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1. INTRODUCTION

In recent years, quality improvement efforts have become increasingly
important for companies. This is due to the astonishing growth in
technological and industrial developments that make human life easier, meet
human needs, and raise living standards (Comert Deveci et al., 2014). The
concept of quality has been defined in different ways throughout history and
has become more comprehensive with the evolving dynamics of industry.
The word “quality,” regardless of the product or service it is used for, aims
to clarify what it actually means (Simsek, 2007). The definitions of quality
developed by different scientists and practitioners reveal how the concept of
quality has been enriched with the development of production.

Juran (1999) defined quality as “fitness for purpose” and emphasized that
this concept can be measured by the degree to which a product or service
meets customer expectations. Crosby (1979), on the other hand, expressed
quality as “conformance to requirements.” According to Crosby, quality is
about providing products or services that meet customer expectations and
comply with predefined standards. This approach makes quality a measurable
and manageable concept. Feigenbaum (1991) considers quality to be “the total
performance of all organizational processes” and views quality asan integrated
value not only in the final product but also in the process as a whole. Quality
is an integral part of the management system and should be carried out as
a shared responsibility among employees. According to Deming, quality is
an integral part of an organization’s journey to achieve excellence in both
product and service delivery. He defines quality as a value directly related to
the continuous improvement of all processes and the fulfillment of customer
expectations. According to Japanese management scientist and quality expert
Kaoru Ishikawa, “In a narrow sense, quality means product quality. In a broad
sense, quality means work quality, service quality, and quality of objectives*
(Sarp, 2014). The International Organization for Standardization’s ISO 9000
Quality Dictionary defines it as “the totality of characteristics of a product or
service that enable it to satisfy stated or implied needs” (ISO, 2015).

The common point of all these definitions is that they view quality not
only as a technical output but as a holistic concept where all processes are
managed with a customer-focused and continuous improvement approach.
This comprehensive perspective also forms the basis of the Total Quality
Management (TQM) philosophy, which emphasizes that all departments of a
business should embrace quality.

Today’s increasing global competition requires businesses to not only
increase their production volume but also prioritize values such as quality,
flexibility, and customer focus. Accordingly, it is necessary to continuously
improve not only the quality of the final product but also the entire production
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process. The TQM approach, which aims to make quality an organizational
culture, stands out as a comprehensive management approach that responds
to this necessity. The success of TQM requires the active participation of not
only management but also all employees.

Inthiscontext, qualitycirclesareacriticaltool forimplementing organizational
learning and a participatory problem-solving culture in the field. Quality circles
are a structure in which voluntary groups of employees come together around
a specific problem, conduct systematic analysis, and develop solution proposals.
This approach ensures that employees become not only implementers but also
stakeholders who play an active role in improving the process. The QRQC (Quick
Response Quality Control) approach, a dynamic problem-solving method, is also
integrated into the process to ensure that errors are quickly identified and resolved.
QRQC s a structured emergency solution approach for the rapid identification of
errors, root cause analysis, and swift implementation of actions. Documenting
the actions taken after an error and the identified root causes is critical in terms of
contributing to corporate memory.

In this study, the fundamental philosophy of quality circles, namely
teamwork and a culture of continuous improvement, has been concretized
through the implementation of solution cards. This enables the in-depth
analysis of the root causes of quality problems arising on the production line
to be carried out on the spot and immediately, improving the applicability
and sustainability of improvement suggestions. The study was conducted on
the clutch production line of a factory operating in the automotive spare parts
sector, which requires high precision and quality. Within this scope, quality
problems encountered in the production processes were observed on site;
quality circles, formed with the voluntary participation of operators, quality
teams, and engineers, systematically analyzed each problem using solution
cards. Findings obtained during GEMBA walks were analyzed using the
QRQC methodology, supported by a culture of quick action and root cause
analysis tools such as Brainstorming and 5 Whys, ensuring that the quality
circles became a dynamic improvement platform. Not only were quality
problems solved, but employees’ sense of ownership of the processes was
increased, and solution cards contributed to the corporate memory.

2. TOTAL QUALITY MANAGEMENT

First and foremost, the concept of total quality is not about the
characteristics of the final product or service; it is about addressing all
activities, from production to distribution, from managerial processes to
customer relations, with a systematic approach and the participation of
all employees. According to the total quality approach, quality should be a
lifestyle and a perspective. It is the integration of a person’s work, business,
and, in short, life (Simsek, 2007).
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One of the fundamental elements of TQM is the “human” element. The
active participation of employees in the process and their internalization
of quality objectives play a critical role in the success of TQM (Oakland,
2014). Quality culture is directly related not only to technical skills but also
to employee motivation, competence, and quality awareness. For quality
objectives to be achieved, it is crucial that employees actively participate in the
process, take responsibility in decision-making processes, and be empowered
(Juran, 1999). Employee participation and empowerment not only improve
quality outcomes but also strengthen organizational commitment and
motivation. Thus, quality becomes a living culture with the shared goal and
contribution of all employees.

TQM views quality not merely as a result but as a value achieved through
the systematic management of all processes. A process can be defined as a
series of operations resulting in the production of a product or service. It
is a chain of activities with a beginning and an end, or stages that must be
completed in order to achieve the desired output using inputs and obtain the
correct quality output (Sarp, 2014).

The process approach states that in order to make quality sustainable;
each step must be measurable, controllable, and continuously improvable
(Oakland, 2014).

One of the fundamental elements of TQM is customer focus. The
customer is both the starting point and the goal of quality management (ISO,
2015). This approach considers customer satisfaction not only as an output but
as a common goal of all processes. Narioki Kano demonstrated that customer
satisfaction is not only dependent on the technical characteristics of a product
or service but also directly related to how customer expectations are met
(Kano, 1984).

One oftheimportantbuilding blocks of TQM is the principle of continuous
improvement. Continuous improvement means not only maintaining the
current level of quality, but also aiming to advance quality further every day
(Deming, 1986) This understanding defines quality not as a final goal, but as a
dynamic and continuous process. Deming explains continuous improvement
as an activity that can be systematically carried out using the PDCA (Plan-
Do-Check-Act) cycle.

3. GEMBA PHILOSOPHY

The concept of Gemba suggests that problems and opportunities for
improvement in quality improvement processes should be solved by direct
observation in the production or service area, rather than through desk-
based analysis. Imai (1986) has introduced the “4 Realities” philosophy to
deeply understand the Gemba approach, which is integrated with the Kaizen
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philosophy. This approach emphasizes the importance of making decisions
based on concrete and real data to sustainably improve quality in businesses.

In Japanese, gemba means “the real place.” Gemba is where the action
is and where the facts are. In businesses, value-adding activities that satisfy
customers occur at the gemba (Imai, 2014). By going to the source of events
and observing the production process firsthand, opportunities for continuous
improvement are identified. This approach is based on the principle of “Go to
the gemba.” On-site observation at gemba reveals problems that occur under
normal conditions without disrupting the natural flow of processes. This
increases the accuracy of the problem-solving process.

Managers should check gembutsu during their gemba visits. Gembutsu
means “physical, tangible thing” in Japanese (Imai, 2014). The basis of the
improvement process should be based on objective data collected on site, not
assumptions. This understanding supports the use of statistical quality control
tools and strengthens a data-driven decision-making culture (Deming, 1986).

Concrete elements that affect quality (machines, products, materials)
must be analyzed on-site. The root cause of quality problems usually stems
from inadequacies in the management of these physical factors. These
elements find their place in the 4 Realities Philosophy under the principle of
“genjitsu,” or “real things.”

Thefourthrealityis “Genjin,” or people. The human factor, the most critical
component of the process, occupies a central place in the quality improvement
culture. Employees at the gemba are the ones who best understand the inner
workings of the process and potential opportunities for improvement. Imai
emphasizes that employee participation and feedback are indispensable for
the success of a continuous improvement culture (Imai, 1986).

On-site observations at Gemba reveal the natural flow of the process and
the problems encountered in all their reality. However, for these observations
to be transformed into a sustainable improvement approach, they must be
supported by systematic problem-solving techniques.

4. PROBLEM-SOLVING PROCESS

One of the fundamental elements of TQM is that problems encountered
should be addressed not only as results but as reflections of processes.
Therefore, quality problems must be managed through a systematic and data-
driven problem-solving process.

Quality issues encountered in production processes are not limited to
defective products; they also directly affect many critical factors such as time,
cost, customer satisfaction, and brand reliability. For this reason, systematic
problem solving has become an integral part of the modern production
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approach. To prevent problems from recurring, it is necessary to identify not
only the symptoms but also the root causes. An effective problem-solving
process is possible not only through the use of technical tools but also by
aligning corporate culture with this approach.

Taninecz (2007) reported that a persistent problem of inconsistent hole
diameters at a small supplier in the automotive industry was due to a lack
of calibration in the measurement equipment through systematic analysis.
Updating the calibration procedures and retraining the personnel reduced
product inconsistency by 65%. This example demonstrates that problem-
solving approaches provide tangible gains when integrated with lean
production and quality systems.

Serrat (2017) reported that at a pharmaceutical production facility,
equipment failures causing production interruptions were analyzed using the
5 Whys analysis, revealing that faulty cleaning procedures were shortening
equipment life. Restructuring the process resulted in a 30% reduction in
downtime. Such applications prove that problem solving is not only about
fixing errors but also about improving processes.

Quick Response Quality Control (QRQC): This method was implemented
in 2002 at Valeo, one of the leading parts suppliers in the automotive industry.
The QRQC method is used to solve problems that arise in various areas of an
organization, such as a production line, a department, or an entire facility
(Solinski, 2023). QRQC aims to immediately and directly address and resolve
quality issues on the production line. Michel Baudin (2014) defines QRQC
as “a tool that enables a quick response to quality issues and resolves them at
their source.”

QRQC focuses on on-site solutions and employee participation. Thus,
problem-solving processes are carried out with the active contribution of not
only quality engineers but also employees directly involved in production
(Liker, 2004).

Liker (2004) states that QRQC has been successfully implemented in
the Toyota Production System and has strengthened elements such as visual
management and cross-functional teamwork by making quality issues on the
production line immediately visible.

In conclusion, QRQC does not abandon the systematics of classical
problem-solving methods; however, it responds more effectively to the dynamic
needs of modern production environments with its speed, flexibility, and
focus on on-site solutions. In this respect, QRQC is a contemporary method
that integrates both the Kaizen culture and the continuous improvement
philosophy of TQM with the logic of quick action and continuous feedback.
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5. METHODOLOGY

This study aimed to identify the root causes of quality problems in a
factory producing clutches and to improve the process through the application
of a solution card. Quality problems on the production line were identified
through direct on-site observations within the framework of the Gemba
philosophy and supported by root cause analysis tools.

The design of the research was based on TQM and Kaizen principles,
emphasizing continuous improvement, employee participation, and process
orientation. The implementation stages were structured in accordance with
the PDCA cycle, which is widely recommended in the literature.

The data collection process was carried out through Gemba walks,
employee interviews, and observations on the production line. In particular,
feedback from operators and technicians was recorded immediately in
accordance with the QRQC logic.

Numerical data, such as scrap codes and error frequencies, were obtained
from production records. Audio recordings taken during employee interviews
reflect operator experiences and proposed solutions. Process variables were
measured to create a pool of data available for analysis.

The data collection approach was integrated with the QRQC philosophy,
which is based on the principle of on-site and rapid action. Thus, quality
problems were not only reported but also quickly resolved through immediate
intervention in the field.

The solution card application used in this study is a tool that matches
the identified root causes with solution proposals and records action plans.
These tools, supported by both employee opinions and production data, have
created a comprehensive problem-solving process. The solution cards created
are also used as a strategic tool in terms of building corporate memory. Each
solution card enables the documentation of the specific problem encountered,
the analysis process, and the actions taken, allowing similar problems to be
solved more quickly in the future.

The implementation process followed in this study consists of the
following basic steps:

1. Examination of the Production Line: On-site observations were made,
and quality problems and scrap data were collected. Workflows were evaluated
directly in the field in accordance with the Gemba philosophy.

2. Root Cause Analysis: Based on the collected data and on-site
observations, a 5 Whys analysis was performed together with quality
technicians and operators. Brainstorming sessions were also held to benefit
from the experiences and suggestions of employees.
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3. Creation of Solution Cards: Solution cards containing root causes and
action plans were prepared for each identified quality problem. The cards
included immediate operator interventions and critical parameters.

4. Training: Training was provided to workers and relevant department
personnel on identifying quality problems and using solution cards. During
the training, the principles of QRQC and Kaizen were emphasized.

5. Line On-Site Instant Quality Board Installation: Boards were installed
on production lines to increase the applicability and sustainability of the
solution cards.

6. APPLICATION

The automotive industry is one of the sectors where quality improvement,
cost reduction and efficiency increase practices are most commonly
implemented (Colak et al., 2019). The application area of this study is an
automotive subcontracting factory that manufactures clutches. The company
holds an important position in the sector with its high-volume production
capacity, skilled human resources, and experience in the automotive field.
Quality management, process efficiency, and a culture of continuous
improvement are among the priority objectives at the production facility.
The company’s main product is the clutch pressure mechanism used in
automobiles and light commercial vehicles. The clutch pressure plays a critical
role in the process of transmitting engine torque to the wheels and directly
affects driving performance.

The clutch pressure mechanism consists of a pressure plate, diaphragm
spring, plate, strip spring, and disc. Each clutch component is critical in
terms of quality and precision. Even the slightest error in components such
as the diaphragm spring and pressure plate can directly affect the product’s
performance and longevity.

The multi-stage process of clutch production involves many critical
parameters and potential quality issues that directly affect quality. Therefore,
On-Site Instant Quality and Line On-Site Instant Quality applications have
been developed within the framework of the factory’s quality management
system to ensure that quality defects are resolved on-site and quickly.

The On-Site Instant Quality culture, which forms the basis of this study, isa
quality management approach focused on continuous improvement that aims
to resolve quality issues on-site, quickly, and with a participatory approach
during the production process. At its core, the On-Site Instant Quality culture
emphasizes employee participation, teamwork, and data-driven decision-
making processes. This ensures not only the resolution of quality issues but
also the strengthening of organizational learning and quality awareness.
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Factory On-Site Instant Quality meetings typically refer to sessions where
externally sourced quality issues, such as customer returns, are addressed. At
these meetings, quick actions such as stock control, defective product isolation,
and customer notification are planned to safeguard the customer. Customer
returns are presented in detail, how and where the error could have occurred
is discussed, and research tasks are assigned to the relevant departments.
When necessary, on-site inspections are conducted. The collected data and
field analyses are shared. Root causes are evaluated by dividing them into two
categories: How did the error occur?

Why was the error not caught? In this process, the company tries to answer
three fundamental On-Site Instant Quality questions. How will the customer be
guaranteed? How will recurrence be prevented? How could it have been caught
earlier? Forward-looking actions are taken by answering these questions.

Line On-Site Instant Quality meetings are directly focused on the
production line. Quality problems that arise during production are analyzed
directly on site (Gemba). Line On-Site Instant Quality is a problem-solving
process. The team consisting of the operator working where the error
occurred, the section foreman, and the quality technician manages this
process. When an error occurs, the team comes together and the process
begins. Brainstorming is used to gather the experiences and suggestions of
employees. The root causes of errors are thoroughly investigated using the 5
Whys analysis. The incident is recorded in the Line On-Site Instant Quality
notebooks located in the departments. The description of the error, the
parameters at the time the error occurred, the actions taken, the employee
operator, machine information, and possible root causes are written down. If
there is a solution card for this error, the steps on the solution card are applied.
Unsolvable errors are evaluated with quality engineers and transferred to the
Factory On-Site Instant Quality. A solution card is created and the incident is
transferred to the corporate memory.

Throughout September, quality errors that occurred on the production
line were classified by department (Table 1). They were divided into 3 groups:
printing assembly, cold press,and CNC departments. An error code is assigned
to each error type. The total quantities and recurrence rates are examined.

Table 1 Number of Scraps by Department

Total Number of Errors ~ Quantity of Products Set Aside

D

epartment Recurrence as Scrap (units)
Print Assembly 671 4249
Cold Press 244 4148

CNC 662 1572
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As can be seen from this table, the highest number of errors occurs in the
Press Assembly department, which is also the department with the highest
amount of scrap. In the Cold Press section, although the error frequency is
low, the amount of scrap is quite high. In the CNC section, the amount of
scrap is lower than in the other sections (Figure 1).

Figure 1 Number of Errors by Section

CNC

Cold Press

Priny Assembly

I}

0 1000 2000 3000 4000 5000

m Quantity of Products Set Aside as Scrap

M Total Number of Errors Recurrence

Table 2 shows the errors in the Printing Assembly section classified by
type.

Table 2 Printing Assembly Section Error Types

Number of Error

Error Type Repetitions Error Frequency
Assembly Misalignment 483 71,98%
Rivet Skew 99 14,75%
Test Position Error 32 4,77%
Balance Problem 17 2,53%
grsrss;nbly Riveting Missing Excess Ring Wire 10 1,49%
Ear Crack Breakage 9 1,34%
Sheet Metal Nail Bending Error 6 0,89%
High Misalignment 4 0,60%
Assembly Riveting Error 4 0,60%
Faulty Strip Spring 2 0,30%
R&D Trial Scrap 2 0,30%
Riveting Error 2 0,30%
Low Pressure Load F2 1 0,15%
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It is seen that 85% of the errors in the press assembly section consist of
“Assembly Riveting Positioning” errors and “Rivet Skew” errors.

Errors in the cold press section are shown in Table 3. Among the errors,
“Production Sheet Scratch,” “Sheet Surface Deformation,” and “Mold Internal
Burr Error” stand out.

Table 3 Cold Press Section Error Types

Error Type Number of Error Repetitions  Error Frequency
Mold Internal Burr Error 25 10,25%
Hole Drilling Burr Error 3 1,23%
Sheet Surface Deformation 33 13,52%
Scratched Sheet 19 7,79%
Different Broach Pulling Error 2 0,82%
Missing Operation 10 4,10%
R&D Trial Scrap 2 0,82%
Mold Failure Scrap 6 2,46%
Production Sheet Scratch 53 21,72%
Form Error 22 9,02%
Hub Tooth Error 4 1,64%
Automation Problem Misalignment 18 7,38%
Misalignment 16 6,56%
Pitching Error 10 4,10%
Rust 6 2,46%
Adjustment Scrap 15 6,15%

Table 4 shows that the most prominent errors in the CNC section are

“Casting Gap,” “Profile Break,” and “Ear Hole Misalignment.”
Table 4 CNC Section Error Types

Error Type Number of Error Repetitions  Error Frequency
Casting Gap 166 22,01%
Profile Break 112 12,91%
Ear Hole Misalignment 80 11,07%
Non-Parallelism 61 10,05%
Scratched/Damaged Material 52 6,81%
Cutter Breakage 44 9,48%
Incorrect Hub Length 43 11,64%
Dimensional Error 29 5,09%
Imbalance 24 5,22%
Skew 12 1,78%
Crack/Break 12 0,95%
Broken Ear Material 12 0,89%
Material Ejection 6 0,51%

R&D Trial Scrap 3 0,38%
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Production Crack/Breakage 3 0,38%
Master Control Rejection 2 0,45%
Profile Breakage 1 0,38%

The following data is provided as an example of the 5-Why Analysis
for the “Ear Hole Misalignment Error” in the CNC section. Based on these
analyses, solution cards (Figure 2) have been created to document how
operators encountering these errors later should resolve the issue.

Error Description: After CNC processing, the ear hole position on the
plate is deviating from the required position.

1 WHY ? The ear hole is deviating from the required center.

2 WHY ? The plate is not fully seated on the CNC mirror or support
surface.

3 WHY ? The robot has placed the plate on the support surface at the
wrong angle.

4 WHY ? The support surface is dirty or worn.
5 WHY ? Robot and CNC clamping checks are not performed regularly.

Figure 2 Example of a Solution Card for the CNC Department

| I I On-Site Instant Quality - Solution Card I | ;ﬁbn |
Exror Code [Error Decsription Machine / Line Number:

[Plate Ear Hole Misalignment

Standard Emergency Response Effect of Error
Stop production. Effect on Product and Production | Impact on Customer
Tnform the quality.

Sermi frished producs become scrap | - ThE CUstomer camat use it for a long

time.
- The life of the product is shortened. - Shipment canmot be made on time.

Quarantine the products with the Rejection Card.

S V)

Possible Root Causes Corrective Action
Theck that the plate Is properly seated against the support. I ot, adjust
1 The plate on the robet does not fit properly into the support 1 e plste accordingly.
2 The plate does not fit properly into the mirror. 2 Check if there are any burrs on the mirror. If there are, clean them with air.
5 The angle of the ear edges on the raw plate is not equal 3 1t 1s processed but not withimn tolerance, the quality department must be
informed.
Parameter: Ear Hole Misalignment

Critical Parameters

The required valne is:

Visual Support

There should be no
burrs on the mirrors.

There is no gap
between the plate
There is a gap between and the stop.
the plate and the stop.
—t
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7. RESULTS

Within the scope of this study, quality problems arising in critical
production sections such as assembly and cold pressing at a clutch
manufacturing company were systematically analyzed. Problem-solving
methods such as QRQC and 5 Whys Analysis were used to identify the root
causes of the errors, and solution cards were created based on the findings.

The most prominent errors analyzed were quality problems directly
affecting the production processes, such as incorrect assembly positioning,
rivet skipping, mold burr errors, sheet metal surface deformation, form
errors, parallelism, and plate ear hole misalignment. It was determined that
the vast majority of these errors were caused by human application errors,
delayed equipment maintenance, positioning problems in robotic systems,
and incompatibilities in mold and product design.

Root cause analyses conducted for each defect revealed not only the visible
problem but also structural deficiencies in the system. In this context, solution
cards initiated an improvement cycle that contributed to corporate memory.
To make this process sustainable and widespread throughout the company,
the Line On-Site Instant Quality system was established on production lines,
and visual tracking boards were created for each department. Problems
identified through these boards are recorded daily, root cause analyses are
conducted with the direct participation of production workers, and solutions
are tracked using solution cards. Thus, problem-solving activities have evolved
from individual and scattered initiatives into a team-based, visual, and
continuous improvement process. As a result, the error analysis, solution card
applications, and Line On-Site Instant Quality system implemented within
the scope of this study have made significant contributions to increasing the
quality level in the company, strengthening the corporate problem-solving
culture, and making the continuous improvement approach permanent.
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1. INTRODUCTION

Small and medium enterprises (SMEs) serve as the cornerstones of
most economies and are a staggering 99% of all firms and provide nearly
two-thirds of total employment, according to the latest EU data from
2023 (European Commission, 2023). Working in rapidly changing, highly
competitive markets with heightened levels of uncertainty and instability,
SMEs are further dependent on owners’ and managers’ characteristics
versus large organizations largely in regard to their limited financial and
technical capabilities. Amidst this paradigm shift, the increasing focus
on sustainability, digitalisation and long-term value is making individual
managerial differences (including leadership style, cognitive orientation,
professional background, experience levels and tendencies in strategic
decision-making) more significant. In association with technical elements
such as lean production, efficiency gains and cost control, leadership and
human resource management continue to be pivotal to competitiveness
(Aydinoglu et al., 2017).

This article investigates the mechanisms through which managerial
heterogeneity mediates SME sustainability and long-term competitive
capacity from an angle of strategic management, organisational behaviour,
entrepreneurship and sustainability studies. The review draws attention to the
manner in which variation in managerial profiles influences organisational
resilience, innovation capacity, environmental commitment and adaptability
to dynamic market conditions. Differences in the management of the
SMEs have impact on how they understand the chances and threats, and
the resources, as well as on the way to respond to crises, and the way that
sustainability considerations are included in a business plan. The results
suggest that managers who bring different experiences and capabilities are
generally inclined toward pursuing more aggressive environmental strategies,
contributing to digital transformation, and learning-oriented organisational
cultures and in the pursuit of continuous improvement, which are correlated
with better sustainability performance.

The analysis also suggests that the range of managerial diversity
increases the strategic choices available to SMEs. Sharing diverse managerial
background of directors also allows firms to strike a balance between
short-time operational efficiency and the long-term innovative capability
of companies, but also allows adaptable and more flexible choices based
on stakeholder expectations in the industry or community, but also in a
relatively long-term view to respond flexibly to stakeholder needs: Different
managerial backgrounds can allow such a balance too. And studies show that
SMEs headed by pliable managers who are adaptive with large and varied
experience perform better under the direction of the most volatile or highly
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dynamic sector in the market and also in companies with the fastest pace of
technological and regulatory change.

Still, if not well coordinated, managerial variances can, in turn, lead to
issues. Diverging perspectives have potential to result in inconsistency in
decision-making, communication breakdown or internal tension as well.
Hence, organizational culture, communication frameworks and governance
systems for integrating diverse perspectives in a beneficial way are directly
connected to managerial heterogeneity.

To summarise, managerial diversity has transformed from a
supplementary organisational feature, into a strategic advantage having a
direct effect on either the sustainability paths or the competitive advantage
of SMEs. And as global problems increase — whether due to climate change,
digital transformation and changing consumer expectations — SMEs
that make good use of managerial heterogeneity on purpose in deploying
managerial heterogeneity are expected to develop sustainable business cultures
that become more resilient and future-focused. Results of this review support
further academic exploration and provide both academic implications for
future academic inquiries and practical implications for SME leadership and
policy makers aiming at fostering sustainable enterprise development.

2. MANAGERIAL AND ORGANISATIONAL DYNAMICS IN SMES

Small and medium-sized enterprises (SMEs) operate in very dynamic
markets with limited resources and significant uncertainty, making
management and organisational effectiveness especially important. In this
regard, the way ofleading impacts the culture, the engagement of the employees
and, therefore, the success of the company. In the resource-based view (RBV),
managerial ability, experience and firm-specific capabilities of SMEs are
considered to be a crucial element for building and sustaining competitive
advantage. The pace and agility of response to changes in market demand or
competition are dependent on the organisational structure and flexibility of
SMEs. Effective and efficient communication and effective HRM guarantee
this systematic process — where strategic objectives are worked out by the
organisation as a means of everyday work. Proper risk management and sound
financial planning is necessary to help maintain a conducive environment
in which uncertainty is navigated and sustainable stability underpins the
tuture direction. Last but not least, the embedding of innovation practices
and digital transformation initiatives has become increasingly necessary. It is
making SMEs more robust, responsive to new technologies — and increasingly
competitive in a market that is not always predictable.
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2.1. Leadership Approaches and SME Performance

Leadership in business is generally regarded as a key contributor to firm
performance and therefore as far as the SMEs we know, that has become
more significant on SMEs than ever before. The behaviors of leadership in
practice, too, tends towards the shaping of organisational culture and every
day business; let’s not forget, since many SMEs are founded on the personality
or vision or decision-making of the founder.

The transformational model of leadership (Bass, 1985) of Bass, especially
useful to help illustrate whether, a clear vision, motivation, intellectual
enthusiasm from leaders improve the group as well as the individual
performance of a company. In smaller businesses, where hierarchy is
minimal, such behaviours have become the key to employee motivation
for the formation of firm performance over the long run. And studies
have repeatedly demonstrated that transformational leadership fosters
critical skills that SMEs need to protect from extinction in competitive,
uncertain markets. One such paper is Garcia-Morales et al. (2008) prove that
transformational leaders create a ‘learning-oriented’ organisational climate
and openness, promote knowledge accumulation, internal learning and
advancement. These leaders can encourage an environment of work where
members of the workforce challenges processes that already exist, provide
fresh ideas as well as actively contribute to the growth and development of
the organisation, by stimulating the mind and giving personalisation and
encouragement. Such actions increase capacity for innovation, whereas they
bring about enhanced adaptation and improved business performance. On
the other end, authoritarian or autocratic leadership will have negative effects.
Authoritarian leaders will gain short-term efficiency in stable conditions
by adopting strict control over the work processes, centralised decision-
making in the workplace and strict adherence to compliance, but that type
of authoritarian style stifles creativity and decreases employees’ motivation
or inherent incentives. These constraints might be particularly harmful for
SMEs with a heavy dependency on flexibility, swift solutions, and employee
independence. From the perspective of empirical investigation, it has been
shown that authoritarian leadership style has a negative correlation with
employee engagement and knowledge sharing and with firm-level innovation,
thus, it hinders SMEs growth potential and response to market innovations
(e.g. Arif and Akram 2018). There exists a relational aspect to leadership in
SMEs, as the employees and top managers are closely related to one another
on a day-to-day basis. When you apply these ideas — of transformational
leadership, which builds trust, cohesion and organisational commitment
& the authoritarian dimension, where rejection of change bubbles up and
turnover intentions take root - you will start to see the repercussions by just
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by how leaders style. Transformational type leaders in SMEs also tend to use
participatory decision makers styles that are more supportive of employee
development and teaming-work--cornerstones in ensuring firm resilience
and competitiveness in general (Nguyen & Kleiner, 2003). Exogenous factors
of leadership style appear to be significantly determining factor in SME
performance, according to the existing literature combined. Transformational
leadership also appears more conducive to SMEs, in that it mobilizes human
power, stimulates creativity and aligns employees with long-term strategic
priorities. On the other hand, authoritarian leadership is not very compatible
with the flexibility and adaptability of small business growth. As an answer to
the requirement for such theory and empirical enquiry, and as SMEs contend
in a landscape of complexity and innovation it is of increasing importance to
reflect on leadership strategy importance.

2.2. The Resource-Based View (RBV) and Managerial Capacity

Resource-based view (RBV) formulated by Barney (1991) remains one
of the most prominent theories to describe how firms achieve and sustain
competitive advantage. In essence, the RBV argues that the firm’s success is
largely dependent on its ability to create and protect VRIN (Valuable, rare,
hard-to-imitate and non-substitutable) resources. Despite the early RBV work
concentrating on tangible and technological factors, more recent research has
focused on the critical role of intangible resources, focusing on things like
knowledge, managerial experience, organisational culture, and capacity to
learn. Within this broader context, managerial capacity becomes one of these
critical firm-specific resources that informs the way in which an organisation
looks at its environment, develops strategies and mobilises internal
capabilities. The elements of managerial capacity are cognitive, experience
built, strategic judgment and problem-solving capabilities. They act as a high-
level intangible asset that determines how firms see opportunities around,
respond to threats, mobilize resources and adapt to shifting market conditions.
From the perspective of RBV managerial knowledge and decision making are
considered as rare and hard-to-replicate capabilities, which are the product
of individual tacit learning, individual experiences, personal relationships
and context-specific understanding and therefore only obtainable by skill
accumulation, and they thus, cannot be made possible unless we have the
skills-level experiences and knowledge of managing their decision-making to
build our “capacities”. These attributes position managerial competencies as a
type of “competence-based advantage,” which is capable of having enduring
influence on firms’ performance impact. This is especially important in SMEs.
SME:s face both financial and structural challenges and therefore rely on the
skills, preferences and experience of their owner-manager. Penrose (2009)
goes further in the same line and claims a base position on that foundation
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that in sum, while building on its primary insight by critique of the literature
on firm growth and developing to assert the following that managerial
capacity curtails firm growth, because firm size is a function of how well a
manager manages the capacity to effectively organise and deploy resources.
Lack of knowledge, poor strategic understanding, limited ability to analyse
leads to poor decisions about investment, lack of application of resources and
low adaptability — which are the negative effects of poor investment decisions,
ineffective use of resources, poor management of innovation, inefficient
allocation of resources and loss of adaptability — are the main negative
impact of constraints, but also the opposite of competitive position and long-
term durability for any organisation. The theoretical arguments above are
well documented in the literature. Studies such as Greene et al. (2008) and
Wiklund and Shepherd (2003) find that managerial capability leads SMEs
to identify more opportunities, creativity, learning orientation and overall
performance improvement. Weak managerial capability on the other hand
can frequently refer to less supervised financial management, less strategic
planning, more exposure to competitive intensity and more frequent failures.
In a world of technological disruption, competitive pressure and environment
uncertainty, SMEs without a good management capacity have to battle with
great challenges towards remaining competitive. The RBV links to managerial
talents the generating of dynamic capabilities, i.e., a firm is in fact aware,
exploit and change resources based on the detection, the adaptation and the
reconfiguration of resources according to the demand (Teece, 2007). Such
dynamic capabilities offer SMEs the potential for innovation, diversification
and adaptation by means of further mechanism through which managerial
capabilities are used towards sustainable competitive advantage. From this
perspective managerial capability needs to be viewed asa fundamental strategic
asset if the VRIN resources are to be developed, exploited and renewed,
rather than a mere organisational capability. To sum up, the RBV focuses
on the important contribution of managerial capability for performance
and competitiveness of SMEs over time. It is difficult to replicate managerial
skills, strategic judgement and experiential knowledge, all of which underpin
long-term organisational success. On the other hand, inadequate managerial
knowledge results in a structural problem that constrains growth of firms
and decreases their market resilience and strength. Therefore, improved
managerial skills are vital for SMEs in designing a more comprehensive
and successful strategic business management systems that maximise the
performance of the basis of resource, in a challenging and dynamic market.

2.3. Organisational structure and flexibility

The organizational structure of the business is significant in the way
in which firms structure their activities, allocate responsibilities, and
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modify their operations. Mintzberg (1979) showed in his classic research
on organisational configurations that small firms tend to follow basic and
flexible structures, with little formalisation, limited hierarchy and very
centralised decision making. These features help SMEs respond quickly to the
marketplace, consumer demand and technology. That structural flexibility,
in highly changing competitive environments, is a competitive advantage:
Small firms are able to experiment with new ideas, fast-track their methods
and take advantage of opportunities much quicker than large firms who are
burdened by bureaucratic procedures. Another good aspect is absence of rigid
administrative process which provide agile organizations and minimizes
delays in communication and decision making processes. It is demonstrated
in the prior literature that structural flexibility promotes innovation, facilitates
strategic implementation, and facilitates a firm to conduct its function
despite uncertainty (Damanpour, 1991; Volberda, 1996). Small and midsized
enterprises (SMEs)-firm that have risk in terms of exposure that limited
resources bring-the ability to change quickly- is the bedrock of survival and
competitive success. Organisation structured adaptability allows informal
information flow, cross division relations and flexible roles, facilitating joint
problem resolution, organisation learning. However, many SMEs are informal
and ad hoc in nature and this can be a setback. Responsibilities and reporting
relationship problems: a job title/task role ambiguity is also a big challenge
- when no one communicates what a person’s job role is meant to be do and
how reporting is to their assigned roles and how these roles are supposed to
be done, as well as the relationships between reporting relationships and the
work they do, this can make it very difficult for the employees to understand
the performance of the individuals they are working with and there can be
miscommunication, inefficiency, misreading and also occasionally conflict
(sometimes with issues). Indeterminacy of that kind could jeopardize the
quality of judgement to the process of decision-making and the quality and
level of decision-making of the whole organisation can suffer as a result (Rizzo
et al., 1970). Moreover, an overdependence on informal rhythms, while less
formal procedures, instead of formal procedures and procedures may impede
learning and memory, and become bottlenecks to scale. Organisational
complexity increases as SMEs grow with little to no goal. Organizations that
failed to design and adopt structured frameworks and formal systems would
create constraints on existing processes causing reduced performance. Greiner
(1998) developed a model of organisational growth describing how growing
in every phase introduces new management and structural challenges,
typically increasing delegation, formal structure and communications access.
Inadequate organisational structure upgrading can lead to operational
inefficiency, managerial overhead, confusion in processes, inconsistencies
and the loss of strategic focus. Inefficient structure development direction
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in terms of growth phases (underperformance in such cases) could similarly
impede dynamic capabilities -meaning a firm is not able to structure itself
s0 as to set processes, introduce resources and embed best practice. With the
increasing size and scale of SMEs™ workforce, product development, their
markets, the absence of these structured policies can result in inefficiencies
that erode the payoft of earlier flexibility. This underscores the importance
of striking a balance between adaptability and formalized systems that work
well for scaling, accountability and consistent performance. Organisational
structure and flexibility are mutually reinforcing qualities for SME success.
Flexible structures enable agility and responsiveness, while unfettered
informality may create uncertainty and constrain long-term development.
Thus, the management of SMEs should adopt the evolutionary and balanced
approach to structural design, which not only maintains those elements of
flexible structural organisation, but also initiates the formalisation process
as the growth and complexity of SMEs increase. At large the literature has
highlighted that good SME structures can be hybrid types which bring the
flexibility of structure together with formality without going extremes.

2.4. Communication processes and human resource management in
SMEs

Communication processes are a fundamental aspect of how most
organisations work, especially in SMEs, where informal structures and more
direct human interaction drive operations on a daily basis. Due to their lean
hierarchies and limited bureaucratic layers, SMEs often rely on informal
channels of communication to coordinate tasks, transfer information,
and resolve operational issues. While such informality allows for speedier
decisions and quicker administration, it poses some risks as well. It has been
highlighted by Drucker (2007) that systematic and reliable communication
is essential for effective management, as absent it, there is potential for
miscommunication, fragmented information flows, and organisations may
experience misunderstandings and be split between operative work efforts
and the strategic plans; when these are not aligned, the effectiveness of
management will suffer. Such informal communication processes in SMEs
may lack formalized modes of communication, can impede knowledge
dissemination, result in reduced knowledge transfer, induce ad-hoc decision
making and hinder the ability to learn from internal and external learning.
The quality of internal communication is, in turn, closely related not only
to motivation, engagement and organisational commitment but also has
important impacts for employees. Transparency, trust, understanding and
common understanding of goals and expectations is improved by clear,
consistent information. Employees are more likely to understand how to
perform, what performance criteria are used in deciding strategic priorities
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and feel they have a contribution to make and that their contribution matters
in relation to the broader mission of the organisation. This is especially
important in small and medium-sized enterprises, where employees have to
balance competing demands and have direct lines of communication with
upper management. Empirical support indicates that an open and supportive
communication climate enhances job satisfaction and lowers intentions
to leave — crucial for SMEs with limited resources and labour shortages
(Madlock, 2008). Apart from communication, the current HRM practices
are also important predictors of SME performance. Although early research
concluded that due toalack of resources, SMEs rarely use formal HRM systems,
new evidence suggests that formal HR practices can enhance organisational
capabilities. Kroon, Van de Voorde and Timmers (2013) demonstrate that
performance appraisal, tailored training programs and career development
promotion programs increase employees’ skills, institutional commitment
and positively affect firm performance. In this approach SMEs will reduce
skill shortages, enhance adaptability at the workforce level, build human
capital - a building block for competitive advantage in quickly changing
business environments. Training and development programs are particularly
relevant to SME, as it extends workers’ understanding and technical expertise,
supporting companies’ ability to innovate and respond appropriately to
external pressures. Performance measurement, job coaching and career
planning similarly sets formal expectations, supports feedback and supports
personal development on the basis of merit. By removing ambiguity and
increasing perceptions of fairness, such systems also contribute to enhancing
the level of employee engagement. This is because as Boxall & Purcell (2022)
have explained, strategic HRM has a mutually reinforcing effect between
capability, motivation and opportunity - all three of which together drive
organisational success. However, SMEs still encounter many issues on this
front. Lack of effective HR people cause uneven practice of HRM policies.
In addition, longstanding informal communication practices can be at
odds with the newly established formal HR systems. Unwritten norms,
ambiguous expectations, and poor communication flows can, for example,
erode performance appraisal processes, and may also dilute the effectiveness
of training efforts. Consequently the congruency of communication practices
and HRM systems is crucial to maximize the effectiveness of such systems.
In conclusion, communication processes and modern HRM practices are key
drivers of performance for SMEs. Informal communication provides flexibility
and responsiveness (in contrast to more formalised structures for information
propagation) but this may lead to misalignment of strategic priorities and an
inability to support organisational learning. At the same time, HRM trends
are enabling SMEs to create employees who are highly engaged, and hence
a sustainable competitive advantage. Collectively, these factors make an
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important connection between formal and informal information for SMEs
looking to secure future growth and stability.

2.5. Risk Management and Financial Planning

Risk management and financial planning are commonly regarded as the
most important parameters to SME success. As SMEs generally lack strong
financial reserves and have less ability to withstand financial turbulence
in times of market shocks, their willingness to assume and manage risks
is a precursor to survival and performance in the long-term. Good risk
management facilitates SMEs to monitor possible risks — whether it be poor
liquidity or exchange rate risk, supply chain disruption, customer credit
crisis and defaults, among others — and to prevent these emerging risks from
deteriorating into economic ruin. The literature has shown that SMEs using
structured tools for risk assessment and monitoring are more stable and can
better survive economic downturns. The findings of Bruns and Fletcher (2008)
have shown that firms practicing systematic risk assessment processes have
higher financial performance and a greater capacity to function in a crisis.
The OECD (2019) also reveals that proactive management of risk facilitates
accelerated recovery from macroeconomic uncertainties and reduces the
frequency of operational interruptions. The financial planning supports such
initiatives, as it provides SMEs with an opportunity to have a coordinated
approach to budgeting, cash flow control and long-term financial plans under
one roof. Sound financial planning also enables professionals to mobilize
scarce resources more efficiently, anticipate capital requirements ahead of
time and appraise investment opportunities with a greater level of accuracy.
As Gitman and Zutter (2019) point out, companies who create disciplined
financial planning routines are more likely to be able to stay liquid, control
expenditures, manage spending and enhance profitability. In emerging
economies, where financial volatility is frequently more marked, Maziriri et al.
(2018) find that financial planning plays a significant role in the maintenance
of SME sustainability by providing stability in markets characterized by an
environment of uncertainty. This is what enables SMEs to establish a higher
and more coherent future posture when risk management and financial
planning are not siloed. Financial planning with the informed judgement
by which risks can inform risk management helps firms to integrate risk
predictions within an organisation budget, safeguard cash reserves and avoid
over-exploiting of capital market vulnerabilities, and avoid excess exposure to
external shocks. This is particularly important in economies like that of Turkey
where currency depreciation and changing credit conditions are driving the
need to manage finance in a structured manner in an economy. Recent studies
of Turkish SMEs suggest that firms with official risk and financial planning
systems demonstrate better growth performances, better availability of finance



Industrial Engineering and Strategic Sustainability: - 31

and high levels of operational continuity (KOSGEB, 2022). To conclude, risk
management and financial planning are not simply procedures, processes
and procedures, but core components of organisational strategy. SMEs who
systematically practice both are more resilient and financially stronger and
thereby have a much more continuous competitive advantage.

2.6. Innovation Management and Digital Transformation

Innovationmanagementisnowastrategicprioritytomodernorganisations,
including SMEs, because of the competitive environments, which are
becoming more technological and turbulent. Following Schumpeter’s (2021)
theory of economic development, managerial innovation has the function of
creating creative destruction, to allow firms to create new products, to upgrade
internal processes and technology leading to competition transforming. The
managerial orientation toward innovation becomes even more important in
SMEs where these decisions tend to be centralised and resource constraints
are greater. The extent to which a firm embraces cutting-edge new ideas will
have ramifications on the type of technology that is adopted, the amount of
R&D that a firm will pursue or invests that enables the firm to establish a
competitive advantage (Boyaci et al.,, 2025). Managerial attitudes towards
innovation are significantly linked to individual firms’ ability to further
technology development and digital transformation. Digital transformation
is not only about adopting new technologies, it is about reshaping business
processes, organisational routines and even cultural norms through digital
means. For SMEs, moving towards digitalised workflows offers potential
to improve efficiency, customer relations, reach new sources of data-based
decisions and create new markets. But these gains can be achieved only when
managers incentivise experimentation, encourage ongoing learning and focus
resources on tech upgrading. It has been widely highlighted in the innovation
literature that managerial cognitive frames such as risk tolerance, open-
mindedness to change and entrepreneurial vision, are central to the forming of
the firm’s innovation capacity (Damanpour, 1991; Prajogo, 2006). Practically,
managerial strategies with an innovation focus provide SMEs with several
strategic benefits. New market opportunities — Managers who proactively
scan the environment in addition to identifying unserved customer needs
help SMEs reach new segments of markets and distinguish themselves against
larger competitors. Efficiency and productivity improvement: By using process
innovations like workflow automation, lean production approaches and digital
supply chain tools, SMEs enable themselves to reach greater efficiency as it
is a prerequisite in resource-constrained setting (OECD, 2019). Accelerated
adoption of technological transformations: Innovation commitment at the
managerial level accelerates the adoption of emerging technologies — artificial
intelligence, cloud computing, digital platforms, advanced manufacturing
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solutions — and fosters the readiness of both manager and employee for digital
transformation (Akman & Boyaci, 2024). Empirical work further supports
such observation and demonstrates that SMEs managed by managers, who
have the inclination to embrace and provide support for innovation have
relatively high technology preparedness, better innovation activities and
adaptability to changing industry (Bayo-Moriones et al., 2013; Matt et al.,
2015). Managerial resistance to change, poor technological understanding
or strategic perspective or manager narrow-mindedness can slow innovation
processes and work against the digitalisation of operations. Organisational
culture is also a significant aspect of innovation management in SMEs. A
culture based on experimentation, failure tolerance, and cross-functional
cooperation empowers firms to turn managerial desires into tangible
innovative successes. In this respect, dynamic capabilities (particularly
sensing, seizing, and reconfiguring) become important mechanisms that link
innovations with environmental potential and technological evolution (Teece,
2007). Thus, managerial innovation remains one of the main determinants
by far determining SMEs competitiveness in the digital age, rather than
a peripheral organisational function. A manager’s innovation orientation
determines how a firm invests, how open they are to new technologies and
how much of their process can be re-engineered to respond to changing
market conditions: with digital transformation becoming ever more critical
for organisations to survive, SMEs that embrace creative managerial thinking
will be better equipped to seize opportunities and maintain effectiveness in
the future.

3. CONCLUSION

Small and medium enterprises (SMEs) constitute the backbone of many
national economies, and their performance has strong links to the quality
and attributes of managerial practices. Differences in leadership styles,
styles of decision-making, strategic orientation, risk perception, and human
resource management dramatically influence the competitiveness and long-
term sustainability of SMEs. Especially in developing economies like Turkey,
where the percentage of SMEs contributing to employment and production
are high, one must recognize these managerial differences. Leadership
style — the most impactful managerial factor for SME success. Participative
and transformational leaders do tend to be associated with greater levels
of employee motivation, innovation and organisational commitment. For
leaders are to promote open dialogue and creative work enabling SMEs to
respond faster to the fast-changing dynamics of the market. High levels of
organisation’s authoritarianism or centralised management are on the other
hand, likely to limit organizational flexibility, with longer dwell-time on
environmental changing and lower competitiveness. Owner-managers and



Industrial Engineering and Strategic Sustainability: - 33

their entrepreneurial orientational frame of reference are also influential,
especially in Turkey, where several SMEs have family roots and are very
much affected by the vision, willingness of the risk-taking entrepreneur, as
well as skill set of a single person. The structure or strategic planning and
organisation also constitute another key group of managerial characteristics
that need of emphasis. Many SMEs are plagued by lack of information
about business matters and short-termism, which can be exacerbated in
Turkey owing to resource limitations, fewer opportunities for managerial
training and a business culture that focuses on solving pressing operational
challenges. SMEs with well-defined strategy plans, measurable performance
indicators or decision-making mechanisms based on data are usually able
to experience higher growth and operational efficiency. Those organizations
without such frameworks frequently face internal inefficiencies, financial
instability and problems in scaling. Human resource management (HRM) is
also formed by managerial decisions. Well-designed recruitment guidelines,
structured training schemes, performance-based assessment and employee
development programs are closely related to increased productivity and lower
turnover rates. Yet, even more so for Turkish SME managers in the nation.
Most Turkish SME managers continue to follow the informal HRM system
where, for example, the appointment of relatives or informal acquaintances
from close social contacts are the focus of most of the positions. Although
such procedures can enhance trust, they also can stifle professionalisation,
eliminate organisational diversity of skills, and stifle long-term development.
SMEs that implement contemporary HRM systems build HR capacity and
are more competitive, especially in data-intensive industries. The field of
risk management and financial planning is likewise a central managerial
area. Managers who are capable to properly assess exposures, to spread
out financial resources and account for economic fluctuations tend to
have more resilient and stable SMEs with better financial performance. In
Turkey’s macroeconomic environment in which there are frequent currency
movements, inflationary pressures, and unstable credit conditions, organized
risk management systems and meticulous financial planning become critical.
However, poor financial literacy, not knowing how to budget and budgeting
techniques and access to credit remains a constraint of many SME managers.
Organisational survival and growth thus requires strengthening managerial
capabilities in this area. Managers differ massively across these performance
metrics, particularly in relation to innovation orientation and the adoption
of technology. Digital transformation, R&D and incorporating advanced
technologies into processes are areas in which leaders have consistently
delivered higher productivity and better market position. Although the
government programmes like KOSGEB and TUBITAK have resulted in the
creation of incentives to innovate for SMEs, many managers is hesitate to
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invest in technological investment due to cost, lack of technological know
how, or opposition to organizational change. Management differences are
thus paramount in SME performance. In Turkey, the presence of structural
obstacles in the area of finance, regulatory fragmentation and macroeconomic
volatility, underscores the necessity of efficient organisational behaviour.
SMEs managed with modern managerial competencies, strategic ability,
and an outward-looking view in the workplace show better outcomes in the
longer run. It is therefore important to support greater professionalization
of management through focused educational outreach, capacity building
initiatives, and institutional backing to promote the Turkish SME system.
The key, therefore, is that the skills, behavioural habits and organisational
management are closely related to the performance and competitiveness of
SMEs. As Turkey further deepens its economic integration and technological
growth, developing competent corporate management skills in SMEs needs
to be regarded as a firm and even nation-wide necessity, in line with the
economy. Improving management will foster the development of SMEs with
improved creativity and competitiveness, resilience, leading not only to more
enduring contribution to the country’s long-term economic growth but also
to innovative, competitive and resilient SMEs.
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1. INTRODUCTION

Over the last quarter-century, the global industrial ecosystem has
transformed at a pace never before seen. The Industry 4.0 revolution enabled
historic peaks in operational efficiency by transforming production lines
into “smart factories” through cyber-physical systems, big data analytics,
and autonomous robots, thus allowing historic peaks to grow in operational
efficiency. But this technological determinism and digitalization-based
agenda, in a paradoxical way, introduced new pressures on the “human factor,”
the most vital element of the system. The Industry 5.0 paradigm, expressed in
the 2021 vision document of the European Commission, is a response to this
imbalance, which has transformed technology from a stand-in for humans
to an instrument which enhances human well-being, sustainability and
resilience (Breque et al., 2021).

For organizations within the VUCA (Volatile, Uncertain, Complex,
Ambiguous) world we live in today, the most significant threat is not
technological inadequacy but rather the “Cognitive Overload” to which
human resources are exposed. According to the World Health Organization
(WHO), workplace stress and burnout (burnout) is the greatest occupational
health crisis of the 21st century. Digital interfaces, continuous data flow and
hyper-connectivity distract from employees’ health, causing “operational
blindness” and costly quality errors.No matter how perfect the technological
infrastructure of a production system is, if the mental processes of the
operator, engineer, or manager running that system are chaotic, sustainable
operational excellence is impossible.

The discipline of quality management has historically been built on the
PDCA (Plan, Do, Check, Act) cycle systematized by W. Edwards Deming
(Deming, 1986). This cycle provides a flawless algorithm for optimizing
external resources (time, raw materials, machine capacity). However, the
traditional PDCA approach, designed from a deterministic engineering
perspective, falls short in managing the stochastic (random and variable)
nature of the human mind. A standard ISO 9001 procedure tells the employee
“what to do”; however, it does not tell them how to maintain their focus while
doing the job, how to manage stress, or how to regulate their emotional
response when encountering an error. This point is the “Missing Link” in
modern management systems.

This book chapter proposes an interdisciplinary synthesis to fill this
gap. The work presents the “Cognitive PDCA” model, which combines the
systematic structure of engineering sciences with the human-centered tools
of behavioral sciences (Psychology, Neuroscience). In this model, traditional
process management; the power of focus from Mindfulness practices, the
cognitive flexibility of NLP (Neuro-Linguistic Programming) techniques,
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and the management and responsibility awareness of Professional Coaching
methodology.

In the following sections of the study, the concepts of Industry 5.0 and
Cognitive Ergonomics will first be examined on a theoretical basis; then,
specific techniques that can be integrated into work processes (Pomodoro,
Perceptual Positions, Empathetic Listening, etc.) will be detailed. Finally, the
Cognitive PDCA model, which shows how these techniques are incorporated
into each stage of the PDCA cycle (Plan-Do-Check-Act), will be presented,
and the validity of the model will be discussed with application results
obtained from global organizations such as Google, SAP, and Intel. The aim
is to provide organizations with a roadmap for production that is not only
“faster” but also “more conscious, resilient, and sustainable.”

2. CONCEPTUAL FRAMEWORK
2.1. Industry 5.0 and Human-Centricity

The “efficiency” and “automation”centered transformation created
by the Industry 4.0 revolution carried the risk of reducing the role of the
human factor at the center of the system to a passive position. Industry
5.0 fundamentally changes this approach, arguing that technology should
enhance human capabilities rather than replace humans (Breque et al., 2021).
. This new paradigm shifts the focus of production from purely technological
advancement to the pillars of human-centricity, sustainability, and resilience,
positioning the employee not as a part of the production line but as the
“decision-making and creative” center of the system (Xu et al., 2021). This
approach views employee well-being not as a byproduct of production goals,
but as a prerequisite.

From an Industry 5.0 perspective, the employee is positioned not as a
costly component or bottleneck of the production line, but as the system’s
“strategic decision-maker,” “creative problem-solver,” and “ethical monitor”
(Nahavandi, 2019). This new workforce profile, called “Operator 5.0,” works in
physical and cognitive collaboration with smart machines (Cobots). However,
this collaboration has increased the mental load and attention requirements on
the worker like never before. Managing complex data flows, taking initiative
in instant crises, and constantly monitoring human-machine interfaces cause
“cognitive fatigue” rather than physical fatigue.

The “Resilient Organization” structure demanded by Industry 5.0
encompasses not only the resilience of the supply chain or servers, but also the
“Psychological Resilience” of human resources in the face of stress, burnout,
and distraction.
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Therefore, traditional Quality Management Systems (QMS) that only
manage physical processes are insufficient to implement Industry 5.0’
“human-centered” principle. There is a need for hybrid models that can also
manage the mental state, intent, and focus capacity of humans. The “Cognitive
PDCA” approach proposed in this study responds precisely to this need; it
aims to transform the philosophical foundation of Industry 5.0 into a concrete
methodology that can be applied in the operational field.

2.2. The Backbone of Process Management: The PDCA Cycle

The PDCA (Plan-Do-Check-Act) cycle, systematized by Dr. W. Edwards
Deming and forming the basic architecture of modern quality management
systems (ISO 9001, IATF 16949, ISO 45001, etc.), is accepted as the universal
algorithm for continuous improvement (Kaizen) in organizations (Deming,
1986; ISO 9001:2015).

This methodology is based on a dynamic and iterative structure where
processes are continuously monitored, measured, and improved, rather than
a static management approach. The cycle is the most reliable management tool
used to translate an organization’s strategic goals into operational results and
prevent the recurrence of errors. The cycle consists of four basic phases:

Plan: Setting goals, designing processes, analyzing risks, and
allocating resources.

Do: Implementing the planned processes.

Check: Comparing actual data with target data, monitoring results,
and identifying deviations.

Act: Correcting deviations, eliminating root causes, and standardizing
improvements.

This systematic approach ensures the formation of organizational
memory and the sustainability of quality. It provides a logical roadmap for
preventing the recurrence of errors and raising standards. However, the
traditional PDCA approach has a deterministic and mechanical structure
by its very nature. While it provides a flawless framework for managing
and optimizing external resources (time, budget, raw materials, machine
capacity), it remains silent on managing internal resources (human attention,
motivation, perception, energy). A standard PDCA cycle tells an operator
“how to do the job” (Procedure) but does not tell them “how to manage their
mind” while doing that job. The exclusion of the stochastic (variable) nature
of the human mind is the fundamental reason why human errors persist in
modern production systems despite technological investments. Therefore,
enhancing the PDCA cycle with a “human and cognitive” layer has become a
necessity, not an option, in the era of Industry 5.0.
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2.3. Cognitive Tools: Mindfulness, Coaching, and NLP
2.3.1. Mindfulness (Conscious Awareness)

Although its origins lie in ancient Eastern philosophies and meditative
traditions, Mindfulness, which has evolved into a secular “mental training”
discipline over the past 40 years thanks to the pioneering work of Jon Kabat-
Zinn (2003), is defined as the intentional, purposeful, and non-judgmental
directing of attention to the present moment. Also described in the literature as
“a state of open and non-judgmental awareness of the momentary experience”
(Brown & Ryan, 2003), this concept has evolved from a mystical or esoteric
practice to be accepted as a cognitive regulation mechanism with proven
neuroscientific foundations.

From the perspective of business and industrial psychology, Mindfulness
is considered a strategic tool that enhances employees’ “Cognitive
Ergonomics.” In modern work environments dominated by intense data
flow and rapid decision-making processes, the “automatic pilot” mode that
employees often fall into and the resulting “operational blindness” are among
the most fundamental causes of errors. Mindfulness practices function as
an antidote to this automated and reactive mindset, aiming to optimize the
individual’s internal performance. Research has demonstrated with concrete
data that regular mindfulness practices increase employees” focus duration,
reduce stress hormones such as cortisol, develop emotional intelligence (EQ),
and reduce the risk of burnout (Hiilsheger et al., 2013).

When evaluated in terms of system and process management,
Mindfulness strongly overlaps with the concepts of “Situational Awareness”
and “Cognitive Flexibility” in the technical literature. An operator or manager
being “Mindful “ (Conscious) means gaining the ability to instantly notice the
slightest deviations in the production line or process and, in times of crisis,
being able to analyze the situation and make conscious decisions rather than
giving autonomous/impulsive responses. Therefore, Mindfulness is not only
an individual state of well-being but also a critical organizational competency
for operational excellence and error management.

2.3.2. Professional Coaching

Professional coaching is defined as partnering with individuals in a
thought-provoking and creative process to maximize their personal and
professional potential (ICF, 2021). Within the fundamental definition of
performance coaching introduced by Sir John Whitmore (2017), coaching
means revealing a person’s learning capacity and potential rather than
teaching them something. This process aims to increase the individual’s
awareness through aims to increase the individual’s awareness by asking
powerful questions, actively listening, and providing feedback.
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In the context of industrial psychology, coaching is recognized as one
of the most effective intervention methods for increasing an employee’s
perception of self-efficacy and intrinsic motivation (Grant, 2003). A leader
who adopts a coaching approach encourages the employee to generate their
own solution using Socratic questioning methods, rather than offering ready-
made solutions. Neurocognitively, this enables the employee to take ownership
of the problem and demonstrate higher cognitive engagement in the solution
process.

In the cultural transformation expected with Industry 5.0, the role
of managers is also evolving from “command-and-control” authoritarian
leadership to “holding space” facilitative leadership. “Holding space” means
creating a psychological environment where the employee feels safe to take
risks, make mistakes, and learn (Rogers, 1961). In this environment, the
employee becomes an autonomous “decision-maker” who manages their own
cognitive processes rather than obeying an external authority. Therefore,
professional coaching is one of the cornerstones of the “learning organization”
culture necessary for organizational resilience.

2.3.3. NLP (Neuro-Linguistic Programming)

Developed in the 1970s by Richard Bandler and John Grinder, Neuro-
Linguistic Programming (NLP) is an interdisciplinary modeling technology
defined as “the study of the structure of subjective experience” (Bandler &
Grinder, 1975). NLP argues that human excellence is not accidental; it is
a structure that can be coded and transferred through specific thought
patterns (Neuro), linguistic structures (Linguistic), and behavioral strategies
(Programming). In management science literature, NLP is treated as a
pragmatic epistemology that examines how individuals construct their
perception of the world and how they can restructure (re-frame) this
perception to improve performance (Tosey & Mathison, 2003).

In an industrial context, NLP offers two strategic cognitive tools
for managing the human factor in engineering processes. The first, the
“Perceptual Positions” technique, enables individuals to view events with an
objective eye, free from emotional baggage, when solving complex problems
(Bandler & Grinder, 1979). Employees often develop defense mechanisms
when confronted with mistakes; however, this technique creates a cognitive
distance (dissociation) that allows the person to view the mistake as “data in
the process” rather than as part of their “identity” (Dilts, 1998). In addition
to analytical objectivity, it also enables the person to view the mistake as part
of the process, thereby facilitating operational performance. “data in the
process” (Dilts, 1998). In addition to analytical objectivity, the “Anchoring”
technique comes into play for operational performance. This technique
enables employees to neurologically associate a specific physical or mental
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stimulus with a desired emotional state, such as “high focus,” and instantly
switch to this high-performance mode before critical tasks.

As a result, NLP, with the entirety of these “analytical” and ‘behavioral’
tools it provides, functions as a “mental operating system” that increases the
flexibility of mental models within the organization, reduces resistance to
change, and accelerates organizational learning.

2.4. Intersection Point: Process Management and Cognitive Tools
Integration

In traditional management literature, Quality Management Systems
(PDCA) and personal development disciplines (Mindfulness, Coaching,
NLP) have generally been treated as independent, even opposing fields. While
one aims to standardize “external processes” (machines, data, products), the
other aims to increase the flexibility of “internal processes” (mind, emotions,
perception). From systems theory and cybernetics point of view, however, it
is clear that they are ontologically based on the same principle: “Deviation
Detection and Correction.”

The “feedback loop” defined by Norbert Wiener (2019), the founder of
cybernetics, is the principle whereby a system detects that it has deviated
from its target state and corrects itself to achieve equilibrium (homeostasis).
In this context, PDCA and Cognitive Tools are two different layers of the same
mechanism:

External Loop (Process Awareness - PDCA): The engineering discipline
aims to detect errors or deviations from quality standards on a production
line. The PDCA cycle tracks this deviation with measurable data (KPIs) and
brings the system back on track by creating “Process Awareness” (Deming,
1986).

Internal Cycle (Mental Awareness - Mindfulness/Coaching/
NLP): Just like a process, the human mind sometimes deviates from its goal
(distraction, bias, stress). Mindfulness allows us to notice when our attention
has strayed from the “now” NLP allows us to notice when our perception
has strayed from “objectivity.” These disciplines detect mental deviation by
activating the “metacognition” ability and redirect the focus back to the task
(Langer, 1989).

The vast majority of organizational errors occur during routine
behavioral patterns characterized by low awareness, defined in the literature as
“mindlessness” (Weick & Sutcliffe, 2001). An operator mechanically applying
the PDCA cycle (reading the procedure but not understanding it) indicates
that the external cycle is working but the internal cycle is disconnected.



44 - Dilara AKINCI

In the Cognitive PDCA Model, these two disciplines come together as
follows:

Mindfulness: The mind “attention deviation.

» s

NLP: The mind’s “perception deviation,” “individual energy low,” is
noticed and corrected.

>«

Coaching: The mind’s “motivation and behavior deviation” is noticed
and corrected.

PDCA: It enables the person calibrated with these mental tools to
notice and correct the “technical process.”

As a result, if PDCA is the controller of the “system,” then Cognitive
Tools are the controller of the ‘controller’ (the human). The “Zero Defects”
and “High Efficiency” targeted by Industry 5.0 are only possible with the
simultaneous operation of these two control mechanisms.

3. STRATEGIC CONTRIBUTIONS OF COGNITIVE AND
BEHAVIORAL TOOLS TO BUSINESS PROCESSES

Mindfulness, NLP, and Professional Coaching, which are categorized
as “soft skills” in the traditional management paradigm, are redefined as
strategic “capital” that optimizes operational efficiency and human capital in
the Industry 5.0 era. Analyses in the literature show that the integrated use of
these disciplines reduces error rates, improves decision-making quality, and
supports organizational agility (Good et al., 2016; Grant, 2003). These effects
can be examined along three main axes:

3.1. Operational Excellence and Quality

However, examining deeper root causes of errors in production and
service processes, many are attributed to lapses in attention — known in the
literature as “mind wandering” — rather than technical faults. According
to research, employees’ minds are elsewhere for almost 47% of their waking
hours (Killingsworth & Gilbert, 2010). In industrial environments, this
increases the risk of “operational blindness.” Mindfulness techniques reduce
this mental deviation by focusing attention on the present. This state of focus,
which parallels Csikszentmihalyi’s (1990) “Flow Theory,” ensures the worker
becomes fully immersed in the work they are doing. Neurological studies have
shown that practicing mindfulness regularly thickens the prefrontal cortex,
which has been demonstrated to control attention in the brain (Lazar et al,,
2005). Moreover, time management tools including the Pomodoro Technique
help reduce mental fatigue by managing cognitive load. The “Anchoring”
technique of NLP serves as a trigger for the instant switch of employees into
“high-performance mode” (Tosey & Mathison, 2003). Thus, the usage of these
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techniques assists in the rapid discovery of micro-errors (defects) in quality
control processes and construction of a cognitive infrastructure to meet the
objective of “Zero Defect.”

3.2. Psychological Capital and Resilience

In a VUCA world, the stress tolerance of employees and leaders is as
important as their technical competence. “Positive Psychological Capital” as
defined by Luthans et al. (2006) (PsyCap) consists of the components of hope,
self-efficacy, resilience, and optimism. Mindfulness preserves this capital by
regulating the individual’s “amygdala response” (fight or flight) to stressful
events, while NLP techniques rationalize cognitive processes. Especially in
times of crisis, a mindful employee perceives the situation as objective data
rather than panicking. In such situations, NLP’s “Perceptual Positions”
technique plays a critical role. When faced with a problem, the employee
gains the ability to analyze the situation as an “Observer” (3rd Position). This
“emotional detachment” prevents problems from being personalized and
allows root cause analyses to be conducted more objectively and based on data.
Research shows that such cognitive interventions reduce burnout syndrome
and shorten employees’ post-crisis recovery times (Hiilsheger et al., 2013).
This serves as a critical “insurance” function for organizational sustainability.

3.3. Leadership and Communication: Culture of Responsibility and
Feedback

While the root causes of inefficiency (Muda) are revealed for industrial
processes, it is evident that communication failures and “assumption-based”
decision-making processes are as effective as technical errors. In his “Ladder
of Inference” theory Chris Argyris (1990) posited that people tend to act on
information derived from “selected data” that’s been filtered through their
own beliefs or past experiences, rather than objective data. All this provides
a foundation for confusion, misunderstandings, unnecessary conflicts, and
misguided decisions inside its personnel. This is where the Professional
Coaching approach is required to serve as a corrective communication
mechanism. Traditionally, the “Command-Control” method of management
is to tell the employees what to do (instructions) and the “Coach-like
Leadership” method, as required by Industry 5.0, is to transfer responsibility
on generating a solution to the employee which is done through the use of
strong questions (Socratic questioning) (Whitmore, 2017). This mindset
switch initiates a neurocognitive shift: whereas the manager’s judgmental
question, “Why did you make a mistake?” ignites defense systems (amygdala
response) and fear in the individual, the question asks for something about
growth: “What do you need to resolve this issue?” and “What could we have
done differently while doing this?” turns on the employee’s prefrontal cortex,
enhancing analytical thinking capabilities. This coaching-oriented format
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of a dialogue eliminates the problems of personal assumptions and places
them on a concrete and realistic basis. This helps the organization move
from a “reactive” and fear-based culture, where issues are buried deep, to a
“proactive” and solution-oriented culture, where errors are seen as learning
opportunities and accountability is high.

Another critical element for the sustainability of process improvement
is the development of Empathetic Listening techniques. The concept of
“Psychological Safety”, introduced to theliterature by Amy Edmondson (1999),
is the most distinctive feature of high-performing teams. In environments
where managers demonstrate empathetic listening skills, employees report
their mistakes (transparency) rather than hiding them, knowing they will
not be judged, and share their innovative ideas fearlessly. This theoretical
foundation is also supported by global applications; data from Google’s
“Search Inside Yourself” program confirms that collaboration, empathy, and
performance scores increase at a statistically significant level in teams led by
managers who have received coaching and mindful leadership training (Tan,
2012; Whitmore, 2017).

4. METHODOLOGY:SPECIFICTECHNIQUESTOBEINTEGRATED
INTO PROCESSES

Methodologically, this section classifies techniques from the disciplines
of Mindfulness, NLP, and Professional Coaching to address the cognitive
needs of each stage of the PDCA cycle and details the application protocols.

4.1. Plan: Cognitive Calibration and Mental Preparation

While the classic planning stage involves determining resources and
goals, in Cognitive PDCA, this stage is the process of focusing the mind on
the goal and clarifying the intention.

SMART Goals: Goals are defined as Specific, Measurable, Achievable,
Relevant, and Time-bound. This reduces cognitive uncertainty and supports
the brain’s executive functions (Doran, 1981).

Intention Setting: Declaring “what attitude” one will work with
before starting the task. It sets the Reticular Activating System (RAS) to filter
toward the goal (Shapiro, 2009).

Mindful Check-in (Cognitive Input): At the beginning of meetings,
each participant briefly shares their current mental state (e.g., “My energy is
low,” “T am focused”). This routine allows the team to perform a “situational
awareness” analysis of the current state on a human level before planning
(Tan, 2012).

Miracle Question: Adapted from solution-focused therapy, this
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technique involves asking the question: “If this project miraculously achieved
perfect results, what would the process look like?” Tt frees the mind from
constraints during the planning phase and focuses on the ideal outcome (de
Shazer, 1988).

4.2. Do: Focus Management, Flow, and Emotion Regulation

In this stage, where the plan is executed, the basic cognitive needs are
maintaining attention, managing stress, and preserving the state of “Flow.”

Pomodoro Technique: Divides work into 25-minute blocks of focus
and 5-minute breaks to prevent cognitive fatigue. It optimizes sustained
attention by aligning with ultradian rhythms (Cirillo, 2006).

Anchoring: This technique, belonging to the discipline of NLP, is
the process of neurologically associating a specific physical movement (e.g.,
taking a deep breath and touching the table or squeezing the thumb) with
a desired mental state such as “high focus” or “high energy.” This method is
based on the principle of conditioning. When starting critical tasks or feeling
low energy, repeating this pre-coded specific movement (kinesthetic anchor)
instantly puts the mind into “performance mode” and reactivates the needed
emotional state (Tosey & Mathison, 2003).

S.T.O.P. Technique: A short-term but highly effective cognitive
intervention tool used in moments of crisis, under intense stress, or
immediately before giving an impulsive response (Stahl & Goldstein, 2010).
This technique pauses the brain’s “fight or flight” (amygdala) response,
allowing time for the prefrontal cortex, responsible for rational thinking, to
re-engage. The application consists of four steps:

o S (Stop): Disengage the “autopilot” by physically and mentally
stopping the current action.

o T (Take a Breath): Shift focus to physiology by taking a deep,
conscious breath, activating the parasympathetic nervous system to calm the
body.

o (Observe): Scan the current feelings, thoughts, and bodily sensations
without judgment (e.g., “I am angry right now, and my jaw is clenched”).

o P (Proceed): Reassess the situation and continue with the most
appropriate and conscious action (proactive) course of action.

Mindful Walking: A technique practiced during breaks, where
attention is directed toward physical movement. By combining physical
movement with mental calmness, it reduces cognitive fatigue that occurs in
the afternoon.
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4.3. Check: Non-judgmental Observation and Objective Analysis

The greatest risk at this stage, where results are monitored, is that cognitive
biases and defense mechanisms distort the data.

NLP Perceptual Positions: This technique, which provides mental
flexibility in solving complex problems and in communication, involves
perceiving an experience from three different perspectives: 1st Position (from
one’s own point of view), 2nd Position (from the other person’s point of view/
Empathy), and 3rd Position (As an external observer). In industrial error
analysis, the 3rd Position (Observer) is of strategic importance. When faced
with a discrepancy, employees often fall into a guilt or defense psychology (1st
Position). This technique allows the person to mentally distance themselves
from the event (Dissociation) and analyze the situation impartially, data-
driven, and emotionlessly, as if watching it through a security camera. Thus,
the focus shifts from the judgment “The fault is mine” to the question “Where
is the systematic deviation in the process?” (Bandler & Grinder, 1979).

Reframing: This technique changes the meaning of negative data by
placing it in a different context. For example, labeling an inadequacy not as
“failure” but as “valuable data that will improve the system.” This preserves
the motivation to solve problems (Watzlawick et al., 2015).

Cognitive Behavioral Coaching (CBC): During the control
phase, it aims to identify the “cognitive distortions” (e.g., catastrophizing,
overgeneralization) that the person makes while evaluating their performance
and replace them with rational thoughts (Neenan & Palmer, 2001).

4.4. Take Action (ACT): Transformation, Feedback, and Development

In this stage, where the cycle is closed, the goal is not only to correct the
process but also to develop the employee and prepare them for the next cycle.

GROW Model: Developed by Sir John Whitmore (2017) as the
fundamental framework for performance coaching, this model is a strategic
roadmap that managers can use in the “Take Action” stage of the PDCA
cycle. In traditional management, when an error occurs, the manager gives
instructions (Fixing), whereas in the GROW model, the manager uses a four-
stage questioning process to help the employee find their own solution:

0 G (Goal): “What was the ideal outcome we wanted to achieve in this
process?”

o R (Reality): “Where are we now, and what data do we have about the
root cause of the deviation?”

o (Options): “What alternatives do you have to correct this situation
and prevent it from happening again?”



Industrial Engineering and Strategic Sustainability: - 49

o W (Will): “Which option will you implement, when, and with what
resources?”

This approach transforms Corrective Action (CA) processes from
“blaming sessions” into a learning process that develops the employee’s sense
of accountability and problem-solving skills.

Empathetic (Deep) Listening: Unlike the habit of “listening to
respond” (autobiographical listening) common in traditional communication,
this technique is based on the principle of “listening to understand.” In the
process detailed by Stephen Covey (1989), the manager focuses not only on the
words, but also on the tone of voice, body language, and unspoken emotions,
without filtering the employee’s words through their own experiences.
Especially in error reporting and feedback sessions, the manager’s non-
judgmental, “mirroring” attitude builds an atmosphere of “Psychological
Safety” within the organization. When employees feel understood, they lower
their defenses and transparently share the real root cause of the problem
(whether human or systemic).

5. MODEL PROPOSAL: COGNITIVE PDCA CYCLE

The “Cognitive PDCA” model developed within the scope of this studyis a
hybrid framework that integrates the mechanical and deterministic structure
of traditional Quality Management Systems (QMS) with the psychological and
cognitive dynamics of Human Resource Management (HRM). The model’s
fundamental assumption is as follows: “Process quality cannot be considered
independently of the quality of the mind managing that process.”

The operational success of the Cognitive PDCA model depends on
the integration of abstract development concepts into the natural stages
(phases) of the workflow. While the traditional PDCA cycle focuses on the
optimization of external resources (time, raw materials, machinery); Cognitive
PDCA incorporates the optimization of internal resources (attention, energy,
perception, intention, awareness) into the process. The position and function
of the specific techniques detailed in the previous section (Methodology)
within the cyclical system are summarized in Table 1.
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Table 1. Traditional PDCA and Cognitive PDCA Integration Matrix

Cycle Iraditional Cognitive PDCA Integr.aFed Targeted Output
Phase PDCA Focus Focus (Human/Mind) Cognitive (Output)
(System) Techniques
Goals, Cognitive Calibration: SMART Ggals, Aligned, Clear,
. : Intent Setting, .
1. Plan | Resources, Risk Intent, Alignment, . . and Proactive
. . Mindful Check-in, .
Analysis Mental Preparation . . Mind
Miracle Question
Production, F;E;faaréfngﬁw Pomodoro, (Fll_f)l‘%})l I;;C;S
2.Do Operations, . 8 j Chopping, S.T.O.P, ’ gy
Data Entr Attention, Energy, Walking Meditation Balance, and
Y Emotion Regulation 8 Low Error
NLP Perceptual
KPI Objective Analysis: Positions (3rd Root Cause
. Monitoring, Perceptual Flexibility, Position), Analysis Free
Check Auditing, Non-Judgmental Reframing, of Emotional
Testing Observation Cognitive Coaching Baggage
(CBC)
Transformation Learnin
Corrective and Development: GROW Model, ning
4. Take . . ; Organization,
. Action (CA), Psychological Empathetic .
Action L - o Trust, and High
Standardization Safety, Learning, Listening Motivati
A otivation
Responsibility

5.1. Plan: Cognitive Calibration

In the classic cycle, planning is determining “what to do.” In Cognitive
PDCA, this is supplemented by determining “with what mindset to do it.”
Neuroscience research shows that the brain’s Reticular Activating System
(RAS) filters environmental data according to pre-determined intentions
(Shapiro, 2009).

Integration: Starting with “Mindful Check-in” at operational
planning meetings or shift starts “Mindful Check-in” to ensure the team’s
awareness of the current situation. Team members calibrate not only their
task lists but also their mental state for the day. “Intent Setting” locks the mind
onto the goal, while “SMART Goals” reduce uncertainty stress, transforming
intent into a clear objective. In visionary planning, the “Miracle Question” is
used to free the mind from limiting beliefs and focus on the ideal outcome.

5.2. Do: Focus And Flow Management

The execution phase of the plan is the stage in the Industry 5.0 environment
where distractions and where cognitive fatigue increases. Cognitive PDCA
aims to protect employees from being overwhelmed by “Cognitive Load” at
this stage.

Integration: Work processes are structured according to the
“Pomodoro Technique” principle to continuously optimize attention. In times
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of stress or crisis, operators balance their autonomic nervous systems using the
“S.T.O.P. Technique”; when energy is low or before critical tasks, they instantly
switch to high-performance mode using the “Chopping” technique. Break
times are utilized with “Walking Meditation” to ensure mental refreshment.

5.3. Check: Non-Judgmental Analysis

In traditional systems, this stage is often overshadowed by the fear of
“finding the guilty party” or “asking for accountability.” Cognitive PDCA
transforms the control stage into an “Learning Laboratory” free from
emotional burden.

Integration: In error analysis, the “NLP Perceptual Positions”
technique aims to allow the participants to observe the event from the 3rd
Position (Camera/Observer). This “emotional detachment” disables defense
mechanisms and makes it easier to access objective data. Misperceptions are
rationalized with “Cognitive Behavioral Coaching” (CBC), and negative data
is coded as a development opportunity with ‘Reframing’. In error analysis
meetings, the language changes from being personalized (“You made a
mistake”) to process-oriented (“There is a deviation in the process”).

5.4. Take Action: Transformative Feedback

The final stage of the cycle is an opportunity to improve not only the
technical process but also human resources. Cognitive PDCA designs
this stage as a phase where corporate memory and psychological trust are
strengthened.

Integration: The “GROW Coaching Model” is used when determining
corrective actions (CA); thus, instead of imposing solutions, the manager
creates space for the employee to find their own solution by asking the right
questions. The “Empathetic Listening” practiced throughout this process and
during feedback meetings prevents the employee from becoming defensive,
creating a psychological environment of trust where the true root cause of the
problem can be discussed transparently.

6. CORPORATE APPLICATION EXAMPLES AND FINDINGS

Some components of the proposed model are being implemented
by leading technology and manufacturing companies worldwide under
the headings of “Well-being” and “Performance Management,” yielding
measurable results.

6.1. SAP: Global Mindfulness Practice

Software giant SAP has launched the “Global Mindfulness Practice”
program within the company as a strategic initiative.
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Implementation: Employees received training in focus and emotional
intelligence, and “Check-in” (Intention) routines were added to the start of
meetings.

Result: According to SAP’s integrated reports, the “Employee
Engagement Index” increased by 6.5% and the “Leadership Trust Index”
increased by 9.2% after the program. The company has calculated that every
1% increase in employee engagement has a positive impact of 50-60 million
euros on operational profit (SAP Integrated Report, 2018).

6.2. Google: “Search Inside Yourself” (SIY)

Developed by Google engineers, this program integrates mindfulness
and emotional intelligence into engineering processes.

Implementation: Engineers received training in “Empathetic
Listening” and “Cognitive Resilience.”

Result: Teams that completed the program reported increased
psychological safety scores, significant improvements in leadership skills
and collaboration competencies, increased innovative idea generation, and
reduced stress-related absenteeism (Tan, 2012).

6.3. Intel: “Awake@Intel” and Coaching Culture

Technology giant Intel launched the “Awake@Intel” program to reduce
the risk of burnout among engineers working in R&D processes that require
intense mental effort and to increase meeting efficiency and creativity.

Implementation: As part of the program, “Mindful” protocols
were integrated into the meeting culture. Participants are required
to listen to each other without interrupting or judging (Empathetic
Listening). Furthermore, during technical discussions and disagreements,
engineers are encouraged to view the situation as a data set from an
“outside” perspective (NLP 3rd Position/Remaining Observant) without
personalizing it.

Result: According to program data, participants reported a significant
decrease in stress levels, shorter meeting times, and measurable increases in
innovative idea generation and collaboration, along with an increase in the
“Psychological Safety” environment (Gelles, 2015).

6.4. Aetna: Stress Management and Cost Reduction

Health insurance company Aetna has integrated mindfulness-based
stress reduction programs into its processes.

Result: Along with a decrease in stress levels, approximately $2,000
in annual healthcare savings per employee was achieved, and a weekly gain of
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62 minutes per person in productivity (worth approximately $3,000 annually)
was obtained (Wolever et al., 2012).

7. RISKS AND LIMITATIONS IN APPLICATION

Although the theoretical foundation of the cognitive PDCA model is
strong, integrating this model into traditional engineering and manufacturing
environmentsfacesvariousmanagerialand culturalbarriers. Casestudiesinthe
literature show that approximately 70% of “people-centered” transformation
projects fail due to cultural resistance rather than technological inadequacy
(Kotter, 1995). In this context, there are four key risk areas that practitioners
should consider.

7.1. Cultural Resistance and the “Hard” Engineering Paradigm

Production and engineering disciplines are, by nature, deterministic,
measurable, and based on hard data. In contrast, Mindfulness, Coaching, and NLP
are perceived as subjective, internal, and qualitative (soft skills) areas. This situation
creates a risk of “Tissue Incompatibility” within the organization. Engineers and
operators, who tend to have an analytical mindset, are particularly inclined to
label such practices as “non-work-related,” “spiritual,” or “a waste of time.” When
managers present these techniques not as a performance enhancement tool but
merely as a “feel-good” activity, it undermines the seriousness of the application.
To overcome this resistance, it is essential to present the neuroscientific basis of
these techniques (e.g., the correlation between cortisol levels and error rates) with

scientific data (Hyland, 2009).
7.2. Measurement Challenges and KPI Integration

The fundamental principle of ISO management systems is “You can’t
manage what you can’t measure.” In the ‘Check’ phase of the PDCA cycle,
while it is easy to measure a machine’s temperature or production quantity,
measuring an employee’s “clarity of intent” or “level of cognitive awareness”
involves methodological challenges.

The most common mistake organizations make is trying to measure
cognitive transformation with traditional KPIs (Key Performance Indicators).
However, measuring cognitive processes requires self-report surveys and
psychometric tests, which carry the risk of subjectivity (Van Dam et al., 2018).
For the cognitive PDCA model to be successful, new-generation metrics such
as “Psychological Safety Score” or “Cognitive Load Index” must be added
alongside hard metrics such as “Cost Per Error.”

7.3. Conceptual Misconceptions and the Risk of “McMindfulness”

One of the biggest risks in practice is what Ronald Purser (2019) refers to
in the literature as “McMindfulness”. This concept criticizes the marketing of
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mindfulness and coaching techniques as a “fast-moving consumer product”
that is detached from its ethical and human context, solely to suppress
employee stress, make them work harder, and preserve the corporate status
quo.

If the Cognitive PDCA model is used to make employees “more quietly
tolerate” poor working conditions rather than to correct poorly designed
work processes or toxic management culture, it becomes “Cognitive
Instrumentalization.” This leads to cynicism and loss of organizational trust
among employees in the long term. The model’s purpose is not to “numb” the
employee but to “awaken” them and improve the process.

7.4. Sustainability and Implementation Fatigue

Organizations are already saturated with ISO procedures, OHS
instructions, and Lean production requirements. Adding “Cognitive
Routines” (intentionality, S.T.O.P.,, etc.) to this can create “Implementation
Fatigue” (Implementation Fatigue). If these techniques are designed as an
“extraburden” on top of the work rather than as a natural part of the workflow,
they are doomed to be abandoned over time. Successful integration is possible
by adopting these techniques not as a separate ‘task’ but as a natural “attitude”
of the Way of Working.

8. FUTURE PERSPECTIVES: INDUSTRY 5.0 AND THE DIGITAL
EVOLUTION OF COGNITIVE PDCA

In the wake of the Industry 5.0 paradigm, not only is production intended
as “smart” but it wants to be made “sensible” and “human-centric.” In this
regard, the Cognitive PDCA (Cognitive PDCA) model presented in this study
will shift from being a static management tool in the future cybernetic systems
to a dynamic “Human-Machine Operating System,” powered by artificial
intelligence and biometric data. Future directions indicate Cognitive PDCA’s
digitization along three principal technological axes: Wearable Technologies
(IoB), Affective Computing, and Human Digital Twins.

8.1. Internet of Bodies (IoB) and Biometric PDCA

In Industry 4.0, sensors (IoT) that monitor the health of machines are
transforming into “Internet of Bodies” (IoB) technologies that monitor the
cognitive and physiological health of humans in Industry 5.0. In the future
Cognitive PDCA cycle, the “Check” phase will rely on real-time biometric
data rather than manual observation.

Heart Rate Variability (HRV), skin conductance (GSR), and brain waves
will be continuously monitored. When the system detects that the employee’s
stress level has exceeded the “optimal arousal” threshold (Check), it will
automatically trigger a “micro break” suggestion or breathing exercise (Act).
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This will transform mindfulness practices from a personal preference into an
“Algorithmic Cognitive Protection” system (Hancock et al., 2013).

8.2. Affective Computing and Empathetic Artificial Intelligence
(Cobot 5.0)

Rosalind Picard’s (1997) contribution to the literature, “Affective
Computing,” is the ability of machines to recognize human emotions and
respond appropriately. In the “Do” phase of cognitive PDCA, robots (Cobots)
that collaborate with operators will consider not only physical safety but also
“Cognitive Ergonomics.”

In future production lines, when artificial intelligence algorithms detect
“cognitive fatigue” or “distraction” from the operator’s facial expressions or
micro-changes in work speed, they will automatically slow down production
or ask the operator a coaching-style question: “I detected a drop in your
attention level. Would you like to take a 3-minute S.T.O.P. break?”. This will
create a symbiosis where technology is not forcing the human, but rather
“attuned” to the human’s current capacity (Longo et al., 2020).

8.3. Human Digital Twin and Predictive Coaching

Digital Twin technology enables simulation by creating virtual copies
of physical assets. In Industry 5.0, this concept is expanding as the “Human
Digital Twin” (HDT). In the “Plan” phase of cognitive PDCA, managers will be
able to simulate the potential effects of a new shift plan or production target on
employees’ stress levels and cognitive load on the HDT before implementing it.

This technology will enable a transition from reactive coaching to
“Predictive Coaching® model. Based on historical data, the system will
predict that "Operator X may be at risk of burnout within 2 hours with their
current workload” and suggest a proactive intervention (e.g., task rotation or
motivational interview) to the manager. This will transform the PDCA cycle
into a preventive system that takes mental precautions before errors occur
(Bilberg & Malik, 2019).

8.4. Society 5.0 and Sustainable Organizations

In conclusion, the integration of the Cognitive PDCA model with
technology aims not only at efficiency within factory walls but also at
social welfare in line with Japan’s “Society 5.0” (Society 5.0). Individuals
whose mental health is protected at work, whose potential is supported by
coaching-style leadership, and whose emotional balance is maintained
through mindfulness will also be healthier parents and citizens in society. The
industrial engineering of the future is responsible for designing this holistic
structure, which merges “Process Optimization” “Human Development” into
a single algorithm.
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9. CONCLUSION AND RECOMMENDATIONS

We are moving beyond the age when the technology surge of Industry 4.0
sometimes trumped the humans to the Industry 5.0 era, in which technology
enhances human well-being, sustainability, and social benefit. This paradigm
shift requires the transformation of organizational management models from
a “mechanical and deterministic” organization to a “biological and cognitive”
one. The “Cognitive PDCA” model, whose theoretical framework is outlined
and application methodology detailed in this book chapter, serves as a
practical road map for this conversion.

The main finding of the study is this: While traditional Quality
Management Systems (ISO 9001, etc.) are very important for standardization
of outside processes (machinery, raw materials), the disciplines of Mindfulness,
NLP, and Professional Coaching are just as necessary for the “calibration”
of the human mind that is handling these processes. The Cognitive PDCA
model proposes a holistic management approach by matching each stage of
the classic cycle with a specific neurocognitive need. The integration of mental
alignment in the planning stage, management of focus in the implementation
stage, emotion-free analysis in the control stage, and feedback orientation
toward development in the corrective action stage means the management
of the “human variability” that limits operational excellence is controllable.
Implementing this hybrid model provides organizations with three critical
advantages:

Synthesis of Efficiency and Well-Being: Cognitive tools increase
operational efficiency by preventing “mental waste” (loss of focus, stress) while
simultaneously reducing the risk of employee burnout. Efficiency and human
happiness are not mutually exclusive goals; they are mutually reinforcing.

Leadership 5.0 Profile: Future managers must go beyond being
“chief engineers” who oversee technical processes; they must become “Coach
Leaders” who manage their teams’ psychological capital, practice empathetic
listening, and unlock potential.

Cultural Transformation: A “Learning Culture” replaces a culture of
blame, and a “Psychological Safety Climate” replaces a climate of fear.

Recommendations for Practitioners and Researchers:

Organizational Integration: Businesses should add Cognitive PDCA
model protocols alongside OHS (Occupational Health and Safety) procedures;
routine morning meetings and shift changes should be transformed into
routines where not only the work but also “the goal, intention, and individual
energy level” are discussed.
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Curricula: Engineering faculties should include courses such as
“Cognitive Ergonomics,” “Emotional Intelligence,” “Mindfulness,” and
“Coaching” in addition to technical courses.

Technological Symbiosis: Future work should focus on how
this model can be automated with Wearable Technologies and Artificial
Intelligence (Affective Computing).

As a whole, Resilient and Sustainable organization is not only possible
when you back up the supply chain or servers, but also you can develop the
mental flexibility of the human resources. The engineering of the future calls
for a holistic wisdom that embeds meaning, the mind and human values as
deeply as it defines matter.
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1. INTRODUCTION

Sustainability is one of the top three concepts of the twenty-first century.
It is multidimensional, encompassing social and economic dimensions, and
defies classical industrial paradigms. Industries have always been committed
to enhancing efficiency, productivity and system design, and industrial
engineering is being challenged to mainstream sustainability as one of their
core principles. Such an integration is not only operationally inevitable,
but it is also an ethical imperative in view of climate change, rising social
inequalities and economic turmoil (WCED, 1987). The direction of the world’s
development, toward sustainability, was first described in the Brundtland
Report, ‘Our Common Future’ (World Commission on Environment and
Development [WCED], 1987). The report described sustainable development
as ‘development that meets the needs of the present without compromising
the ability of future generations to meet their own needs. This definition led
to multidisciplinary rethinking of the way in which industries, governments
and societies organise production and service systems. In this regard,
industrial engineering is uniquely positioned to integrate technical knowledge
into a systemic framework and to propose methods for the application of
sustainability targets in different industry domains. The urgency of this
integration has been underscored by international instruments such as the
United Nations Sustainable Development Goals (SDGs) and the Paris Climate
Agreement, as well as regional frameworks including the European Green
Deal. These initiatives drive decarbonisation, responsible production and
social equity — areas in which industrial engineering can help us, by employing
analytical, optimisation and decision support methodologies. Hence, to make
sustainability part of industrial engineering is not only to make small-scale
minor adjustments but is a necessary approach for a new way to responsible
innovation and system-wide change (Garetti & Taisch, 2011). The theoretical
conceptions of sustainability can be found in three pivotal theories which
pervade both the scholarly and the practical discussions.

1. The Brundtland: This approach grounds sustainability in
intergenerational justice and ecological limits.

2. The Triple Bottom Line (TBL): Elkington’s (1998) TBL introduces an
alternative view to the triple bottom line (TBL), which expands the measure of
performance by adding into the evaluation of environmental and social factors
focusing heavily on ‘people, planet and profit.

3. The Framework for Strategic Sustainable Development (FSSD): Work
for this purpose comes from Robert et al. (2002), this systems-based model
considers sustainability in the broader scope of natural and social sustainability
principles, and offers an organized approach to informed decision making.
Collectively, these frameworks have moved industrial engineering away from
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simply measuring efficiency and towards measuring environmental impact,
social value, and long-run resiliency.

2. INDUSTRIAL ENGINEERING AND SUSTAINABILITY: A
NATURAL CONVERGENCE

For the long time, industrial engineering (IE) refers to management of
people, materials, information, equipment, and processes, and systems such
as buildings, bridges, power plants, and energy networks where products are
made, used, and maintained (International Federation of Operational Research
Societies [IFORS], 2020). Its focus on optimisation, resource management and
human-system integration is closely related with sustainable goals.

Key convergence areas include:

Process optimisation and resource efficiency: The IE technologies are the
Lean Manufacturing, Six Sigma and operations research, all of which have
been modified towards zero waste, to low emission and energy saving (Garza-
Reyes, 2015; Shahmaleki & Figlali, 2021).

Life Cycle Assessment (LCA): Industrial designers leverage LCA practices
in industrial industry to assess the long term ecological footprint of products
in terms of their lifecycle and contribute to sustainable product and process
design (Hauschild et al., 2018).

« Human factor and social sustainability: Fundamental dimensions of
IE like ergonomics and human centred design have direct implications for
workplace safety, equity and welfare (Karwowski et al., 2021).

« Systems thinking & decision support: Industrial engineering supplies
mathematical modelling, simulation and optimisation processes that allow
business decision makers to weigh sustainability trade-offs adequately.

In conjunction with these fields of knowledge, they show that sustainability
should be seen not as an off-the-shelf add-on, but a natural next step from the
wide-ranging systemic and interdisciplinary concept of industrial engineering.

There is a growing literature that requires a shift from pure theoretical
principles (A) to practice (B) to advance to a sustainable industrial engineering.
For instance, Garetti and Taisch (2011) promote a ‘new era of ‘sustainable
manufacturing, in which productivity and sustainability converge. Chardine-
Baumann and Botta-Genoulaz (2014) also proposed a system of integrated
performance measurement of TBL in the industrial context, an integrated
comprehensive performance measurement in the industrial place with all three
core elements of TBL - total performance measure as operational activities
(total performance measurement) process, a TBL indicator and an integrated
TBL in operational operations. This kind of integration could be more clearly
manifested in practical example. Example: With Toyotas Lean and Green
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Manufacturing: demonstrates how Lean principles can be integrated with green
practices to reduce costs and emissions by implementing new methods through
lean manufacturing. IKEA has the Circular Economy Strategy: it integrates
reverse logistics, renewable energy sourcing and products that will be reused;
it connects supply chains via supply chain engineering and sustainability: here
is a classic production case of industrial symbiosis — waste from one factory
becoming the fuel of an extension process in another. A perfect case of things
like systems-level optimisation (Chertow 2007) is a perfect example. These
cases highlight this transformation of design innovation as a transformative
approach in building more sustainable industrial engineering in terms of
sustainability, making a design guideline rather than a limiting factor. The
21st century challenges on behalf of the industrial engineer — and that of
course is unprecedented — are in our culture; climate change, fragile supply
chains, digital disruption and new working relations; they are in our culture.
Meanwhile, technological development such as artificial intelligence, digital
twins and blockchain technology gives the opportunity for incorporating
sustainability in the industrial systems in many directions (Bai et al., 2023).
Industry 4.0 technologies, for example, can monitor the process to analyze
and optimise energy usage, implement predictive maintenance and provide
immediate linkages to supply chain visibility. More generally, the human aspect
of Sustainable production systems in Industry 5.0 vision suggests the need to
connect industrial engineering with the moral and ecological components
(Breque et al., 2021). Industrial engineering is positioned as a potential lever
of sustainability from the above theoretical perspective. The former calls for
methodological reforms — not to mention education and institutional reforms.
In industrial engineering programmes: More recently, sustainability modules
have been introduced to curricula which gives future engineers different
interdisciplinarity on views of issues. Professional societies are also pushing
for sustainability certifications and ongoing education in green engineering.
Consequently, the integration of sustainability into the industry is a practical
guide not simply academic in nature. It means that we must redefine efficiency
as reductions in costs but also value to society, to the environment and to
future generations.

3. ENVIRONMENTAL SUSTAINABILITY AND INDUSTRIAL
ENGINEERING

Environmental sustainability has become a priority for industrial sectors
internationally, and there is mounting evidence that climate change, loss
of biodiversity and depletion of resources are significant issues. Industrial
engineering (IE), an area where conventional optimization processes, design
of the process and integration of systems are the focal points, may be opened
up in this scenario to reduce ecological footprints while still being competitive.
When industrial engineering embeds environmental consideration there is an
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overall change in the paradigms of production and service systems design,
operation, evaluation and enhancement (Garza-Reyes, 2015), not simply a
response to external factors. IE aligns itself with environmental sustainability
due to its ability to provide systematic, data-driven and efficiency-oriented
solutions. From maximising energy efficiency in factories to structuring
logistics and supply chains in a sustainable manner, industrial engineers create
frameworks that decrease waste, protect resources, and enhance closed-loop
systems. This section introduces industrial engineering through a detailed
theoretical and applied understanding and framework, along with how we
can implement the concepts and tools in case studies, and then illustrates how
environmental sustainability can be integrated into industrial engineering
techniques. Environmental sustainability is supported by eco-efficiency, which
is defined as providing goods and services at competitive prices that meet
human needs while progressively reducing ecological impact and resource
intensity (Schaltegger & Sturm, 1992). Eco-efficiency is a nexus where
competitive business meets environmental responsibility, where IE becomes
an enabler.

Integration of environmental sustainability into IE is framed by three
theoretical approaches.

1. Life Cycle Thinking: Products and processes must be evaluated across
their entire life cycle, from the extraction of raw materials to their disposal at
the end of their life (Hauschild et al., 2018).

2. Industrial ecology: This approach views industrial systems as part of a
larger ecosystem and advocates resource loops, by-product reuse and symbiotic
relationships (Graedel & Allenby, 2010).

3. Circular Economy (CE): Promotes closed-loop design, reuse,
remanufacturing and recycling to decouple economic growth from resource
use (Geissdoerfer et al., 2017). Together, these frameworks provide the
intellectual foundation for IE practices that pursue operational excellence and
long-term ecological balance.

3.1. Applications of Environmental Sustainability in Industrial
Engineering

Environmental sustainability in industrial engineering is a driving force
behind energy efficiency, waste and resource efficiency through operational
processes. Efficiency and processes are planned with least power use and
maximum output; optimisation and lean and green manufacturing model,
on the other hand, seek that environmental harm is lessened through the
reduction of waste. Sustainable supply chain and logistics systems, meanwhile,
are trying to decrease the carbon footprint of material flows and promote
better procurement practices. Life cycle assessment (LCA) and environmental
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sustainability are applied to guide design and production plans, considering
the effects at each stage of a process in their entire life cycle - the purchase
of materials and their use and the management of their waste. In addition,
the existence of an EMS offers an extensive tool to assist organizations to
constantly monitor and enhance their eco performance on an ongoing basis
at scale. The combination of these activities also facilitates strategic and
comprehensive sustainability goals that can be adopted holistically for an
industrial engineering industry. Energy consumption constitutes one of the
main causes of environmental degradation, as over 30% of global energy
consumption is from industries (International Energy Agency [IEA], 2022).
Industrial engineers use a number of different techniques including process
simulation, value stream mapping and mathematical optimisation to identify
inefficiencies and redesign processes. For instance, cost saving and carbon
emissions reducing can be found in adopting renewable energy sources within
production facilities or optimising heating, ventilation and air conditioning
(HVAC) systems. When used in production systems to eliminate waste, Lean
principles of manufacturing have also been applied to environmental objectives.
We combine Lean and Green approaches in an effort to eliminate things that
create less value, and also are associated with carbon emissions (e.g., excessive
energy consumption, unnecessary transportation, materials) (Diies et al.,
2013). Industrial engineers define measures that combine ecological metrics
and lean measures and balance the two. Sustainable logistics focuses on low
greenhouse gas (GHG) emissions from transportation, maximising inventory
management, and designing reverse logistics. Industrial engineers use
network optimisation models and carbon footprint analysis as well as multi-
objective decision-making to reach a balance of economic and environmental
objectives. Sustainable logistics strategy include, among others, modal rail
shifting, consignments consolidation and routing algorithms that optimise fuel
consumption (Sbihi & Eglese, 2010). Life Cycle Assessment (LCA) is popular
means of assessing the environment of any product and process over their
lifetime. Within the industrial sector, LCA is used in product development
process, supply chain analysis and policy evaluation, assisting a decision
maker to measure trade-offs between cost, performance and sustainability
(Hauschild et al., 2018). As one example, the replacement of raw materials with
recycled feedstocks can be assessed with LCA to assess if the environmental
benefits outweigh the economic costs. EMS frameworks (e.g., ISO 14001)
offer structured approach to embedding sustainability in corporate activities.
Industrial engineers help develop, implement and continuously refine the EMS
frameworks through the establishment of performance indicators, assessment
of compliance and integration of environmental objectives with functional
strategies at work (Heras-Saizarbitoria & Boiral, 2013).
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3.2. Case studies

The case studies cited in this section depict the impact of industrial
engineering applications on environmental sustainability in diverse fields.
In fact, Toyota has combined Lean tools with environmental stewardship
to minimize water consumption, waste production, and energy intensity in
production plants across the globe. Toyota utilizes environmental metrics
and performance indicators in its production system to illustrate its ability
to leverage IE principles for synergy for cost reduction and environmental
sustainability (Kainuma & Tawara, 2006). Now IKEA Supply Chain has
undergone a complete rewrite of its supply chain to integrate circular economy
ideas, such as taking back furniture and having it sourced from renewable
sources, and also using reverse logistics for recycling. IKEA Industrial
engineers develop network models which manage their networks to maximise
cost efficiency and material recirculation to demonstrate how sustainability
initiatives have the potential to transform global supply chains (Geissdoerfer et
al,, 2017). The Kalundborg Eco-Industrial Park in Denmark is a good instance
of ‘industrial ecology’ in action. Waste heat, steam and by-products produced
via power stations and manufacturing sites are traded between firms to cut
emissions and resource use. This model emphasises how industrial engineers
can promote symbiotic systems to emulate natural ecosystems (Chertow,
2007). Siemens leverages digital twin technology to track and optimise energy
consumption at facilities. Siemens’ adoption of real-time data and predictive
analysis enabled it to decrease energy bills and carbon emissions, showing
the way in which Industry 4.0 practices could help to enhance environmental
sustainability (Uhlemann et al., 2017).

3.3. Emerging Trends

The trends in industrial engineering have developed due to digital and
technological changes towards sustainability objectives. Industry 4.0 and
digitalisation can achieve energy, maintenance and resource optimisation
through digitalisation, smart sensors, real-time data analytics and cyber-
physical systems on the production units. Real-time monitoring of
environmental performance indicators, predictive maintenance, and process
optimisation from Internet of Things (IoT) sensors to big data analysis and Al
provides real-time information. These technologies are employed by industrial
engineers to develop adaptive and resource-efficient systems (Bai et al., 2023).
Additive manufacturing advantages such as less material waste, shorter supply
times, and personalisation are well regarded. It helps lessen environmental
burden and plays a role in the development of flexible production systems.
The advantage of 3D printing makes local production and minimises material
loss compared to traditional subtractive processes. Industrial engineers design
manufacturing processes to leverage additive manufacturing’s sustainability
potential, for example through the development of lightweight components



68 + Nilgiin FIGLALI & Tugcen HATIPOGLU

that save energy in transportation. Incorporating renewable energy helps to
develop a concept of ‘sustainable production’; cutting carbon emissions with
the help of solar, wind and other clean energy sources in production sites. But it
also means restructuring of the energy management system from the industrial
engineering angle. These trends all point to the fact that sustainability will be a
determining factor in future production and operation systems. The inclusion
of solar, wind, and other renewable technologies into industry is on the rise.
Industrial engineers do this by designing hybrid energy systems to ensure
dependability and decrease reliance on fossil fuels.

3.4. Social Sustainability and Human-Centred Industrial Engineering

Social Sustainability: among the three pillars in sustainable development, it
relates to well-being, equity and strengthening of individuals and communities.
Whereas environmental sustainability focuses on ecological balance and
economic sustainability refers to longer-term development and prosperity,
social sustainability is concerned with systems that are fair, inclusive and
resilient. This dimension was very important to industrial engineering (IE) as
the field concerns to develop and operate socio-technical systems, consisting
of people, technology and processes. Accordingly, IE has a crucial role to
fill in social sustainability concepts in the workplace, in supply chains and
in organisational strategies (Bostrom, 2012). Social sustainability is a wide-
ranging issue including occupational health and safety, equity and diversity,
human rights, participatory governance, and long-term social capital. These
concepts are very much aligned with IE competencies such as ergonomics,
human factors engineering, organisational design and quality management.
Industrial engineering allows these methodological tools to operationalise

There is no accepted, one-size-fits-all definition of social sustainability, but
some frameworks underline some aspects that are common across domains.
Dempsey et al. (2011) define it as that of social equity, cohesion, and quality of
life, while Missimer et al. (2017) highlight meeting essential human needs and
promoting fairness, trust and involvement in decision-making. Key principles
include:

1.Equity and fairness: Equal opportunity and the fair treatment of people,
irrespective of sex, race, or socio-economic status.

2.Health and Safety: Working conditions that are safe and contribute to
physical and mental well-being.

3.Participation and Voice: Allowing individuals to contribute to decisions
made at their work and communities.

4.Capability development: Empower people through education, training,
skills; continuous study and professional development.
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5.Social Cohesion: Trust and trust-building for inclusive partnerships in
organisations and societies.

For industrial engineers, these principles translate to design and
management practices that foster human outcomes. Human-centred design
has long been a dominant feature of IE and especially under the subfields
of ergonomics, occupational health and organisational behaviour. Social
sustainability embedding in IE brings the need to go beyond objective of
producing more than efficiency and productivity metrics to social well-being
and justice as performance goals.

« Ergonomics and Human Factors: The industrial engineers design
environments, workstations, tools and workflows that minimise risk of injury
and provide comfort in such a way that workers in an operation are not only
to be safe and comfortable, but safely. This contributes to social sustainability
through the protection of worker health and respect for dignity within the
workplace (Karwowski et al., 2021).

o OHS (Occupational Health and Safety): Methodologies such as risk
assessment, failure mode and effects analysis (FMEA) and safety management
systems are deployed to limit risks and accidents in the workplace in order to
reduce the risk (Hallowell and Gambatese, 2009).

 Organizational Justice and Inclusion: Through process design and
management procedures, IEs can promote transparency in decision-making,
fair treatment and inclusive participation (Colquitt et al., 2001).

Incorporating employee empowerment:

TQM, Lean, and other tools promote bottom-up involvement; there
are fewer steps in making sure that a great deal of work gets done, that is,
workers get a stronger influence over their improvement processes. IE, if
integrated with human-centred approaches, is not only congruent with the
social dimension of sustainability but also provides for an enhancement of
organisational performance.

3.5. Applications of Social Sustainability in Industrial Engineering

This study focuses on how the contemporary trends in industrial
engineering contribute to the improvement of the mental and physical health
of workers, organisational justice and participative management by embedding
social sustainability into the very fabric of enterprise systems. Occupational
health and safety aims to protect the physical and psychological well-being
of employees through ergonomic designs, risk mitigation techniques, and
maintaining practices that promote safe working. Safety is one of the most
important facets of social sustainability. IE promotes this to such an extent that
measures are taken to develop safety procedures, perform hazard assessments
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and adopt preventive strategies. Ergonomic development and modification of
assembly lines have been identified for ergonomics, to improve productivity
and mitigate musculoskeletal disorders to ensure healthier working groups.
EDI ensures work environments are designed with competency differences
in mind, where discrimination is minimized and opportunity is fair. There’s
greater awareness of the EDI principles among organisations. Industrial
engineers help in achieving this by creating recruitment and training and
evaluation systems that seek to reduce bias and encourage diversity. Simulation
and optimisation models offer ways in which to ensure fairness in workload
assignment and access to development opportunities. Effective participatory
decision-making processes enhance organisational commitment and work
quality by engaging employees in both process improvement as well as in
problem solving and strategic decision making. IE methods such as stakeholder
analysis, decision-support systems and participatory design workshops help
in building inclusive governance mechanisms. Ensuring that different voices
participate in organisational decision-making processes, IEs enhance social
legitimacy and trust (Reed, 2008). Moreover, continuous learning and human
developmenthelp employees toadapt to changing technologicaland operational
requirements with training schemes, competency development models and
practices on job-based learning. When all of these point in the same direction,
social sustainability in industry engineering builds employee satisfaction and
company performance. Sustainability demands adaptive organizations which
can always be getting better. One way that industrial engineers can provide
this is through their training needs assessments, e-learning platforms and
knowledge management systems that enable employees to adapt and grow
within a dynamic framework (Nonaka & Takeuchi, 1995).

3.6. Case studies

Case studies in social sustainability illustrate how industrial engineering
has become the vehicle for transformational change in terms of the welfare
of the workforce, ethical sourcing, and occupational health. For instance,
ergonomics and safety of workers by Volvo, who have created ergonomic design
and workplace safety practices, have led to a decreased level of injury rates and
increased productivity by redesigning production lines which were designed
to reduce the number of movements, moving the individual workforce and
also physical loads. For years, Volvo has embraced ergonomic design and
participatory work systems. Through involving workers in the redesign of
assembly lines, Volvo has cut injuries, reduced workplace injuries and have
satistied employees at the workplace and proved the feasibility of implementing
IE ideas in promoting social sustainability (Abrahamsson & Johansson, 2006).
Patagonia’s ethical supply chain organization provides the industry with an
example to follow by putting social responsibility at the forefront of its global
operation through supplier audits, providing fair working conditions and
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adhering to transparent policies. Patagonia ensures that transparency, fair
wages, and a safe and clean work environment are part of its supply chain.
Industrial engineers involved in such systems audit suppliers, fulfil labour
standards and develop processes which adhere to human rights principles
(Husted & Allen, 2007). Health of workers in the Chilean mining industry is
illustrated in other countries where engineering controls, health monitoring
systems and safety culture training are used to protect the health-in-risk.
These cases illustrate that social sustainability is good for engineering and for
employees at large. The Chilean mining industry has seen the introduction of
IE approaches to occupational risk assessment which have decreased casualty
rates as well improved living conditions among remote mining communities.
The optimization of the logistics and safety engineering have fostered social
and economic sustainability. These cases show how different IEs enable
human-centred practices in diverse sectors.

3.7. Challenges and Future Directions

So, while great leaps in progress have been made there are still huge
challenges for integrating social sustainability into industrial engineering.
Challenges to measure Social metrics, which are probably qualitative and
context dependent, are challenging to integrate into systems of performance
as compared with environmental and economic performance metrics. Global
supply chains: This requires standardising monitoring frameworks for fair
labour practices and safety in multinational supply chains. Technological
disruption: Automation and digitalisation bring enormous risks of job loss and
inequality; raising ethical problems for industrial engineers. Cultural context
- preferences for social sustainability are regionally derived and localised
development and adaptation to cultural context is equally important. Further
investigations - Harmonisation of social sustainability indicators (Missimer et
al., 2017). - More widespread use of digital technologies, like wearable devices,
for real-time monitoring of health. Fostering participatory design techniques
to support more inclusive system design projects. Embedding ethics and social
responsibility within IE curricula and professional standards.

4. ECONOMIC SUSTAINABILITY AND INDUSTRIAL
ENGINEERING

Economic sustainability is the ability of systems, organizations and
societies to generate long-term prosperity and to grow while maintaining their
development that is not detrimental to the environment and social structure. It
focuses on making businesses, the industry and economies more profitable and
competitive and also resilient, providing for future social and environmental
impacts like climate change, resource scarcity and social inequality (Bansal
& DesJardine, 2014). Within the field of industrial engineering (IE) (which
historically emphasises efficiency, productivity and optimisation), economic
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sustainability is viewed as both natural progression and revolutionary
challenge. Industrial engineers create systems that reduce waste, enhance
quality and resource allocation — goals that are fundamental to the economic
sustainability of organisations in the long run. However, sustainability need IE
needs to move from short-term cost effective solutions to systemic resilience,
value creation and innovation. Sustainability in the economic domain can be
conceptualized using three interconnected dimensions (Elkington, 1998):

1. Profitability: Making businesses to be profitable and viable at a
competitive level.

2. Resilience: Designing systems that should be resilient to disruptions,
shocks, unpredictability and disruptions (Boyaci et al., 2025a).

3. Innovation and value creation: Developing new products, services and
processes that provide sustainable advantages while reducing dependence on
finite resources (Boyaci et al., 2025b).

In practice, this requires a move from linear, growth-based to circular,
inclusive and resilient economic systems. Industrial engineers are an important
part of this change and bring the analytical mechanisms and technical
intelligence to help balance the trade-offs between cost, efficiency, long term
sustainability and a viable and sustainable future.

4.1. Industrial Engineering Contributions to Economic Sustainability

Industrial engineering is an important aspect of economic sustainability
that can be controlled in an efficient, flexible and economically appropriate
way. A number of process optimisation and efficiency applications are
instrumental in the optimisation of resource use and minimizing production
costs when addressing the bottleneck at the production line. IE is dedicated to
process improvement. For example, the industrial engineers can investigate,
using linear programming, simulation modelling, and statistical process
control, the inefficiency, reduce downtime, and optimise the utilisation
of resources. The benefits of such improvements are both short- and long-
term, savings and economic resilience. One example is the optimization of
production scheduling which reduces inventory costs but is also sensitive for
the market (Nahmias & Olsen, 2015). Quality and risk Management: Reduce
rework costs by preventing mistakes and ensuring continuation of operations.
Quality assurance frameworks: Six Sigma, Total Quality Management (TQM),
ISO 9001 reduce defects and rework, and improve customer satisfaction. The
other important aspect of IEs lies in risk management when enterprises can
plan for possible disruptions from supply chain failures to financials, and take
action to avoid these events taking place (Jiittner et al., 2003). Effective supply
chain management leads to more resilient, reliable, economical and cost-
effective material, production and distribution processes. When systems like
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supply chains — are most critical by necessity — are resilient and adaptive,
they are what make them robust. Industrial planners design sustainable supply
chains in factories — they can optimize for efficiency with approaches (i.e.
supplier diversification, risk pooling, reverse logistics as well as many more)
without sacrificing flexibility. Economic sustainability becomes possible when
vulnerabilities are eliminated, optimizing opportunities for closed-loop value
creation (Seuring & Miiller, 2008). Innovation and technology integration:
Innovation, technology integration enhance competitiveness by offering
production by automation, digital analytics, new production technologies and
create economic value. The next generation of production and logistics systems
will require the best resources in the field of industrial engineering who are
critical actors responsible for the deployment of technologies—technology
driven automation, Al, and digital twins with the mission to guarantee new
technologies are deployed (Gebler et al., 2014). Such tech innovations — which
are cost effective, have scaled up business, unlocked new business models —
are highly profitable. Decentralisation is furthered by additive manufacturing
and similar technologies which reduce transport costs and usher in a brand
new line of local value chains (Gebler et al., 2014). Lastly, financial and
cost-benefit perspectives are a real way to measure strategically focused
investments and guide companies to sustain over a longer length of time. All
these therefore imply that industrial engineering is a key to sustainability and
enhanced economics. IE practices also extend beyond the industrial engineer;
engineers will undertake cost-benefit analyses, net present value assessments;
and life-cycle costing. These instruments offer guarantees that investment in
sustainability (e.g., renewable energy systems or waste reduction technologies)
would be of financial and environmental benefit (Asiedu & Gu, 1998).

4.2. Economic Sustainability in the Context of the Circular Economy

The circular economy (CE) redefines economic sustainability by
promoting resource loops that maximise value retention and minimise waste.
Industrial engineers contribute by:

Designing closed-loop supply chains. - integrating recycling,
remanufacturing and reuse into logistics networks;

- Product life cycle extension: Using life cycle assessment (LCA) and
reliability engineering to design products with longer useful lives.

Business model innovation: Supporting the transition from ownership
to service-based models (e.g. product-as-a-service), which decouple revenue
from resource use.

These practices enhance long-term profitability and resilience by reducing
dependence on volatile resource markets and regulatory risks.



74 * Nilgiin FIGLALI & Tugcen HATIPOGLU

4.3. Case studies:

Unilever’s approach seeks to create its own sustainable model, as the main
strategy for growth and environmental stewardship will have direct results
at the same time. Using IE methods on supply chain optimisation, to reduce
energy consumption and measure the performance, Unilever achieved cost
savings of €1 billion by sustainability projects between 2008 and 2014 and
simultaneously increased brand value (Unilever, 2015). Tesla illustrates how
innovation can lead to economic sustainability. Thanks to vertical integration,
massive battery manufacturing and digital optimisation, Tesla has been able to
lower unit pricing and ramp up renewable energy adoption. Tesla’s industrial
engineers optimise the operational strategies for manufacturing process, supply
chain logistics and quality assurance processes to remain competitive in a
high-risk, high-growth industry (Mangram, 2012). The COVID-19 pandemic
underscored the need for resilient supply chains. Pharmaceutical companies
adopted IE tools including capacity planning and inventory optimisation
using risk assessment for timely production and distribution of vaccines. It
was in this way public health was preserved and economic continuity kept that
IE played a very important role in protecting economic and social continuity
(Shih, 2020).

4.4. Challenges in achieving economic sustainability: future directions

The potential, however, there are several barriers to economic sustainability
including the following: Short-termism: Companies value quarterly profits
more than long-term resilience and investments in sustainability. Uncertainty
on global issues: Economic crises, geopolitical conflicts and volatile resource
prices make for more uncertainty.

High initial investment requirement: This step usually entails high
investments in order to adopt sustainable technologies.

Technological disruption: Though automation and AI can greatly
improve efficiency, they can also cause job displacement and engender social
challenges.

Measurement and reporting: Establishing standardised metrics for
economic sustainability presents challenges while performance is difficult to
benchmark.

Industrial engineers need to mitigate these problems by creating
powerful decision tools, planning scenarios and making performance
measurement systems more comprehensive.The future of economic
sustainability in industrial engineering involves several emerging trends:

1. Integration of ESG metrics: Investors and regulators are increasingly
demanding transparency in environmental, social and governance (ESG)
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performance. Industrial engineering (IE) will play a key role in embedding
these metrics into organisational systems.

2. Industry 5.0: Combining automation with human-centred approaches,
Industry 5.0 emphasises resilience, flexibility and human-machine
collaboration as drivers of sustainable economic growth (Nahavandi, 2019).

3. Green Finance and Sustainable Investments: Industrial engineers will
work alongside finance professionals to assess the financial returns of green
bonds, carbon trading and investments in renewable infrastructure.

4. Digital Transformation: Big data, Al and blockchain technology will
enable the real-time monitoring of supply chains, financial flows and risk
indicators, thereby enhancing economic resilience.

5. Global Collaboration: Addressing challenges such as climate change
requires cross-border partnerships and knowledge-sharing networks, for
which IE provides coordination and optimisation tools.

5. EMERGING TECHNOLOGIES AND FUTURE TRENDS IN
SUSTAINABLE INDUSTRIAL ENGINEERING

Technological change in the 21st century is changing industries towards
sustainability at an increasingly rapid rate. Emerging technologies improve
efficiency and competitiveness and offer new avenues to reach environmental,
social and economic sustainability. For industrial engineers, such changes
both present challenges and opportunities as those opportunities would
require them to reconsider existing solutions and take on new models.
Industrial engineering has always focused on optimisation, efficiency, and
systems integration. However, with digitalisation and the arrival of Industry
4.0 and 5.0 there is the prospect of industrial engineers today at the cutting
edge of sustainable systems: industrial engineers are responsible for designing,
implementing, and managing this system. In this section we delve into the
major developing technologies and fore-determining trends that are impacting
sustainable industrial engineering.

5.1. Industry 4.0: The Smart Factory

Industry 4.0,also known as the fourth industrial revolution, is characterised
by the integration of cyber-physical systems, the Internet of Things (IoT) and
advanced data analytics into manufacturing processes (Lasi et al., 2014). These
technologies enable smart factories characterised by real-time monitoring,
predictive maintenance and adaptive production.

From a sustainability perspective, Industry 4.0 technologies:

« Reduce resource consumption through real-time optimisation.
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- Minimize downtime with predictive maintenance to reduce waste and
costs.

« enhance energy efficiency via smart grids and demand response systems.
5.2. Industry 5.0: Human-Centric Systems

While Industry 4.0 is all about automation and digital integration,
Industry 5.0 is focused on human-machine collaboration, resilience and value
creation beyond efficiency. Therefore, there is a need to balance technological
advancement with human well-being and societal needs (Nahavandi, 2019).

For industrial engineers that is realizing systems design for automation
to be leveraged to empower human creativity instead of removing it, meaning
technology must be deployed to help meet more sustainable objectives of
equity, inclusivity, and resilience.

5.3. Artificial Intelligence (AI) and Big Data

ATl and big data analytics are transforming industrial engineering by
facilitating predictive and prescriptive decision-making. Machine learning
algorithms process large volumes of data to identify inefficiencies, predict
demand and optimise operations in ways that are impossible using traditional
methods (Jordan & Mitchell, 2015).

Applications in sustainability include:

Energy optimisation: Al controls HVAC, lighting and production systems
to minimise energy use.

Waste reduction: Predictive analytics identify process inefficiencies to
reduce material waste.

Sustainable logistics: Big data improves routing, load optimisation and
fleet management, thereby reducing carbon emissions.

Decision Support Systems: AI-powered platforms help managers balance
cost, environmental impact and social outcomes.

Integrating AI into IE frameworks broadens the scope of sustainable
decision-making by offering real-time insights and adaptive learning
capabilities.

5.4. Blockchain and supply chain transparency

Ensuring the sustainability of supply chains remains a critical challenge,
particularly in the context of globalised networks. Blockchain technology offers
a decentralised, tamper-proof ledger system that can enhance transparency,
traceability and trust across supply chains (Kshetri, 2018).

Key contributions include:
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o Tracking raw materials from extraction to end-of-life to ensure ethical
sourcing.

- Facilitating circular economy practices by documenting product reuse
and recycling.

- improving supplier accountability by verifying compliance with labour
and environmental standards.

For industrial engineers, blockchain provides the foundation for designing
efficient and socially and environmentally responsible supply chains.

5.5. Additive Manufacturing (3D Printing):

Additive manufacturing enables the creation of complex geometries with
minimal material use. Unlike subtractive methods, it builds objects layer by
layer, significantly reducing waste.

The sustainability benefits include:
o Material efficiency: - Near-zero waste in production.

Localised production: Shorter supply chains reduce transportation
emissions.

« Customisation: Products are tailored to individual needs, reducing
overproduction.

Lifecycle extension: Spare parts can be produced on demand to extend the
lifespan of equipment (Gebler et al., 2014).

Industrial engineers play a critical role in integrating additive
manufacturing into existing systems to ensure scalability and economic
viability.

5.6. Digital twins and the Internet of Things (IoT)

Digital twins—virtual replicas of physical systems—are linked with IoT
sensors for real-time industrial system measurement and simulation.

Applications in sustainability:
Predictive maintenance: Preventing breakdowns reduces waste and
downtime.
Energy monitoring: Tracking energy usage in real time improves efficiency.
Scenario testing: Virtual simulations assess the environmental and economic
impacts of projects before they are implemented.
Circular Economy Integration: Digital twins help to track product life cycles,
thereby supporting reuse and recycling (Tao et al., 2018).
By bridging the digital and physical worlds, these technologies provide
industrial engineers with powerful tools with which to design and manage
sustainable systems.
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5.7. Circular Economy and Lifecycle Thinking

Advancements in technology are accelerating the transition from linear
‘take-make-dispose’ to circular systems. Industrial engineers use lifecycle
assessment (LCA) and principles of the circular economy to design products
and processes that retain value over multiple use cycles.

Key strategies include:

Product-as-a-Service models: Shifting from ownership to service delivery
reduces resource consumption.

Remanufacturing and recycling: Supported by IoT-enabled product
tracking.

Closed-loop supply chains: Supported by blockchain and Al for efficient
reverse logistics. Combining technology with circular economy strategies
advances both profitability and sustainability.

5.8. Future challenges and directions

While emerging technologies offer immense potential, they also pose
challenges.

 Energy demand: Digital infrastructure, Al and blockchain consume
significant amounts of energy, raising concerns about their net environmental
benefits.

« Skills gap: engineers need new skills in data science, AI and digital
systems to make full use of these tools.

Ethical issues: Automation may displace jobs, and Al raises concerns
about bias and transparency.

Global inequality: Access to advanced technologies remains uneven,
which could widen the gap between developed and developing nations.

« Cybersecurity risks: Increased connectivity creates vulnerabilities that
must be addressed to ensure system resilience.

Industrial engineers must adopt holistic strategies to ensure that emerging
technologies enhance, rather than undermine, sustainability.

To fully harness the potential of these technologies, industrial engineering
must focus on:

1. Interdisciplinary education: Integrating data science, sustainability
and ethics into IE curricula.

2. Standardisation and metrics: Developing consistent methods to
measure the sustainability impact of digital systems.
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3. Green digital technologies: Designing low-energy Al models,
renewable-powered data centres and sustainable blockchain protocols.

4. Global Collaboration: Building networks to ensure the equitable
transfer of technology across nations.

5. Ethical Frameworks: Ensuring that fairness, inclusivity and
transparency are embedded in the design and implementation of technology.

6. INTEGRATION OF THETHREE PILLARS OF SUSTAINABILITY:

If we follow the same route to industrial engineering, the best approach
is one of harmonious threestep sustainability in totality (environmental, social
and economic). Rather, the three pillars of environmental, social and economic
sustainability are mutually interrelating, requiring integration into a holistic
approach that responds to the systemic demands of the 21/ (st) century. This
composite perspective illustrates how IE links technological advancement to
societal wellbeing, creating operational excellence that results in alignment with
long-term resilience, equity and ecological stewardship. The Triple Bottom Line
(TBL) model (Elkington, 1998) has been considered an informing theoretical
framework to apply to sustainability in IE. Environmental sustainability is
the minimal effect on the natural environment; social sustainability relates to
fairness, safety, and inclusion; while economic sustainability is related to the
profitability and resilience of a firm. They become a complete symbiotic model:

Environmental + Economic: Eco-efficiency illustrates that decreasing
energy and resource use can reduce costs and lessen climate burdens.

Social + Economic: Safety for workers, fair wages, and equitable policies
can enhance productivity, innovation, and brand reputation.

Environmental + social: Cleaner production and reduction of pollution
improves community health and intergenerational equity.

Systemic synergies of these relationships are what allow for sustainable
value generation. As a systems integration discipline, industrial engineering is
in a unique position to design and manage these interdependencies.

6.1. The Role of Industrial Engineering in Integration

Industrial engineers have historically solved problems and developed
systems. But in an age of sustainability, their mission extends to include:

1. Systems integration: connecting technical, human and financial
subsystems for balanced success.

2. Beyond cost optimisation: environmental and social externalities
integrated in optimisation models.

3. Performance Measurement: creating metrics that take multi-
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dimensional sustainability impacts into account.

4. Decision support: for managers and policymakers — offering them
models that show the trade-ofts and synergies.

So, for example, multi-objective optimisation models now account for
carbon emissions and social welfare, not just profit, and life-cycle costing now
considers environmental externalities. These approaches illustrate how IE
weaves the pillars into feasible strategies.

6.2. Challenges of integration

Despite this headway, however, integration remains a daunting task.
Measurement-related challenges: — The effects of sustainability are intangible,
long-term, and context-dependent (Bansal & Song, 2017). Short-term
pressures: Some companies are still profit-driven and therefore, the financial
commitment to sustainable development is not enough. Global inequalities:
Developing economies have a structural disadvantage when it comes to
accessing advanced technologies and capital. Regulatory fragmentation: The
lack of global alignment on carbon pricing, labour rights, and ESG standards
complicates integration. Cultural resistance: Organisational inertia and siloed
thinking hinder systemic change. The industrial engineer needs the skills and
methods of leadership to penetrate and overcome these barriers, and ensure
that sustainability is intimately integrated into design and culture.

6.3. Towards 2050: A Vision for Sustainable Industrial Engineering

Global efforts for combating climate change, eradicating poverty and
developing more resilient systems will need radical changes as the world shifts
towards 2050. For industrial engineering to drive this transformation, there
are a number of key paths to take. Sustainability and digitalisation - through
Al, the Internet of Things (IoT), blockchain, and renewable energy - will
drive intelligent, clean and efficient production. Green digital technologies,
including low-energy AI models and renewable-powered data centres, will
reduce the ecological footprint of digital infrastructure (Tao et al., 2018).
With closed-loop supply chains, circular economy models and adaptive risk
management the industry will still remain viable after shocks: pandemics,
resource constraints and more. In applying resilient system design, IE will
support both profitability and sustainability. The future industrial engineers
need to be trained in interdisciplinary work, such as ethics, sustainability
metrics, and digital literacy. Such areas need to be incorporated into the IE
courses in order to equip graduates to interact with complex socio-technical
systems (Chardine-Baumann & Botta-Genoulaz, 2014). Industry 5.0 places a
great stress on the need to balance the influence of automation and human
creativity. Making a priority for inclusivity, safety, equity and fairness while
engineering in industry, industrial engineering may ensure that innovation in
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technology is beneficial to human well-being rather than harmful or a factor of
increasing inequality at the time that it becomes available (Nahavandi, 2019).

As sustainability challenges are transnational, partnerships are required
across governments, corporations, NGOs, and academia. Industrial engineers
will act as system architects, designing collaborative networks that optimise
the global allocation of resources and the sharing of knowledge.

6.4. Case illustrations of integrated approaches

Kalundborg Symbiosis (Denmark): This example of industrial ecology is
a simple way to bring this together in the perspective of environmental and
economic objectives, by forming a network of resource-sharing between firms
and subsequently decreasing the total amount of waste and costs. Patagonia:
In what way social sustainability (fair labour practices) and environmental
sustainability (responsible sourcing) can achieve economic value by building
consumer loyalty. Tesla: Demonstrates how technological innovation can
align all three pillars by promoting the adoption of renewable energy
(environmental), providing high-quality jobs (social) and achieving market
competitiveness (economic). These are examples of how integration brings
systemic benefits that none of the pillars could produce on their own.

7. CONCLUSION

Environmental Sustainability is a challenge and an opportunity in
industrial engineering. The capability of the discipline to analyse, model and
optimise complex systems empowers it to tackle immediate ecological issues
and enhance organisations performance. From lean and green manufacturing
to circular supply chains and digital twins, those responsible for the design of
environmentally sustainable and resilient industrial systems have emerged as
industrial engineers at the vanguard of research. Future work and practice must
concentrate on intensifying the incorporation of advanced digital technology,
setting up common environmental performance indicators and disseminating
successful practices to the field. Most importantly, embedding environmental
sustainability in industrial engineering will contribute to augmenting corporate
competitive advantage and global ecological resilience. Social sustainability is
a fundamental concept and the essence of sustainable industrial engineering
and is something that we need to ensure we don't get ahead, technologically
and economically, at the cost of human dignity, equity, happiness and well-
being. In its interdisciplinary and systemic approach, IE now has the possibility
to incorporate social principles into not only work environments but also
the supply and community context. By implementing ergonomics, safety,
equity, participation and human development in operations in industrial
design and work, industrial engineers can create strong, resilient and just
and inclusive societies in all parts of the world. Nevertheless, progress can
emerge from addressing measurement shortcomings and social issues within
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their decision-making frames, and uniting the advances in technology with
the desires of humans. Social sustainability of society thus needs to coincide
with the principles of humanism, for industrial engineers need to reconcile
efficiency and productivity in the production of work, with a fair, inclusive
and empowering way towards social sustainability of society. Economic
sustainability enables industrial systems to be viable, competitive and resilient
under conditions of uncertainty. In industrial engineering implications of the
capability of analytics, optimizing and systems integration in order to enable
value creation for the long term amid the backdrop of environmental and
social drivers. This kind of an approach is not too laborious as Unilever, Tesla,
and the pharmaceutical industry are making clear: economic sustainability is
sustainable (and profitable), as long as it is fueled by targeted focus on strategic
innovation, efficiency, and resilience. But persistent and frequent challenges
— from the immediate financial strain to tech disruptions — will continue to
need adaptation and systemic thinking. Industrial Engineers will be central in
future building of an economic sustainability framework with ESG measures,
circular business models and digital economy technologies. Industrial
engineering (IE) will thus remain as sustainable development’s lifeblood.
Eventually, all these new developments will benefit the environment, with
economic prosperity and social justice peacefully coexisting harmoniously with
environmental health and social equity. Sustainability Era: New Technologies
in the Transformation of the Industrial Engineering Role. Industry 4.0 and
5.0, AL blockchain, additive manufacturing, Internet of Things, digital twins
& digital twin systems are going to unlock much more process optimization,
waste minimization and intelligent construction. But production and recycling
inefficiencies. On the other side, these technologies bring new problems to
navigate (energy constraints, skills acquisition, ethics, etc.). The future of
sustainable industrial engineering will need a balance between innovation
and accountability. By emphasizing the adoption of new technologies (as a
circular economy, human-centered design, ethical approach, etc), industrial
engineers can aid in facilitating a shift from a linear system to a system that is
efficient, competitive, equitable, resilient, sustainable (or even sustainable). In
the end environmental, social and economic sustainability will no longer be an
abstract ideal but will operate as an operational necessity in 21/ (st)-century
industrial systems. This can then be applied practically in operations ground
through methods, tools and frameworks developed in industrial engineering.
IE integrates sustainability into strategy and practice with multi-objective
optimisation, the circular economy and human-centred innovation. The
road to 2050 will need bold innovation, global action and moral leadership.
Industrial engineers should play an invested role in efficiency, equity and
efficient operation that protects society (both in terms of production and
consumption) and the planet. In this direction, industrial engineering will
transition from efficient process to stewarding sustainable growth.
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