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Abstract: The issue of sustainability has received substantial attention internationally. It is spreading
widely through policy, industry, commerce, research, academia, and other arenas. However, most
previous studies on product sustainability were conducted based on a consideration of environmental
protection, economic prosperity, and social wellbeing criteria, but there was less representation of
specific social wellbeing criteria. The main objective of this study was to formulate well-defined
ergonomics-based criteria for product sustainability evaluation and to validate the importance of the
identified factors using a fuzzy Delphi method. In this paper, ergonomics-based product sustainability
factors are organized by sustainability categories and grouped into employee wellbeing, the economy,
and the environment. In the context of manufacturing, evaluating product sustainability from
an ergonomics perspective provides more comprehensive social dimension criteria by addressing
human characteristics, behavior, performance, human interaction with a product, workplace, working
environment, and the product across its life cycle. In addition, a Delphi questionnaire, designed
with a nine-point scale, was applied to obtain expert opinions on the importance of each factor; the
opinions were combined for each factor by considering the degree of importance assigned to the
experts, and the similarities and differences between expert opinions. Finally, high-priority factors
were screened from the sustainability categories based on their respective threshold value. Knowing
these high-priority factors will help manufacturing industries allocate their resources accordingly for
sustainability improvement.

Keywords: sustainability; sustainable product manufacturing; social dimension; ergonomics-based
factors; fuzzy Delphi method; product life cycle stages

1. Introduction

Sustainable development has been receiving substantial attention and has become a concern for
researchers as well as practitioners in various areas, such as design, engineering, and business, over the
past few decades. It is a concept of development that is widely spreading throughout the world through
policy, industry, commerce, research, academia, and other arenas [1]. The three correlated pillars of
sustainable development are environmental protection, social wellbeing, and economic prosperity,
which are integrated in a framework described as the triple bottom line (TBL) [2–5]. For the achievement
of worldwide sustainable development, the United Nations has set 17 sustainable development goals,
and countries, manufacturing industries, service providers, and other organizations must consider
them over the next 15 years in their long- and short-term planning and implementation activities [6].

According to the definition presented by the World Commission on Environment and Development
(WCED) [7], “sustainable development is development that meets the needs of the present without
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compromising the ability of future generations to meet their own needs.” This definition contains
two key concepts. One is the essential needs of the world’s poor, to which priority should be given,
and the other is the limitations imposed by the state of technology and social organization on the
environment’s ability to meet present and future needs [8]. From a manufacturing point of view, the U.S.
Department of Commerce defines sustainable manufacturing as the transformation of raw materials
into finished products through processes that reduce negative environmental impacts, make optimal
use of energy and natural resources, are safe for society, and are economically sound. This has been
further explained by the National Council for Advanced Manufacturing (NACFAM), which describes
sustainable manufacturing as the manufacturing of sustainable products (product sustainability) and
the sustainable manufacturing of all products (process sustainability) [2,5,8–12].

Manufacturing is one of the basic economic activities of a nation, and efforts towards sustainable
manufacturing are crucial for the sustainable development of the nation. However, the primary concern
of most companies and the manufacturing industry is success on the financial market (i.e., economic
prosperity). Because of governmental laws and policies for sustainability in companies and pressure
from consumers to employ sustainable production processes, the development of new approaches,
processes, applications, and products that also consider environmental protection and social wellbeing
are becoming more important for companies [13]. For instance, the UN [6] adopted 17 goals
supplemented by specific targets to be achieved for the 2030 Agenda for Sustainable Development.
One of these goals encourages companies, especially large-scale companies, to adopt sustainable
practices and integrate sustainability into their production planning process. Moreover, in recent times,
the manufacturing industry has recognized the need for sustainable growth to withstand the challenges
of rapidly depleting natural resources, continuing climate change, increasing environmental pollution,
growing customer awareness of the importance of sustainability, and global competition [4,5].

As stated in the explanation of a sustainable products corporation, sustainable products are those
that provide environmental, societal, and economic benefits while maintaining employee, consumer,
and community health and wellbeing, and the environment over their total life cycle (which includes
premanufacturing, manufacturing, use, and post-use) [4]. The manufacture of sustainable products
needs to be maintained at a certain level that requires continuous improvement and can be achieved
by optimizing the sustainability indicators [14]. Therefore, an overall manufacturing sustainability
performance assessment must consider an approach that equally considers the sustainability dimensions
(i.e., the economic, environmental, and social dimensions) [15] and implements the 6R principles
(reduce, re-manufacture, reuse, recycle, redesign, and recover) throughout the total life cycle of the
products [4,5,8].

However, researchers agree that, ideally, the equal consideration of the triple bottom line is
required for overall better achievement of organizational sustainability. They mostly focus on economic
and environmental sustainability rather than social sustainability; that is, they focus separately on
the environmental criteria, or on both economic and environmental criteria, or on the three pillars
with less detail and too generally on the social dimension indicators. [16–20]. This indicates that
there is less representation of the social dimensions in previous studies related to manufacturing
sustainability performance evaluations. For instance, Sutherland, et al. [18] state that the social pillars
of sustainability are influenced by the identification of manufacturing sustainability social indicators
and frameworks throughout the upstream and downstream manufacturing supply chains to account
for the social consequences of a company’s activities, presenting a promising direction for research
related to manufacturing. Research gaps on the social dimension criteria and indicators for product
sustainability evaluation exist.

Products produced in manufacturing have direct and indirect interactions with society (employees,
company owners, the community, and customers) throughout their life cycles. Therefore, it is necessary
to optimize the impacts of the products on society. For this to be achieved, different disciplines,
such as sustainability, engineering, design, manufacturing, and ergonomics, could play important
roles. As reviewed by Radjiyev et al. [21], ergonomics could play an important role in supporting
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the transition to sustainable development because both ergonomics and sustainable development are
human-centered. Although ergonomics or human factors are by their very nature concerned with an
understanding of the interactions among humans and other elements of a system to optimize human
wellbeing (i.e., the social goal) and overall system performance (i.e., the economic goal), which directly
achieve sustainability outcomes, there is a lack of clear reported or published contributions from
ergonomics to sustainable development, indicating that few ergonomists are solving or addressing
sustainability issues [1,21–23].

To bridge this gap, the main objective of this research is to develop a comprehensive set of
ergonomics-based factors or criteria and a framework of sustainable product manufacturing that
considers the total life cycle of the product, while also identifying key criteria of product sustainability
from the established set. This study is intended to improve the representation of the social dimensions
in performance evaluations of the manufacturing of sustainable products and to provide ways of
identifying the relatively important criteria and factors of product sustainability through the following
specific objectives:

• Investigate and identify a list of ergonomic-based factors/criteria of sustainable product
manufacturing from the literature by considering the interaction of the product with society
in the stages of premanufacturing, manufacturing, use, and post-use. From the perspective
of manufacturing, identifying criteria/factors and evaluating product sustainability from an
ergonomics perspective will provide a more comprehensive social dimension criteria by addressing
human characteristics, behavior, performance, human interaction with the workplace, the working
environment, and a product across its life cycle [1].

• Design a questionnaire based on the identified list of ergonomics-based factors of sustainable
product manufacturing so as to collect the opinions of experts on the levels of importance of
the factors.

• Apply a fuzzy Delphi method that considers the similarities and differences between the opinions
of experts to reach a consensus on the relative importance of the factors and determine those that
can be used in further research to evaluate the performance of sustainable product manufacturing.

2. Theoretical Background

2.1. Some Related Previous Works

Nowadays, manufacturers are obliged to meet customer expectations in terms of sustainable
products and comply with governmental rules and regulations on sustainable manufacturing. Because
of this, many of them are focusing on achieving sustainability in every possible aspect of the
total life cycle of the products [12,24]. According to Fiksel et al. [25], providing a thorough and
quantitative sustainability assessment of a specific product is a challenging and complex task for
concerned researchers. Therefore, such researchers have focused on identifying indicators and
developing sustainability frameworks and methodologies for evaluating manufacturing product
sustainability. This section presents some related previous works on the sustainability of specified
manufacturing products.

Cao et al. [17] presented a sustainability assessment considering only the social dimension of
sustainability factors on the basis of ergonomics. That study classified a social sustainability framework
into sustainability aspects (i.e., work task, work environment and human-machine interaction) and the
indicators that measure sustainability aspects. The researchers also designed a fuzzy inference system
(FIS) to obtain a social sustainability score, which is further converted into a social sustainability index.

Shuaib et al. [4] presented a product sustainability index methodology and its application by
considering the three sustainability dimensions, or the triple bottom line. That study divided the
sustainability assessment methodology into sub-indices (i.e., economy, environment, and society),
clusters, subclusters, and individual metrics. This methodology covers the total product life cycle (i.e.,
premanufacturing, manufacturing, use, and post-use) and the sustainability factors by considering the
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6Rs (i.e., recycle, reuse, redesign, recover, remanufacture, and reduce). Additionally, the researchers
proposed a methodology used to determine the overall product sustainability assessment through a
series of steps, including individual metrics measurement and data collection, data normalization,
weighting, and aggregation. Finally, they demonstrated the application of their developed methodology
in a case study on sustainability evaluation and comparison of two generations of consumer
electronic products.

Schuch Bork et al. [26] presented a methodological tool to measure the sustainability performance
of products and processes. The method is based on process variables, which are designated according
to individual metrics and expected to have impacts on the technological, environmental, social, and
economic aspects. The researchers also include evaluation scores for the importance of variables,
data normalization, and aggregation of variable scores based on the sustainability dimension group.
The representation of variables used to evaluate the impact on the social aspect is less than that of the
other two dimensions of sustainability.

Singh et al. [27] proposed a model based on a fuzzy inference system for the evaluation of
the manufacturing sustainability of small and medium enterprises. Their evaluation includes
sustainability variables identified according to the characteristics of the enterprises and categorized
under environmental, economic, and social dimensions. For the accomplishment of the evaluation
process, the researchers utilized the data collected from decision-makers’ opinions on the importance
of sustainability variables using linguistic variables. However, in that study, of the three dimensions of
sustainability, the environmental dimension received a disproportionately large amount of the emphasis.

As can be seen from the literature review above, most of the studies to date have considered the
idea of the triple bottom line for identifying sustainability indicators and developing a framework and
methods for the sustainability assessment; however, they have not considered the three dimensions
equally. In addition, the majority of the studies used identified factors/criteria without validating their
relative importance using experts’ or decision-makers’ opinions. This study focused on the development
of ergonomics-based sustainability criteria for manufacturing industries based on the triple bottom
line (TBL) and considering a product’s characteristics throughout its life cycle. Additionally, this paper
provides a screening mechanism for identifying the key important criteria from the identified list.

2.2. Sustainable Products Manufacturing

Manufacturing is the process of producing goods or products from raw materials in a large number
in industries. It is the source of all the goods for living, transportation, entertainment, production, safety,
and health [10]. Therefore, the products manufactured by industries must have optimized negative and
positive impacts on society, the environment, and the economy, or they should be sustainable products.
Sustainable product manufacturing is an important issue to achieve sustainable development.

According to the Lowell Center for Sustainable Production (LCSP), sustainable products
manufacturing is defined as the transformation of raw materials into final products using processes that
do not affect the environment while saving energy and other resources, being economically feasible,
and assuring the safety and wellbeing of society [28]. In a similar approach, a sustainable products
corporation defined sustainable products as those realizing environmental, societal, and economic
benefits while protecting the health and wellbeing of society and the environment over their entire life
cycle [4]. This study investigates the direct and indirect effects of a product on society (i.e., employees,
customers, and the community) in the total product life cycle (i.e., premanufacturing, manufacturing,
use, and post-use) from an ergonomics perspective so as to achieve sustainable products (Figures 1
and 2).
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2.3. Sustainability Dimensions and Factors or Indicators

2.3.1. Sustainability Dimension

Organizations working towards sustainable development, including the United Nations, state
that sustainable development requires appropriate consideration of economic, environmental, and
social aspects at the same time. This idea guides the three pillars of sustainability, called the triple
bottom line, according to Elkington [29]. Elkington considers sustainability as overlapping circles
of three-dimensional relationships among economic, environmental, and social aspects, in which
achievement of at least a basic level of these aspects is a basis for overall sustainability.

Another way of representing the interrelationships of the triple bottom line is concentric
spheres, which represent the economic and social spheres as being dependent on the wellbeing
of the environmental aspect [30].
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From a manufacturing point of view, this study defines the product sustainability dimensions
(i.e., social, economic, and environmental) from the perspective of ergonomics or human factors as
follows: The social dimension (which the study called employee-centered products) contains issues
directly related to satisfying the requirements of society (i.e., employees at the premanufacturing and
manufacturing stages). This aspect includes the factors affecting employee health, wellbeing, and
performance and also transparency about the production process in terms of simplicity of production
and maintenance. The economic aspect (which the study calls user-centered and resource efficient
products) directly and indirectly benefits society and stakeholders by optimizing the production and
resource utilization. The environmental aspect (which this study calls the end-of-life of a product) is the
consideration of the direct influence of the product after its use and its consequences to the community.

2.3.2. Sustainability Factors or Indicators

Indicators can be defined to describe the status of a system. Sustainability indicators are a significant
way of measuring and assessing sustainability [31]. Manufacturing sustainability indicators/factors
are used to describe the status of manufacturing in terms of sustainability performance. However,
there exist several sources for organizational sustainability indicators, such as the Global Report
Initiative (GRI), Dow Jones Sustainability Index (DJSI), Environmental Sustainability Indicators (ESI),
and United Nations Indicators of Sustainable Development (UN-CSD) [32,33]. This study develops
ergonomics-based factors/indicators of sustainable product manufacturing. The identified factors are
adopted from the ergonomics/human factor concept by addressing human characteristics, behavior,
performance, human interaction with the workplace, the working environment, and the product across
its life cycle, considering the basic principles of the source of sustainable development.

3. Ergonomics-Based Factors or Indicators of a Manufacturing Product Sustainability Framework

Manufacturing sustainability is an issue that has attracted worldwide attention. As described in the
literature review, researchers, organizations, and other concerned bodies agree that the assessment of the
sustainability levels of manufacturing industries requires a consideration of the appropriate proportions
of factors/indicators under the three pillars of sustainability. However, the majority of previous studies
on manufacturing product sustainability have placed a greater emphasis on factors/indicators of the
environmental and economic dimensions than on those of the social dimensions [16–19]. To overcome
the challenges of manufacturing industries regarding sustainability, different disciplines, including
ergonomics or human factors, are directly involved. Although ergonomics could play an important
role in the transition of sustainable development (because both ergonomics and sustainability are
human-centered and concerned with the optimization of social, economic, and environmental benefits),
there has recently been an insufficient direct connection made with sustainable development [1,21].

To fill the research gap related to the social dimension and to show the role of ergonomics in
sustainable product manufacturing, this study is concerned with identifying the list of ergonomics-based
factors/indicators of manufacturing product sustainability. In this process, the concept of 6R (reduce,
recycle, remanufacture, reuse, recover, and redesign) is considered throughout the product life cycle
(premanufacturing, manufacturing, use, and post-use) (Figures 1 and 2).

This study provides a more comprehensive social dimension by addressing human characteristics,
behavior, performance, and human interaction with other elements of product manufacturing systems
throughout the product life cycle. In this context, the term human refers to employees at the
premanufacturing and manufacturing product stages, customers at the use stage, and the community
at the post-use stage. The sustainable product manufacturing framework includes four stages. Stage 1
is the main objective, which is ergonomics-based sustainability performance or value. Stage 2 is
the sustainability dimension or pillars, including social (employee-centered products), economic
(user-centered and resource efficient products), and environmental (end-of-life of the products). Stage 3
is the categories under each dimension, consisting of occupational safety and health, simplicity
of production and maintenance, employee performance, user-centered products, resource-efficient
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products, valuable resources, waste, and emissions. Stage 4 is a list of factors or criteria for sustainable
product manufacturing (Figure 3).
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Figure 3. Hierarchical framework of ergonomics-based factors or criteria of sustainable product
manufacturing.

The factors or criteria developed or identified have positive or negative impacts on the employees,
customers, community, and other stakeholders. For example, in stage 1, workplace accidents are one of
the factors under occupational safety and health, which are identified to investigate the manufacturing
industry performance regarding accidents, incidents, and injuries to the employees at the workplace
while producing the product. In stage 2, user satisfaction is a factor under user-centered products; it is
selected to determine the status of the manufacturing industries on how well users or customers are
satisfied with the product. In stage 3, the hazardous liquid waste factor is taken into consideration
with the intention of evaluating the amount of nonbiodegradable hazardous waste from the end-of-life
of a product that remains in liquid form to understand its impact on the community. The operational
or working definitions of all factors are listed in Table 1.
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Table 1. Operational or working definitions of ergonomics-based factors/criteria for sustainable product manufacturing.

Sustainability Category Factor or Criteria Short Operational Definition

Occupational Safety and Heath

Workplace Accidents Accidents, incidents, injuries involving employees at the workplace while producing the product
Physical Workload Excessive force, awkward posture, repetitive task, contact stress

Physiological Workload Metabolic energy expenditure, oxygen consumption, heart rate, respiration rate
Psychological Workload Mental stress, fatigue, depression, dissatisfaction, emotion, demotivation

Organizational Workload Rules and regulations, benefits and premises, work/rest schedule, communication, bureaucracy
Working Conditions Exposure to temperature, humidity, pollution, noise, vibration, light, hazardous substances/materials

Simplicity of Production and Maintenance

Easy-to-Manufacture Describes how simple it is for the employee to manufacture a product
Easy-to-Assemble Refers to how simple it is for the employee to assemble a product

Easy-to-Disassemble Explains how simple it is for the employee to disassemble a product
Easy-to-Inspect and -Test Describes how simple it is for the employee to inspect and test a product

Easy-to-Repair States how simple it is for the employee to repair a product

Employee Performance

Employee Availability Amount of time that employees spend at their workplace to produce the product
Employee Accuracy Refers to how well employees can perform their tasks

Employee Consistency Describes how well employees perform their tasks every time
Employee Productivity Effective and efficient utilization of employee-hours for producing the product
Knowledge and Skill Describes how well an employee is able to perform a task

Employee Satisfaction States how satisfied an employee is with the job
Motivation and Commitment Explains how much an employee is committed to performing a task

User-Centered Product

Product Safety Describes how a product causes no damage or loss to the user
Product Reliability Ability to function without failure for the intended period of time

Product Serviceability Refers to how easy it is for the user to repair a product
Product Quality Meeting the user’s requirements or specifications

Product Usability Describes how easy the product is to use
Product Price Refers to how reasonable the price of the product is to users

User Satisfaction Describes how satisfied a user is with the product
User Experience Explains how satisfied a user is with the product

Resource-Efficient Product

Material Utilization Amount of materials (i.e., product materials and packaging materials) used to produce the product
Material Quality Meeting manufacturer’s requirements or specifications

Material Cost Reasonable price of the input materials to the manufacturer
Energy Utilization Amount of energy (thermal, electricity) consumed to produce the product
Water Utilization Amount of water consumed to produce the product

Valuable Resources
Reusable Material Amount of end-of-life of product’s components, subassemblies of product used after its first life cycle in subsequent life cycles

Recyclable Material Amount of converted end-of-life of product’s components, subassemblies into new materials to be used in new products

Re-manufacturability of Material Amount of reprocessed end-of-life of product’s components, subassemblies or the product itself for restoration to their original
state to perform a similar or improved functionality

Waste
Hazardous Liquid Waste Amount of non-biodegradable hazardous waste from end-of-life of product remaining in liquid form
Hazardous Solid Waste Amount of non-biodegradable hazardous waste from end-of-life of product remaining in solid form

Biodegradable Waste Amount of end-of-life of product organic material (including packing materials) decomposed into compost and biogas by
microorganisms and exposure to heat

Emissions
GHG Emission Amount of greenhouse gases (GHG) emitted from the end-of-life of product materials to the environment

Liquid Particulate Emission Amount of liquid particulate emitted from the end-of-life of product materials
Solid Particulate Emission Amount of solid particulate emitted from the end-of-life of product
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4. Methodology

4.1. Data Collection and Methods of Analysis

The development of relatively important factors or criteria for sustainable product manufacturing
requires the involvement of expert or manager opinions. This human judgement generates high degrees
of uncertainty and subjectivity. This study employed data obtained from an expert-based questionnaire
survey. The questionnaire was prepared from 40 ergonomics-based factors/criteria of sustainable
product manufacturing identified in the framework (Figure 3). A total of 41 experts (i.e., professors,
research fellows, experts/designers and managers/executives) were contacted by e-mail to participate in
the survey. Of the 41 people contacted, 35 experts properly completed the questionnaire; the response
rate was 85.36%. Respondents’ information (i.e., position/title, qualification, experience and employer),
objectives, and a short description of the study and questionnaire items with proper definitions and
decision alternatives were included in the survey questionnaire. The survey asked the participants to
rate the levels of significance of each of the ergonomics-based factors/criteria in manufacturing product
sustainability on a nine-point Likert-type scale with their respective linguistic terms. The study utilized
two types of linguistic variables, and according to the rating values of the linguistic terms, the opinions
of experts were transformed into their equivalent fuzzy numbers, as presented in Table 2 [34].

Table 2. Linguistic variables with their corresponding linguistic values of triangular fuzzy numbers.

Linguistic Variables Linguistic Variables Triangular Fuzzy Numbers
(TFNs)

Low importance (LI) Low effect (LE) (0.0, 0.0, 0.125)
Intermediate between LI and MI Intermediate between LE and ME (0.0, 0.125, 0.25)
Moderate importance (MI) Moderate effect (ME) (0.125, 0.25, 0.375)
Intermediate between MI and SI Intermediate between ME and SE (0.25, 0.375, 0.5)
Strong importance (SI) Strong effect (SE) (0.375, 0.5, 0.625)
Intermediate between SI and DI Intermediate between SE and DE (0.5, 0.625, 0.75)
Demonstrated importance (DI) Demonstrated effect (DE) (0.625, 0.75, 0.875)
Intermediate between DI and EI Intermediate between DE and EE (0.75, 0.875, 1.0)
Extreme importance (EI) Extreme effect (EE) (0.875, 1.0, 1.0)

Sustainability factors/criteria (qualitative/quantitative) identification and assessment problems
are usually difficult to manage due to the presence of complexity along with a series of uncertainties
and vagueness [35]. To overcome these challenges, this study utilized a fuzzy approach by considering
expert opinions in the form of linguistic variables. In a fuzzy concept based on the shape or nature of
the fuzzy membership function, fuzzy numbers are classified as trapezoidal, Gaussian and triangular.
Because they are intuitive, easily applicable, and useful in promoting representation and information
processing in a fuzzy environment [36], this study applied linguistic variables with their respective
triangular fuzzy numbers, as represented in Figure 4.

The data obtained from the questionnaire survey in the form of linguistic variables were used
as the input for the decision process on the relative importance of the identified ergonomic-based
factors or criteria of sustainable product manufacturing. To accomplish this decision, we applied
the fuzzy Delphi method, which is used for screening processes in disciplines such as engineering,
management, business and the physical sciences [37]. The comprehensive procedural approach of the
study is represented in Figure 5.
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ergonomics-based sustainable product manufacturing.

The aggregation of expert opinions for a single factor can be obtained based either on similarity,
in which the consistency of each expert with the others is considered, or on the differences between
experts’ opinions [38,39]. Considering either of them separately will lead to a loss of information
and make a decision on the factor incomplete. Therefore, this study utilized the similarity- and
difference-based approaches equally to determine the group consensus on the importance level of each
of the factors/criteria of ergonomics-based sustainable product manufacturing through the following
adopted algorithm.

Step 1: Arrange the opinions of all experts (total number of experts: 35) on each questionnaire item
(i.e., factors/criteria) in the form of triangular fuzzy numbers, which are the minimum (a), optimum (b)
and maximum (c):

i.e., EOi = (ai, bi, ci) f or, i = 1, 2, . . . , n

where n is the total number of experts in the study and EOi is the ith expert opinion.



Sustainability 2019, 11, 4955 11 of 20

Step 2: Determine the similarity S(EOi, EO j) among each pair of experts’ opinions EOi = (ai, bi, ci)

and EO j = (a j, b j, c j) for all participants, using [40]

S(EOi, EO j) = 1− [
(/ai − a j/ + /bi − b j/ + /ci − c j/)

3
] (1)

For i = j, S(EOi, EO j) = 1, and S(EOi, EO j) = S(EO j, EOi).
Step 3: Calculate the distance difference d(EOi, EO j) between each pair of experts’ opinions

EOi = (ai, bi, ci) and EO j = (a j, b j, c j) for the total number of experts using the formula of distance
difference between two triangular fuzzy numbers [41]:

D(EOi, EO j) =
1
2
{max(/ai − a j/, /ci − c j/) + /bi − b j/}. (2)

Then transform the distance into a normalized distance differences using:

d(EOi, EO j) = D(EOi, EO j)/maxi, jD(EOi, EO j) (3)

For i = j, d(EOi, EO j) = 0, and d(EOi, EO j) = d(EO j, EOi).
Step 4: Calculate the consistency degree r(EOi, EO j) between each pair of experts’ opinions for

i, j = 1, 2, . . . , n [42]

r(EOi, EO j) = αS(EOi, EO j) + (1− α)[1− d(EOi, EO j)]. (4)

For this study, the equal importance of similarity and difference among the experts was indicated
by the value of α being 0.5.

Step 5: Calculate the degree of importance of each expert based on their years of experience.
In this study, the years of experience of the participants in the survey were categorized as follows:
below 5 years, 5–10 years, 10–15 years, 15–20 years, and above 20 years. The degree of importance (ei)
for each expert is shown in Table 3.

Table 3. Degrees of importance of experts participating in the survey.

Expert E1 E2 E3 E4 E5 E6 E7 E8

Value of Expert 5 1 1 5 5 2 2 1
Expert Relative Importance 0.0495 0.0099 0.0099 0.0495 0.0495 0.0198 0.0198 0.0099

Expert E9 E10 E11 E12 E13 E14 E15 E16

Value of Expert 1 2 3 2 2 1 1 3
Expert Relative Importance 0.0099 0.0198 0.0297 0.0198 0.0198 0.0099 0.0099 0.0297

Expert E17 E18 E19 E20 E21 E22 E23 E24

Value of Expert 2 5 1 4 2 5 2 5
Expert Relative Importance 0.0198 0.0495 0.0099 0.0396 0.0198 0.0495 0.0198 0.0495

Expert E25 E26 E27 E28 E29 E30 E31 E32

Value of Expert 4 5 1 2 4 5 5 2
Expert Relative Importance 0.0396 0.0495 0.0099 0.0198 0.0396 0.0495 0.0495 0.0198

Expert E33 E34 E35

Value of Expert 2 4 4
Expert Relative Importance 0.0198 0.0396 0.0396

Step 6: Calculate the weighted consistency degree C(Ei) for each expert Ei for i, j = 1, 2, . . . , n by:

C(Ei) =
n∑

j=1

r(EOi, EO j)e j. (5)
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Step 7: Calculate the aggregation weight w(Ei) of expert Ei for i, j = 1, 2, . . . , n using the formula
below:

w(Ei) =
C(Ei)

n∑
j=1

C(E j)

. (6)

Step 8: Aggregate each fuzzy opinion for each Factor or indicator ‘I’ into a group fuzzy opinion RI

using the formula stated below [42,43]:

RI =
n∑

i=1

w(Ei)(.)EOi, (7)

which means:

−

RI = {(w(E1)a1 + w(E2)a2 + . . .+ w(En)an), (w(E1)b1 + w(E2)b2 + . . .+ w(En)bn), (w(E1)c1 + w(E2)c2 + . . .+ w(En)cn)}
−

RI = (aI, bI, cI) For, I = 1, 2, . . . , 40

Step 9: Transform the fuzzy group opinion value of each of the ergonomics-based factors of
sustainable product manufacturing into crisp/real values (i.e., defuzzification) using the center of
gravity method:

De f uzzi f ied =
(aI + bI + cI)

3
. (8)

Step 10: Calculate the average or threshold value for each sustainability category using the
defuzzified values of the factors in the category. The result will be used to rate the relative importance
of factors, in which factors with defuzzified values greater than each separately set average value will
be given priority in the improvement of sustainable product manufacturing practice.

4.2. Reliability of Questionnaire Items

Reliability is the consistency or repeatability of a measure. Testing the reliability of a questionnaire
requires assessment of the relevance and the respondents’ understanding of the items on the
questionnaire [44]. The internal consistency or reliability is commonly measured with Cronbach’s
alpha. Therefore, to understand whether the questions in the questionnaire all reliably measured
product manufacturing sustainability, in this study, Cronbach’s alpha was calculated for the sample of
35 experts in SPSS software (version 20). The Cronbach’s alpha was 0.980, which is higher than the
minimum acceptable value (0.7).

5. Results and Discussion

5.1. Results

The comprehensive identification and assessment methods for factors in sustainable product
manufacturing requires proper incorporation of the three issues related to product sustainability
(i.e., triple bottom line, total life cycle of product, and 6R). However, past reports from researchers,
organizations, and other concerned bodies on the issue have been based on their own designed
scopes and objectives. In addition, different disciplines can view the sustainability issue in their own
dimensions, despite having the same main goal of transition to sustainable development. Our study
identified the ergonomics-based factors of sustainable product manufacturing that improve, directly or
indirectly, the social aspect factors by considering human characteristics, behavior, performance, human
interaction with the workplace, the working environment, and product life cycle. In addition, the
relative importance of the factors was determined using the data analysis of questionnaires completed
by experts.
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In total, 40 factors of sustainable product manufacturing were identified from the ergonomics/
human factor perspective, considering the positive and negative impacts of products across their life
cycles on human (i.e., employee, customer, and community) health, wellbeing, motivation, economics,
and skill development. These factors were qualitatively and quantitatively measured in further
consideration of the manufacturing sustainability performance evaluation process. To validate the
importance of factors for the specified issue and to understand their relative importance, this study
utilized an expert-based judgment method (the fuzzy Delphi method). An algorithm that combines the
aggregation of similarity- and difference-based expert opinions into a group consensus was applied in
the analysis. The analysis was performed in MATLAB R2018 (MathWorks, Natick, MA, USA) software.
For each questionnaire item (factor), the fuzzy group consensus values (i.e., minimum, optimum, and
maximum) and respective defuzzified values (real values) were determined (Table 4). According to the
results, 24 factors (i.e., factors with defuzzified values higher than the average values of their respective
categories) were selected as those that require priority in the improvement of sustainable product
manufacturing practice.

The results of the analysis showed that the group consensus or defuzzified values corresponding
to all ergonomics-based factors of product manufacturing sustainability were between 0.625 and 0.875
(Table 4). These results showed that all identified factors had an appropriate importance or effect
on the evaluation of the performance of product sustainability. However, the effects or importance
levels of these factors on the sustainability issue are different. To evaluate the importance of each
factor, this study considered the threshold value calculated separately for each sustainability category
based on the average of the defuzzified values of their factors or criteria. Therefore, those factors with
defuzzified values greater than their respective threshold values were considered high-priority factors
(Table 4). The detailed description of the relative importance of the factors is presented in Figure 6
according to their respective categories (as shown in Figure 4).
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Table 4. Combined group opinions of ergonomics-based factors of product manufacturing sustainability.

Category Criteria No. Factor/Criteria Group Fuzzy Opinion
Defuzzified Value Selected for Priority

Minimum Optimum Maximum

Occupational Safety and Health

C1 Workplace Accidents 0.669 0.7916 0.8745 0.7784 Yes
C2 Physical Workload 0.6161 0.7398 0.8472 0.7344 -
C3 Physiological Workload 0.6427 0.7665 0.8737 0.7610 Yes
C4 Psychological Workload 0.6615 0.7854 0.8818 0.7762 Yes
C5 Organizational Workload 0.6055 0.7278 0.84 0.7244 -
C6 Working Conditions 0.6635 0.7875 0.8833 0.7781 Yes

Simplicity of Production and Maintenance

C7 Easy-to-Manufacture 0.6009 0.7209 0.8198 0.7139 Yes
C8 Easy-to-Assemble 0.6008 0.721 0.8238 0.7152 Yes
C9 Easy-to-Disassemble 0.5209 0.64 0.7521 0.6377 -
C10 Easy-to-Inspect and -Test 0.6122 0.7323 0.831 0.7252 Yes
C11 Easy-to-Repair 0.5117 0.6327 0.7374 0.6273 -

Employee Performance

C12 Employee Availability 0.6043 0.7279 0.8365 0.7229 -
C13 Employee Accuracy 0.6252 0.7489 0.8602 0.7448 -
C14 Employee Consistency 0.5808 0.7042 0.8159 0.7003 -
C15 Employee Productivity 0.6676 0.7916 0.887 0.7821 Yes
C16 Knowledge and Skill 0.6703 0.7943 0.8978 0.7875 Yes
C17 Employee Satisfaction 0.6602 0.784 0.8717 0.7720 Yes
C18 Motivation and Commitment 0.6804 0.8043 0.8864 0.7904 Yes

User-Centered Product

C19 Product Safety 0.7502 0.8744 0.9334 0.8527 yes
C20 Product Reliability 0.6769 0.8008 0.8894 0.7890 -
C21 Product Serviceability 0.7061 0.8302 0.9189 0.8184 Yes
C22 Product Quality 0.7076 0.8318 0.9193 0.8196 Yes
C23 Product Usability 0.7032 0.8274 0.9228 0.8178 Yes
C24 Product Price 0.6106 0.7325 0.8366 0.7266 -
C25 User Satisfaction 0.7316 0.8559 0.9435 0.8437 Yes
C26 User Experience 0.6805 0.8039 0.907 0.7971 -

Resource-Efficient Product

C27 Material Productivity 0.6579 0.7818 0.8776 0.7724 Yes
C28 Material Quality 0.6485 0.7724 0.8728 0.7646 Yes
C29 Material Cost 0.6275 0.7496 0.8498 0.7423 -
C30 Energy Utilization 0.6694 0.7933 0.8898 0.7842 Yes
C31 Water Utilization 0.6124 0.736 0.8436 0.7307 -

Valuable Resources
C32 Reusable Material 0.6899 0.8126 0.8919 0.7981 Yes
C33 Recyclable Material 0.6805 0.803 0.8776 0.7870 Yes
C34 Re-manufacturability of Material 0.6572 0.7796 0.8745 0.7704 -

Wastes
C35 Hazardous Liquid Waste 0.7697 0.893 0.9426 0.8684 Yes
C36 Hazardous Solid Waste 0.71 0.8328 0.9068 0.8165 -
C37 Biodegradable Waste 0.6946 0.8158 0.8896 0.8000 -

Emissions
C38 Greenhouse Gases (GHG) 0.6672 0.7911 0.8868 0.7817 -
C39 Liquid Particulate Emission 0.695 0.8181 0.9011 0.8047 Yes
C40 Solid Particulate Emission 0.6926 0.8166 0.9049 0.8047 Yes
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From the social dimension (employee-centered products):

• Occupational safety and health: Of the six factors, four were selected as high-priority factors.
Workplace accidents had the highest score of 0.7784, followed by working conditions (with a score
of 0.7781), psychological workload, and physiological workload.

• Simplicity of production and maintenance: Of the five factors, three were selected as high-priority
factors. Easy-to-inspect and -test had the highest importance, with a score of 0.7252, followed by
easy-to-assemble and easy-to-manufacture.

• Employee performance: From the total employee performance category, motivation
and commitment (0.7904), knowledge and skill (0.7875), employee productivity, and
employee satisfaction needed to be prioritized in sustainability performance improvement
implementation practice.

From the economic dimension (user-centered and resource efficient products):

• User-centered product: Of the eight factors, five were selected as high-priority factors. Product
safety had the highest score of 0.8527, followed by user satisfaction (0.8437), product quality,
product serviceability, and product usability.

• Resource efficient product: Energy utilization had the highest score of 0.7842, followed by material
productivity (0.7724) and material quality. All required appropriate emphasis from the total factor
in the specified category.

From the environmental dimension (end-of-life of product):

• Valuable resource: Reusable material, with a score of 0.7981, and recyclable material, with a score
0.7870, required prioritization for improvement of sustainability practice.

• Wastes: Hazardous liquid waste had the highest importance level for sustainability, with a score
of 0.8684.

• Emissions: liquid particulate emissions, and solid particulate emissions required priority.
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5.2. Discussion

As reported in the literature review, an overall manufacturing product sustainability performance
evaluation requires the identification of defined factors or criteria or indicators (i.e., quantitatively or
qualitatively measured) and a methodological approach for achieving a manufacturing sustainability
performance value. Most previous scholars have noted that complete sustainability performance is
evaluated by considering the factors under the three pillars of sustainability (economic, environmental,
and social) across the product life cycle (premanufacturing, manufacturing, use, and post-use),
integrating the 6R principles. However, many of them focused on only one or two sustainability
dimensions; most covered the factors under the economics and environmental dimensions and gave
less attention to the factors under the social dimension. In addition, the evaluation methods in some
research were limited to incomplete product life cycles. Therefore, there is a research gap on the social
dimension criteria and indicators for product sustainability and manufacturing product sustainability
performance evaluation considering the whole product stage.

To overcome the under-representation of the social dimension in sustainability performance
evaluation and to show the contribution of ergonomics or human factors to the transition of sustainable
development, this paper presents an approach for developing a framework of ergonomics-based factors
or criteria of product manufacturing sustainability evaluation. An expert-based survey method was
adopted to validate the importance or effects of factors on evaluating product sustainability, and also to
understand those factors in each sustainability category that require priority attention in sustainability
improvement programs. In the framework development process, the factors were identified based on
the interaction of humans (employees, customers, and the community) with the product across its life
cycle for the achievement of economic, environmental, and social benefits of manufacturing industries
and their stakeholders.
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For the identification of the factors, studies related to ergonomics and sustainable
development [1,17,21,45–47] were considered. Some works related to sustainability assessment tools and
indicators (e.g., the report of the Organization for Economic Cooperation and Development, OECD; Global
Reporting Initiative, GRI; Dow Jones Sustainability Index, DJSI) were utilized as sources of guidance,
and expert suggestions were considered. In the developed framework, these factors are categorized into
their respective dimensions: social (employee wellbeing), economic (user-centered and resource-efficient
products) and environmental (end-of-life of product) and eight categories. The combined or aggregated
effects of the factors evaluate the overall product manufacturing performance. In addition to developing a
sustainability framework, the study utilized the fuzzy Delphi method to validate the importance or effects
of the factors and to screen their importance levels in evaluating product manufacturing performance.
This approach should help manufacturing industries to allocate their resources for those factors requiring
priority to improve their product sustainability performance.

The levels of importance of each of the factors on product sustainability were decided based on the
combined opinions of experts. The priority decision for each factor was made within its sustainability
category because similar factors were included in the same category. For example, occupational health
and safety, one of the sustainability categories under the social dimension (employee-centered product),
consists of six sustainability factors. The average or threshold value for this category was 0.7587, and
workplace accidents, working conditions, psychological workload, and physiological workload require
priority because their combined real scores from experts were greater than 0.7587. In the same way,
user-centered product, another sustainability category under the economic dimension (user-centered
and resource efficient), comprises eight sustainability factors. The average value for this category
was 0.8081, and product safety, user satisfaction, product quality, product serviceability, and product
usability demand priority.

6. Conclusions

Sustainability is one of the most important issues facing manufacturers today because of the scarcity
of natural resources, governmental regulations, and increasing customer demand for sustainable
products. To achieve sustainable product manufacturing that can satisfy these requirements and also
make manufacturing industries competitive, it is important to consider a comprehensive sustainability
evaluation framework that integrates sustainability pillars, the total life cycles of products, and the 6R
principles. Ergonomics or human factors are among the different areas that contribute to sustainable
product manufacturing. In this research, a framework of performance evaluation for sustainability in
manufacturing industries has been studied, and ergonomics-based factors or criteria influencing the
sustainability of manufactured products across its life cycle have been investigated.

The developed model of a sustainable product manufacturing framework consists of 40 ergonomics-
based factors organized into eight sustainability categories (occupational safety and health, simplicity
of production and maintenance, employee performance, user-centered product, resource-efficient
product, valuable resources, waste, and emissions) and three sustainability dimensions (employee
wellbeing: employee-centered product; economic: user-centered and resource-efficient products;
and environmental: end-of-life of product). These factors are identified based on their direct and
indirect influences on the social, economic, and environmental benefits to the employee, customer,
and community. In addition to identifying the factors, this study validated the importance levels of
the factors for sustainable product manufacturing using the fuzzy Delphi method. The expert-based
questionnaire was designed with linguistic variable alternative responses to collect the opinions of
experts on the importance levels of each of the factors. After the reliability of the data was checked using
Cronbach’s alpha, the combined opinions of experts were determined by an algorithm comprising
the degrees of importance of the experts, and the similarities and differences between the expert
opinions. The overall combined opinions corresponding to the factors (i.e., all defuzzified values
corresponding to factors are between 0.625 to 0.875) showed that all are important influential factors of
sustainable product manufacturing. Moreover, the priority of the factors on the importance level was
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also investigated by comparing the defuzzified values of the factors with the threshold values set to
their corresponding sustainability category. This should provide a guide for management decisions on
resource allocation for each of the factors to improve the manufacturing sustainability performance.

The contribution of this research is to identify the factors that are directly and indirectly associated
with the social dimension affecting the manufacture of sustainable products; it also illustrates to some
extent how ergonomics or human factors contribute to sustainable manufacturing. Future research
could focus on the development of appropriate methods to measure qualitatively and quantitatively
the identified factors and come up with a defined product manufacturing sustainability index or value.
In addition, case studies applying the developed method can be conducted to evaluate the product
sustainability performance levels of manufacturing industries and explore another research direction.
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