary issues in all modern societies. Knowledge in this category includes:

1.2.1 Civic literacy [32, 38, 41, 43-46, 48-50, 52-65, 67]

1.2.2 Health literacy [32, 38, 41, 45, 46, 49, 51-53, 55, 59-61, 63]

1.2.3 Environmental literacy [32, 43, 45, 49, 50, 52-55, 59-61, 63, 65]

1.2.4 Global awareness [32, 41, 43-46, 49-56, 58-60, 62-66].

1.3 Engineering subjects are used in real professional practice, and extend the understanding of core subjects. Engineering
knowledge includes not only the fundamentals of engineering, but also specialized knowledge of IE and the knowledge that
links to Industry 4.0. Knowledge in this category includes the following:

1.3.1 Engineering fundamentals include (1) applied mathematics, computer and simulations, (2) mechanics, (3) thermal
sciences and fluid mechanics, (4) chemistry and materials, (5) energy, (6) electricity and electronics, (7) system
management, and (8) biology, health, and environment [32, 38, 40, 41, 43-47, 49, 51, 53, 55, 58-62, 65, 67].

1.3.2 Engineers’ laws, regulations, and standards include (1) specifications and inspection standards, (2) measurement systems,
(3) engineering codes of practice and ethics, (4) role of an engineer, and (5) laws and regulations for the practice of
engineering [32, 43-45, 49, 51, 53, 60, 62, 68].

1.3.3 Specialized knowledge in industrial engineering includes 9 branches of IE professions, which are (1) materials and
manufacturing processes, (2) work systems and safety, (3) quality systems, (4) economics and finance, (5) production
and operations management, (6) integration of industrial engineering techniques, (7) data analytics, (8) integration of ICT
systems, and (9) industrial robotics [38, 41, 43-45, 47, 49, 51, 53, 57-60, 62, 65].

1.4 Technological fundamentals include digitized manufacturing components and their capabilities, implementation, and the
utilization of technologies of Industry 4.0. Knowledge in this category includes the following:

1.4.1 Technology application relates to the creation and utilization of technology facilities and their relationships to life, society,
and the environment by studying the capabilities of technologies when implemented with existing systems and processes
[32, 38, 40, 41, 43-54, 56-63, 67, 69-71].

1.4.2 Information literacy includes such processes as selection, access, integration, analysis, integrity, and sharing of data in
socially networked environments, which also raises some issues such as cyber-security and data privacy [32, 38, 40, 41,
43, 44, 46-48, 50-53, 56-61, 64, 65, 67, 69-71].

1.4.3 Recent innovation trends include the latest innovations such as tools, techniques, and technologies: for example, the
intelligence grid, VR and AR [32, 41, 43, 45, 46, 49-52, 58, 60, 61, 70, 71].

2. Skills: consists of 5 main categories: communication skills, system thinking skills, inventive thinking skills, learning skills, and
technical skills, which can be further divided into 18 items, summarized in Table 1. The details are as follows:

2.1 Communication skills include communicating, exchanging, and presenting information and one’s ideas through writing and
speaking, at a level of adequate expression. Skills in this category are as follows:

2.1.1 Speaking and listening [32, 40, 41, 43-46, 48-52, 57-67, 69, 71]

2.1.2 Presentation [40, 41, 43-45, 49, 50, 52, 57, 59, 62, 64, 65, 69].

2.2 System thinking skills require a constructive thinking ability to give adequate reasons. Skills in this category are as follows:
2.2.1 Component interaction understanding [32, 38, 40, 43, 45, 48-52, 54, 57, 59, 61-63, 66, 67]

2.2.2 Critical thinking [32, 41, 43-47, 49-51, 53-56, 58, 59, 61-63, 65, 67, 69, 71]

2.2.3 Analytical thinking [32, 38, 41, 43-49, 51, 53, 56-59, 61-63, 65-67, 69, 71]

2.2.4 Problem-solving [32, 38, 40, 41, 43-52, 54, 55, 57-65, 67, 69, 71].

2.3 Creative thinking, adaptation, and decision-making skills are concerned with applying the creative and evaluative aspects of
one’s ideas to a wide range of challenges involving uncertainty and diversity. Skills in this category are as follows:

2.3.1 Creative thinking [32, 38, 41, 43-49, 51-53, 60-63, 66, 67, 69, 70]

2.3.2 Adaptation [40, 41, 43-50, 52, 54, 57-59, 62, 64, 65, 70]

2.3.3 Decision-making [32, 38, 40, 41, 43-46, 49, 52, 53, 56-59, 61, 63, 65-67, 69, 70].

2.4 Learning skills are the ability to observe and explore, to have curiosity, and to pose relevant questions. Skills in this category
are as follows:

2.4.1 Good questioning [32, 40, 43, 45, 49-51, 56, 59, 60, 62-65, 67, 70]

2.4.2 Cross-disciplinary skills [32, 40, 41, 44-45, 48-50, 52-55, 57, 59-64, 67, 70]

2.4.3 Lifelong learning [32, 40, 41, 43-48, 50, 52, 54, 57-60, 62-65, 67, 70]

2.4.4 Research skills [32, 38, 41, 43-45, 49, 52, 57-61, 65, 66].

2.5 Technical skills are a set of abilities that allow the use of tools, basic industrial operations, and fundamental technological
capacities to achieve specific results. Skills in this category are as follows:

2.5.1 Operational planning [32, 38, 41, 43-46, 51, 52, 58, 59, 61, 64-66, 70, 72]

2.5.2 Choosing the right tool [32, 43-45, 47, 48, 51, 52, 54, 58, 59, 61-63, 65, 66, 70, 72]

2.5.3 Managing and prioritizing [32, 38, 41, 43-45, 48, 51, 52, 57-59, 61, 63, 65-67, 69, 70, 72]

2.5.4 Skills in using tools [32, 38, 41, 43-49, 51-53, 57-59, 61, 63, 65-67, 69-72]

2.5.5 Supervising the use of tools [32, 38, 41, 43-48, 51-53, 57-59, 61-63, 65-67, 69-72].
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A questionnaire to prioritize and identify important IE knowledge and skills for Industry 4.0 from the automotive industry in
Thailand’s perspective was developed. The questionnaire consists of three parts with the following details:

Part 1 consists of 5 questions asking about the respondent and the company, such as the job position of the respondent, years of
experience in the current position of the respondent, area of experience of the respondent, years of experience in the automotive industry
of the respondent, and the organization category in the automotive industry, i.e., automobiles, other parts and accessories for
automobiles, and bodies for automobiles, including trailers and semitrailers. Descriptive statistics were used in this part of the analysis.

Part 2 consists of 12 questions asking about the company’s actions with regard to Industry 4.0. These questions asked about the
level of Industry 4.0 adoption in 12 aspects: (1) the company’s implementation of the Industry 4.0 strategy, (2) the company’s
investment in the implementation of Industry 4.0, (3) the company’s information technology (IT) equipment infrastructure through the
collection, storage, and processing of data, (4) the company’s operations via IT systems in its supply chain, (5) the company’s usage
of cloud technology, (6) the company’s status of IT security, (7) the company’s autonomous processes for production, (8) the
company’s status of information sharing, (9) the company’s products equipped with information communication technology (ICT)
components, (10) the company’s data-driven services, (11) the company’s data analytics services of its products in the usage phase,
and (12) the company’s requirements for workforce qualifications of Industry 4.0. This research is a continuation of [73], which
developed a model for assessment of the level of Industry 4.0 adoption. In developing such a model, [73] used past research studies as
a guideline to develop these 12 questions. Please refer to [73] for more details about the assessment of the phase of Industry 4.0 adoption
in the automotive industry in Thailand.

Part 3 consists of 33 questions asking about the level of importance of each knowledge area and skill (as shown in Table 1) for the
IE to support Industry 4.0 in the automotive industry in Thailand. All the knowledge and skills studied and researched in 34 previous
research works [32, 38, 40, 41, 43-72] were studied, compiled, grouped and adapted to the IE and Industry 4.0 context, resulting in a
total of 33 knowledge and skills questions used in this part of the questionnaire. The respondents were asked to rate the level of
importance, with 5 being the most important, 4 being very important, 3 being moderately important, 2 being less important, and 1 the
least important.

The questionnaire was all in Thai, so that the respondents could fully comprehend it. In addition, the questionnaire also included
definitions of all relevant terms, so that the respondents understood their meanings clearly.

2.2 Questionnaire content validity

Before distributing the questionnaire, the index of Item-Objective Congruence (I0OC) was used to test the content validity. Three
experts in the fields of Industry 4.0 & IE, questionnaire development, and the automotive industry were asked to rate each question on
a scale of 1 for clearly measuring the objective, -1 for not clearly measuring, or 0 for somewhat measuring the objective or being
unclear whether it measures the objective [74]. The mean 10C score for each question was calculated. If the question had a mean 10C
score between 0.5 and 1, that question was considered acceptable [75]. However, if the question had a mean 10C score below 0.5, the
question needed to be reviewed or changed according to the experts’ advice [75]. The researchers improved those questions by either
providing adequate comprehensive descriptions or changing the questions to better reflect the research objectives. The researchers then
discussed with the experts again until the IOC met the criteria. For the final results, all questions met the criteria.

2.3 Demographics of respondents

Due to the COVID-19 situation, the questionnaire was distributed online, with the respondents able to choose to answer either in
the attached file format or in the web-based format. If in doubt, the respondent could contact the researchers at any time, or could stop
answering the questionnaire at any time if desired.

The questionnaires were sent online to 100 of the 168 companies having a registered capital of at least 100 million baht in the
automotive industry in Thailand, listed in the 2019 Thailand automobiles, trailers, and semitrailers manufacturers list, including the
manufacture of automobiles for the carriage of passengers or freight, the manufacture of other parts and accessories for automobiles,
and the manufacture of bodies for automobiles, including trailers and semitrailers. The researchers chose to study only large enterprises,
without including small and medium enterprises (SMEs), because when considering information from the Thailand Automotive
Institute regarding the structure of entrepreneurs in the Thai automotive industry [76-78], it was found that SMEs have a lower level
of investment in research and development of production technology. In addition, most of the SMEs are only suppliers of raw materials
and/or producing components, replacement parts or automotive spare parts for large enterprises. Furthermore, in addition to producing
genuine parts or components according to specified standards for large automotive companies, SMEs also produce non-genuine parts
which are cheaper but of lower quality and aimed at the low-end market. The researchers therefore considered that they may not be at
the stage of using various technologies for Industry 4.0.

Thirty-one companies responded, giving a response rate of 31% and accounting for 18.45% of the total population of 168
companies. This sample size from the total population is at the confidence level of 95% and a margin of error of 16%.

The respondents had to be responsible for determining the IE competencies required by the company. They had to have experienced
and understood the company and Industry 4.0 in the automotive industry. All of the respondents had the aforementioned qualifications,
with the demographic information summarized in Table 2. It was found that the average years of experience of the respondents in the
automotive industry was 10 years, while their average years in position was 7.8. Most of the respondents were engineers whose areas
of expertise were in production.

In terms of the organizational characteristics that the respondents represented, they are companies manufacturing (1) automobiles,
which include personal cars, pickup trucks, motors, and other motors used for passengers or freight, (2) other parts and accessories for
automobiles, which include seats and electrical equipment, and (3) bodies for automobiles, trailers and semitrailers, and cargo
containers. All 31 companies are located in the central and eastern regions of Thailand. Each company has a total annual revenue of
more than 500 million Thai baht, which is considered as a Large Enterprise in Thailand according to the Ministerial Regulations on
Designation of the Characteristics of SME Promotion Act B.E. 2562 (2019).
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Table 2 Demographics of respondents

Demographics of respondents Percentage
Job position of respondent Engineer 45%
Manager 36%
Others: business owner/director/ consultant/specialist 19%
Area of expertise of respondent Production 42%
R&D 29%
Supply chain management & logistics 16%
Quality control 13%
Category of automotive industry of the Automobiles 45%
organization Other parts and accessories for automobiles 45%
Bodies for automobiles, trailers, and semitrailers 10%

3. Results
3.1 Ranking of important IE knowledge

The data collected for this study consisted of the responses on important IE knowledge obtained from 31 companies as outlined in
the previous section. Participants rated the importance of the knowledge items on a Likert scale ranging from 1 (least important) to 5
(most important). Since the ratings represented ordinal data, they were treated as such in the analysis. The IE knowledge subjects were
then ranked based on their respective Likert scores, and in cases where multiple subjects shared the same score, their rankings were
averaged to determine their final ranking. As an example, when a company provided Likert responses for five subjects as 4, 5, 5, 2,
and 3, the rankings among these five subjects were 3, 1.5, 1.5, 5, and 4, respectively. The average ranking of the important IE knowledge
subjects across the 31 companies and the final rankings are shown in Table 3 and Figure 1. The subjects ‘foreign languages (No. 4)’,
‘mathematics and statistics fundamentals (1)’, ‘technology application (13)’, and ‘engineering fundamentals (10)’ rank as the top four,
whereas ‘civic literacy (15)°, ‘health literacy (7)’, and ‘physical and chemical sciences (2)’ are positioned as the bottom three in terms
of importance.

Table 3 Average ranking and final ranking of 15 IE knowledge subjects

No Knowledge Average ranking  Final ranking
1  Core subjects Mathematics and statistics fundamentals 6.13 2
2 Physical and chemical sciences 9.89 13
3 Economics and business 7.97 8
4 Foreign languages 5.95 1
5 Law and politics 8.97 12
6 Global subjects Civic literacy 10.55 15
7 Health literacy 9.95 14
8 Environmental literacy 8.60 11
9 Global awareness 8.29 9
10  Engineering subjects  Engineering fundamentals 6.58 4
11 Engineers’ laws, regulations, and standards 8.55 10
12 Specialized knowledge in industrial engineering 7.39 6.5
13 Technological Technology application 6.50 3
14 fundamentals Information literacy 7.39 6.5
15 Recent innovation trends 7.31 5

Average Knowledge Ranking
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Figure 1 Average importance ranking of 15 IE knowledge subjects
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3.2 IE knowledge importance ranking of companies with different Industry 4.0 adoption levels

Building upon the outcomes of the Industry 4.0 adoption questionnaire [73] outlined in the previous section, the average values of
responses, ranging from 1 (low) to 5 (high), to questions regarding the various facets of Industry 4.0 adoption were utilized to roughly
classify companies into three distinct groups representing different adoption levels: (1) high, (2) medium, and (3) low. The boundaries
between the different adoption level groups are obtained by K-means clustering of the average score, where the boundary between the
low and medium adoption level groups was 2.58 and the boundary between the medium and high adoption level groups was 3.46. The

K-means company clustering results are illustrated in Figure 2 and Table 4.
Adoption
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Figure 2 K-means company clustering using average score of the Industry 4.0 adoption level questionnaire results

3
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Table 4 Company classification based on K-means clustering of average score from the Industry 4.0 adoption level questionnaire
results

Group Average score Companies
. . 1,3, 4,8, 10, 20, 22, 23,25
1. High adoption level Over 3.46 (9 companies)
2. Medium adoption level Between 2.58 and 3.46 2,5,17,18, 19, 2.1' 24,29
(8 companies)
3. Low adoption level Below 2.58 6,7,9, 11, 12, 13, 14, 15, 16, 26, 27, 28, 30, 31

(14 companies)

The comparison of the average knowledge importance rankings of these three groups is shown in Figure 3, and Table 5 illustrates
the final important knowledge rankings for these groups. The high adoption level group (group 1) considers ‘technology application
(13)’, ‘mathematics and statistics fundamentals (1)’, ‘foreign languages (4)’, ‘information literacy (14)’, and ‘recent innovation trends
(15)’ as having the most importance, and ‘physical and chemical sciences (2)’, ‘civic literacy (6)’, and ‘health literacy (7)’ as having
the least importance. The two remaining groups exhibit similar trends to group 1, albeit less extreme, and there is no significant
distinction between them.

In Table 5, there is a clear consensus across all three groups that ‘foreign languages (4)’ ranks within the top three, while ‘civic
literacy (6)’ and ‘health literacy (7)’ consistently occupy one of the bottom three positions in all three rankings. Furthermore, the
rankings of ‘technology application (13)’, ‘information literacy (14)’, and ‘recent innovation trends (15)” decline in tandem with the
level of adoption.
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Figure 3 Average knowledge importance ranking for three Industry 4.0 adoption level groups
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Table 5 Important IE knowledge rankings of three adoption level groups

High adoption level

Medium adoption level

Low adoption level

Technology application (13)
Mathematics and statistics fundamentals
1)

Foreign languages (4)

Information literacy (14)

Recent innovation trends (15)
Engineering fundamentals (10)
Specialized knowledge in industrial
engineering (12)

Engineers’ laws, regulations, and
standards (11)

Environmental literacy (8)
Economics and business (3)

Global awareness (9)

Law and politics (5)

Health literacy (7)

Civic literacy (6)

Physical and chemical sciences (2)

Economics and business (3)
Foreign languages (4)

Technology application (13)
Engineering fundamentals (10)
Recent innovation trends (15)
Mathematics and statistics fundamentals
1)

Law and politics (5)

Global awareness (9)

Specialized knowledge in industrial
engineering (12)

Information literacy (14)
Engineers’ laws, regulations, and
standards (11)

Environmental literacy (8)

Physical and chemical sciences (2)
Health literacy (7)

Civic literacy (6)

Foreign languages (4)

Mathematics and statistics fundamentals
1)

Engineering fundamentals (10)
Technology application (13)
Global awareness (9)

Specialized knowledge in industrial
engineering (12)

Information literacy (14)
Environmental literacy (8)
Economics and business (3)

Recent innovation trends (15)
Physical and chemical sciences (2)
Engineers’ laws, regulations, and
standards (11)

Law and politics (5)

Health literacy (7)

Civic literacy (6)

Significant distinctions became evident upon contrasting the outcomes of Group 1 and Group 3. Group 1 gives higher priority to

the topics of ‘technology applications (13)’, ‘information literacy (14)’, and ‘recent innovation trends (15)°, while less emphasis is
placed on the topics of ‘physical and chemical sciences (2)” and ‘global awareness (9)’. As Industry 4.0 revolves around the integration
of cutting-edge innovations, it is vital for companies to remain vigilant and up-to-date with the swiftly evolving technological trends.
The utilization of data for analytics is experiencing unprecedented growth, necessitating individuals who grasp the importance of data
and information and are proficient in their strategic application — making information literacy of paramount importance. Moreover,
keeping up with emerging technologies and innovations, along with the ability to discern when and how to implement them, is equally
essential for these companies.

Figure 4 (a)—(c) illustrates the clustered heatmap plot of the ranking of 15 IE knowledge areas from companies in the high, medium,
and low adoption levels respectively. The colors in Figure 4 denote the ranking, with dark blue indicating the highest (1) and red
indicating the lowest (15). The hierarchical clustering method is utilized to cluster columns and rows with Euclidean distances defined
in Eqn (1) and Eqn (2).

Euclidian distance between company a and b for column clustering =

> e = 1in)? M

.

Euclidian distance between knowledge a and b for row clustering =

Z(Ta,j —1p,)? @)
J

where 7; ; denotes the knowledge i ranking (1-15) of company j.

The dendrograms on the left of Figure 4 (a)—(c) visually depict the clustering of knowledge areas that received similar ranking
patterns from various companies, while the dendrograms at the top depict the clustering of companies that have similar ranking patterns.
The objective of these plots is to examine the uniformity of rankings among the companies within each level group.

=nik=slaN=)

-

(b)
Figure 4 Clustered heatmap plot of ranking of 15 knowledge areas (1-15) from 31 companies (c1—c31): (a) high adoption level, (b)
medium adoption level, (c) low adoption level
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In Figure 4 (a)—(c), when attempting to categorize the 15 knowledge areas into three clusters, it becomes apparent that cluster 2 in
both (a) and (b), as well as cluster 1 in (c), display a stronger bluish tint, indicative of higher rankings in contrast to the other two
clusters in each respective figure. Specifically, cluster 2 in the high adoption level exhibits the most unanimous ranking pattern in
contrast to the medium and low adoption groups. Across all levels, there is a more consistent consensus when it comes to choosing a
set of highly important knowledge areas compared to selecting knowledge of medium and low importance. Furthermore, companies
with a high level of adoption demonstrate a more effective ability to prioritize crucial knowledge when compared to their counterparts
in the medium and low adoption groups.

Given that a more consistent consensus on selecting a set of highly important knowledge exists solely within the high adoption
group, all seven knowledge areas in this group; ‘technology application (13)’, ‘mathematics and statistics fundamentals (1)’, ‘foreign
languages (4)’, ‘information literacy (14)’, ‘recent innovation trends (15)°, ‘engineering fundamentals (10)’, and ‘specialized
knowledge in industrial engineering (12)’, align with the top seven results outlined in Table 5. In contrast, there is less uniformity in
ranking opinions within the medium and low adoption level groups.

3.3 Ranking of important IE skills

Table 6 and Figure 5 present the average rankings of important IE skills among the 31 companies, along with their final rankings.
The top four skills are ‘managing and prioritizing (No. 31)’, ‘analytical thinking (20)’, ‘problem-solving (21)’, and ‘operational
planning (29)’. On the other hand, the three skills ranked at the bottom in terms of importance are ‘cross-disciplinary skills (26)’,

‘research skills (28)’, and ‘supervising the use of tools (33)’.

Table 6 Average ranking and final ranking of 18 skills

. Average Final

No Skill ranking ranking
16 ~ Communication skills Speaking and listening 8.31 5

17 Presentation 9.31 9

18  System thinking skills Component interaction understanding 8.89 6

19 Critical thinking 10.05 13
20 Analytical thinking 7.81 2

21 Problem-solving 8.06 3.5
22 Creative thinking, adaptation, and Creative thinking 8.90 7

23 decision- making skills Adaptation 9.13 8

24 Decision-making 9.85 11
25  Learning skills Good questioning 10.52 15
26 Cross-disciplinary skills 11.76 18
27 Lifelong learning 9.81 10
28 Research skills 11.50 17
29  Technical skills Operational planning 8.06 35
30 Choosing the right tool 10.00 12
31 Managing and prioritizing 7.26 1

32 Skills in using tools 10.39 14
33 Supervising the use of tools 11.40 16

Average Skill Ranking

Ranking

10 -

11 -

Figure 5 Average importance ranking of 18 skills
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3.4 IE skill importance ranking of companies with different Industry 4.0 adoption levels

Based on the company classification using the average scores of the Industry 4.0 adoption level questionnaire results as depicted
in Table 4, Figure 6 and Table 7 illustrate the average rankings and the final rankings of IE skill importance for the three identified
groups, respectively. In the high adoption level group (group 1), ‘analytical thinking (20)’ and ‘problem-solving (21)” are considered
the most crucial skills, while ‘research skill (28)’ and ‘cross-disciplinary skills (26)’ rank as the least important. For the medium
adoption level group (group 2), the most important skills are ‘managing and prioritizing (31)’, ‘analytical thinking (20)’, and ‘problem-
solving (21)’, while ‘research skill (28)’ is deemed the least important. Lastly, the low adoption level group (group 3) places ‘speaking
and listening (16)’, ‘managing and prioritizing (31)’, and ‘operational planning (29)’ as the most important skills, and considers
‘supervising the use of tools (33)’ and ‘cross-disciplinary skills (26)’ as comparatively less vital.

It is intriguing to examine if there are any notable disparities in the contrast between Group 1 and Group 3. Group 1 places a higher
priority on skills such as ‘analytical thinking (20)’, ‘problem-solving (21)’, ‘skills in using tools (32)’, and ‘supervising the use of tools
(33)’, while putting less emphasis on skills like ‘speaking and listening (16)’ and ‘presentation (17)’. Analytical thinking and problem-
solving abilities assume critical importance in more advanced companies, given their greater likelihood of encountering highly complex
challenges. Tool usage and the supervision of tool usage are considered vital skills, as advanced companies often rely on cutting-edge
technologies and tools to maintain a high level of competitiveness. These advanced tools require expertise in their proper utilization
and monitoring, making this knowledge essential for success.

In Table 7, the rankings of ‘analytical thinking (20)’, ‘problem-solving (21)’, ‘skills in using tools (32)’, and ‘supervising the use
of tools (33)’ exhibit a corresponding decline in alignment with the adoption level. In contrast, the rankings of ‘presentation (17)’ and
‘speaking and listening (16)” follow an opposing trend in relation to the adoption level.

Average Ranking

v \/\\ | -
\

11 -

Ranking

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Skill

Figure 6 The average skill importance rankings for the three Industry 4.0 adoption level groups

Table 7 Important IE skill rankings of three adoption level groups

High adoption level Medium adoption level Low adoption level
Analytical thinking (20) Managing and prioritizing (31) Speaking and listening (16)
Problem-solving (21) Analytical thinking (20) Managing and prioritizing (31)
Managing and prioritizing (31) Problem-solving (21) Operational planning (29)
Operational planning (29) Operational planning (29) Presentation (17)

Component interaction understanding Speaking and listening (16) Creative thinking (22)

(18) Component interaction understanding Adaptation (23)

Creative thinking (22) (18) Analytical thinking (20)
Skills in using tools (32) Lifelong learning (27) Problem-solving (21)
Speaking and listening (16) Adaptation (23) Component interaction understanding
Adaptation (23) Decision-making (24) (18)

Presentation (17) Skills in using tools (32) Lifelong learning (27)
Decision-making (24) Critical thinking (19) Critical thinking (19)
Choosing the right tool (30) Choosing the right tool (30) Choosing the right tool (30)
Supervising the use of tools (33) Creative thinking (22) Decision-making (24)
Lifelong learning (27) Good questioning (25) Good questioning (25)
Critical thinking (19) Supervising the use of tools (33) Research skills (28)

Good questioning (25) Presentation (17) Skills in using tools (32)
Cross-disciplinary skills (26) Cross-disciplinary skills (26) Cross-disciplinary skills (26)

Research skills (28) Research skills (28) Supervising the use of tools (33)
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Figure 7 (a)—(c) present clustered heatmap plots depicting the ranking of 18 IE skills, categorized by the companies in the high,
medium, and low adoption levels, respectively. The colors in Figure 7 illustrate the ranking, spanning from the highest (1) in dark blue
to the lowest (18) in red. Hierarchical clustering is employed as the clustering method with the Euclidean distances defined in the
previous section. Here, 7; ; represents the ranking (1-18) of skill i for company j.
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Figure 7 Clustered heatmap plot of ranking of 18 skills (26-33) from 31 companies (cl1—c31): (a) high adoption level, (b) medium
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In Figure 7 (a)—(c), upon categorizing the 18 skills into three clusters, it is evident that cluster 2 in both (a) and (c), along with
cluster 3 in (b), exhibits a more intense bluish tint, signifying higher rankings when compared to the other two clusters in each respective
figure. Observing the most reddish cluster in Figure 7 reveals a more consistent consensus on selecting a set of less important skills,
particularly within the low adoption group. All six skills in this group: ‘lifelong learning (27)’, ‘choosing the right tool (30)’, ‘research
skills (28)’, “skills in using tools (32)’, ‘cross-disciplinary skills (26), and ‘supervising the use of tools (33)’, closely match the bottom
six results detailed in Table 7. Conversely, there is a diminished uniformity in ranking opinions within the high and medium adoption
level groups.

4., Discussions and conclusions

The findings present the overall ranking of important industrial engineering knowledge and skills within the Thai automobile
industry. Furthermore, the importance ranking based on companies with varying levels of Industry 4.0 adoption is also obtained.

Given that Industry 4.0 hinges on the integration of cutting-edge innovations, it is imperative for companies with high adoption
levels to remain vigilant and stay current with the rapidly evolving technological landscape. The increasing use of data for analytics
underscores the need for individuals who comprehend the value of data and information and are adept at strategically applying them,
underscoring the critical importance of information literacy. Additionally, keeping pace with emerging technologies and innovations,
as well as the ability to discern the appropriate timing and methods for their implementation, are equally vital for these companies.

In high adoption level companies, analytical thinking and problem-solving skills take on paramount significance due to their higher
likelihood of encountering exceedingly intricate challenges. Skills related to tool usage and the supervision of such tools are regarded
as crucial, as advanced companies frequently depend on state-of-the-art technologies and tools to uphold their competitive edge.
Proficiency in the proper utilization and monitoring of these advanced tools becomes indispensable for achieving success.

Companies with low adoption levels typically have straightforward operations, employing tools of modest complexity and minimal
integration of various components. They generally have limited reliance on data analysis. As a result, these companies prioritize
fundamental knowledge and skills, emphasizing essentials like mathematics, statistics, engineering fundamentals, foreign languages,
and basic communication skills over advanced competencies.

Furthermore, skills related to management, prioritization, and operational planning are universally regarded as highly significant
across all levels of Industry 4.0 adoption.

Drawing from the study’s insights into the prioritized ranking of crucial Industrial Engineering knowledge and skills, specifically
focusing on the top 9 knowledge areas and top 12 skills, the following recommendations are proposed for universities to tailor Industrial
Engineering curricula to meet the demands of the Industry 4.0 era:

Knowledge-focused recommendations

1. Integrate comprehensive technology application courses: Develop courses that provide in-depth insights and hands-on
experience in applying advanced technologies relevant to Industry 4.0, such as 10T, Al, and automation.

2. Enhance the mathematics and statistics curriculum: Strengthen the mathematics and statistics curriculum to include advanced
topics, emphasizing their application in modeling, data analytics, and decision-making for Industry 4.0 scenarios.

3. Prioritize foreign language proficiency: Offer language programs that focus on practical communication skills, specifically
tailored to the global nature of Industry 4.0 collaboration and international business environments.

4. Embed information literacy across the curriculum: Infuse information literacy skills throughout the curriculum, ensuring
students can effectively gather, analyze, and leverage information in Industry 4.0 contexts.

5. Integrate recent innovation trends: Create coursework that explores and incorporates the latest trends and innovations in
industrial engineering, ensuring students are well-versed in cutting-edge technologies.

6. Strengthen engineering fundamentals: Reinforce core engineering principles, applying them to advanced technologies and
Industry 4.0 applications, providing a solid foundation for specialization.
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7. Offer specialized Industry 4.0 courses: Develop specialized courses that delve into the intricacies of Industry 4.0 applications
within the industrial engineering domain.

8. Include engineers’ laws, regulations, and standards: Integrate knowledge of legal and regulatory aspects relevant to industrial
engineering, with a focus on Industry 4.0 compliance and ethical considerations.

9. Incorporate environmental literacy: Create coursework focusing on environmental sustainability and awareness, aligning with
the increased emphasis on sustainable practices in Industry 4.0.

Skill-focused recommendations
1. Analytical thinking: Integrate advanced analytics coursework, emphasizing data-driven decision-making in industrial
engineering contexts.
2. Problem-solving: Design problem-solving courses with a focus on real-world challenges in Industry 4.0, using case studies and
simulations.
3. Managing and prioritizing: Enhance project management courses, emphasizing the efficient allocation of resources in Industry
4.0 projects.
4. Operational planning: Develop coursework on advanced operational planning, incorporating optimization techniques for
Industry 4.0 processes.
5. Component interaction understanding: Offer specialized courses on systems thinking and the understanding of component
interactions within interconnected systems.
6. Creative thinking: Foster creativity through design thinking courses, encouraging innovative problem-solving approaches.
7. Skills in using tools: Integrate training on the use of Industry 4.0 tools and technologies, such as 10T devices and advanced
software platforms.
8. Speaking and listening: Include communication skills development courses, emphasizing effective communication within
multidisciplinary teams.
9. Adaptation: Emphasize adaptability through coursework that exposes students to rapidly changing technologies and industry
dynamics.
10. Presentation: Introduce courses on effective presentation skills, emphasizing the communication of technical solutions to
diverse audiences.
11. Decision-making: Develop coursework focused on decision-making in dynamic Industry 4.0 environments, considering
uncertainties and complexities.
12. Choosing the right tool: Integrate practical training on selecting and using the right tools and technologies for specific Industry
4.0 tasks.
These adjustments aim to equip industrial engineering students with the knowledge and skills necessary for success in a rapidly
evolving Industry 4.0 landscape. Regular curriculum reviews and updates are crucial to staying aligned with industry trends and
employer expectations.

5. Future research

Future study directions encompass several key areas of research that can expand our understanding of Industry 4.0 adoption and
its implications:

Enhancing data accuracy: To further improve the precision and reliability of our findings, it is advisable to collect additional data
specifically within the automotive industry. This will contribute to a more comprehensive and in-depth analysis of the automotive
sector’s adoption of Industry 4.0, including its distinctive intricacies and subtleties.

Cross-industry comparisons: Beyond the automotive industry, it is valuable to extend data collection to various industries. This
approach allows for broader analyses and comparisons, enabling us to identify common trends and variations in Industry 4.0 adoption
across diverse sectors.

Advanced prediction models: Developing advanced prediction models is a promising avenue for future research. These models
should aim to estimate a company’s Industry 4.0 adoption level without relying solely on direct adoption assessment questions. Instead,
they can incorporate alternative, readily available information, such as ratings of the importance of knowledge and skills. This
innovative approach can enhance the accuracy and efficiency of adoption level predictions.

Incorporating attitudes: It is essential to broaden the analysis to include the study of workforce attitudes, which constitute a vital
attribute alongside knowledge and skills. Assessing and understanding attitudes within the context of Industry 4.0 adoption can provide
valuable insights into the human factors that influence the successful implementation of Industry 4.0 practices.

By delving into these future study directions, we can gain a more holistic understanding of Industry 4.0 adoption and its multifaceted
aspects, ultimately contributing to more informed decision-making and policy development.

6. Research contribution

Although this research only studied the knowledge and skills of industrial engineers in the automobile industry, the research
methods can be applied to studies in other kinds of engineers or other industries. In addition, the findings of this research can be used
as a guideline for the improvement of the Industrial Engineering curriculum in Thailand, as well as a job requirements roadmap for
Industry 4.0. In addition, it can also be used as a guideline for the assessment of competent human resources in the organization,
particularly industrial engineers, for Industry 4.0.
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