mathematics
Article

The Quantitative Analysis of Workers’ Stress Due to
Working Environment in the Production System of
the Automobile Part Manufacturing Industry
Muhammad Omair 1 , Misbah Ullah 2 , Baishakhi Ganguly 3 , Sahar Noor 2 , Shahid Maqsood 2
and Biswajit Sarkar 4, *
1
2
3
4

*

Department of Industrial Engineering, Jalozai Campus, University of Engineering and Technology,
Peshawar 25000, Pakistan
Department of Industrial Engineering, University of Engineering and Technology, Peshawar 25000, Pakistan
Department of Mathematics & Statistics, Banasthali University, Rajasthan 304022, India
Department of Industrial and Management Engineering, Hanyang University, Ansan 15588, Korea
Correspondence: bsbiswajitsarkar@gmail.com; Tel.: +82-1074981981

Received: 28 April 2019; Accepted: 8 July 2019; Published: 15 July 2019

Abstract: Production now requires the management of production processes and operations on
the basis of customers’ demand to ensure the best combination of technology and humans in the
system. The role of the humans in the production process is very significant for the production and
quality of the product. The production system depends upon technology and human factors and is
highly influenced by the working conditions of the workers, that is, work load, physical, dealings,
job timings and so forth. In the current global economy, minimizing production costs is a serious
priority for the industries. However, the costs of bad working conditions increase the intensity of
the average stress among employees to cause extra costs by affecting the workers’ efficiency and
products’ quality, which is invisible in the eyes of decision makers. This research identifies the
cost of workers’ stress by developing a linkage between the economic benefits of the firms and the
social upgrading of the workers. A numerical example of a production based system is performed
to represent the real-time application of the proposed model. A sensitivity analysis is also carried
out to quantify the impact of average stress among workers on the production system. Sequential
quadratic programming is used to optimize the given nonlinear model for production planning.
The optimal results influence ergonomics awareness and the relationship with the safety culture
among managers in a firm. It is concluded that efficient and effective production cannot be possible
without considering the working conditions of humans in the firm. Managerial insights are also
generated from the implications of the results and sensitivity analysis.
Keywords: production; imperfect production; defective rate; workplace stress; workers’ efficiency

1. Introduction
The production industry is considered one of the key indicators for the development of a nation.
Human resources are a significant approach to a firm’s performance and it is believed that the
most important assets of the firm are its people. The workforce has been an important variable
for management to maximize the revenues [1]. Despite these assessments, managers are giving a
relatively low priority to workers. That is the reason why, when a firm needs to cut costs, they
first look to the investments in the worker, that is, wages, training and firing [2]. Human workers
require social development and deserve a good working environment to avoid workplace stress. It is
the responsibility of the firm to provide a safe and healthy environment for the workers for better
performance and productivity.
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Work-related stress and workplace violence are widely recognized as major challenges to
occupational health and safety [3–5]. Most injuries at work occur from physical stress and the strain to
perform repetitive and overused tasks, over a long time, which results in damaged joints, muscles,
and tendons [6]. Job stress can be defined as the occurrence of harmful physical and emotional response
when the requirement of the work does not fulfil the capability of worker [7]. It is considered as a
major challenge to the individual on the basis of mental and physical health, and it also damages
the organizational health [8]. Job insecurity and physical exertion at the workplace also cause stress.
Stressed workers are more likely to be unhealthy, less motivated, poor productivity and a less safe
working environment, which ultimately produces a bad impact on the success factor of the firm
in a competitive market [9]. It is estimated that job stress costs the state economy, health care and
lost productivity. The latest figures state that the estimated cost of work-related stress costs the UK
economy are £7 billion a year in sick pay and lost production [10].
Even in advanced high-technology based industries, the physical demands of work are still high,
which is directed to produce the environment of physical hazards and work injuries [11]. However,
limited work has been done on the impact of stresses on work performance. Similarly, many factors can
reduce the impact of work stress during work, but also a very little work has been done to cover these
individual and organizational factors. An important source of stress is job strain, which is faced by
workers at the workplace. Job insecurity and physical exertion at workplace also cause stress. Even in
advanced high-technology based industries, the physical demands of work are still high, which is
directed to produce an environment of physical hazards and work injuries [12].
Traditionally decision makers consider common costs, that is, manufacturing, labor cost, holding
cost and maintenance cost to take decisions in inventory and production systems. Despite the
significant importance of non-ergonomic working conditions and work injuries, these are ignored.
Managers cannot justify the investments in any project regarding the working environment unless
it is economically feasible and beneficial to the firm. Accordingly, to manage the workplace, it is
extremely significant to understand the costs and economic benefits of breakeven time [13]. This study
represents the significance of controlling workplace stress due to the working environment through
a mathematical model. The inclusion of stress level among workers is anticipated in considering
effective and efficient production. The mathematical analysis of average stress is a big contribution,
which is inversely related to the worker’s efficiency and product’s quality. The contribution of this
research is extended to quantify the production loss and required labor due to the stress. The analysis
provides a platform for production managers to make investments in favor of workers and can be
utilized to support the research with the objective to determine the factors that bring awareness and a
safety culture in the firm.
This paper is structured as follows: Section 2 present a literature survey regarding stress level,
and imperfect production. Furthermore, Section 3 is related to the verbal problem statement to discuss
the imperfect production system and drawbacks in the form of workplace stress. The formulation
of a mathematical model considering notation, assumptions along with solution methodology is
given in Section 4. Section 5 depict the numerical experiment for the practical implication of the
mathematical model including data collection and data analysis. Section 6 is related to the numerical
results of the experiment performed in the automobile part manufacturing firm. Section 7 presents the
sensitivity analysis of the model to determine the effect of workers’ stress on the production system.
The directions and recommendations for the support of management firms are also given. Finally,
Section 8 finds the conclusions of this study.
2. Literature Survey
Effective and efficient production systems rely on the working conditions of the worker.
The objective is to improve the working environment by optimising the effort of workers to enhance
the firm’s performance and promote human well-being. Most of the ergonomic-related work in
developing countries is based in the industrial sector. Researchers also worked to create a link between
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working environment and cost. But the problem arises of how to quantify the invisible average costs
of work-related injuries [14]. There is no specific and unique methodology in the literature, which
could understand and calculate the cost of displeasure due to bad work conditions and the average
cost of pain due to work-related injuries.
Most of the researchers have worked on the economic and environmental aspect of the production
system i.e., [15–18]. However, now a work has been started to encourage the social dimension of the
system, and in this direction several authors contributed to measure the cost associated in such cases.
The cost of work injuries due to bad working environment is calculated by using the friction method,
capital method, and willingness to pay method [19]. Furthermore, it also observed that working hours
have a huge impact on work-related injuries because longer shift timings increase the probability of
an accident [20]. Ruhm (2000) observes a good relationship between macroeconomic conditions and
mortality, which he attributes to bad working conditions, the physical exertion of the worker, and
work stress when job hours are extended [21]. Work stressors are environmental factors at work that
lead to individual strain, that is, potentially harmful reactions of the individual [22].
The most common job stressors considered by researchers are chronic, for example, job conflict.
Few researchers also focus on the shorter-term stressors, also called acute stressors. Examples of
acute stressors might include something as annoying as a research assistant encountering computer
shutdowns [23]. Chronic stressors are usually conceptualized and measured generically (i.e., the same
for all jobs), while measures of events or acute stressors tend to be more job-specific, both conceptually
and operationally [24]. This study considers the chronic stressors. The questionnaire and the data
collection are based on the chronic stressors among the workers. The consequences of high stress
among workers are production loss, bad quality work, work injuries, hiring new workers, time lost,
legislation, legal expenses, lost jobs and training.
Knauth (1998) [25] discussed the effect of different attributes of working hours on fatigue.
Early morning shifts, night shifts, extended working hours, and short recesses are the significant
factors, which may cause accidents at work and reduce productivity. The concept behind the risk
of fatigue among workers due to shift schedule is to keep it simple [26]. Inconvenient working
environments cause stress, which does not allow the maximum utilization of personal ability to
perform well [27]. A global survey estimated that due to high stress levels, 90% of the workers were
disengaged and among 57% were absolutely disconnected from their work [28]. Another issue caused
by increase stress level among worker is production loss. If a worker is normal, then he can work
efficiently and effectively to achieve his target production, on the other hand if he feel any stress or
pressure then definitely it will cause production loss [29]. Abraham Maslow imagined the categorized
employee behaviour patterns in five levels of survival, security, social, stability and satisfaction for the
knowledge-based global economy [30].
The effect of intangible cost on production and inventory can be analysed in various production
and supply chain models. Most of the researchers ([31–36]) worked on imperfect production systems
to help the managers in planning and controlling the bad quality items. However, very few researchers
analyzed the cause to reduce the imperfect production in the system. There are many factors affecting
the production flow to produce imperfection in the form of reworks, rejections and scraps. Errors can
be generated by man, machine or material. This research covers the imperfect production occurring
due to the average stress among unskilled workers caused by non-ergonomic working conditions.
Previous studies analyzed the effect of stress on the efficiency of the workers and still its effect on the
production system was missing. Mansour (2016) [26] only related the stress among workers due to
bad working conditions and injuries to the efficiency of the systems. However, this research paper
considers the stress level among workers that not only affects the efficiency of the system but also the
defective rate. The contribution of this study is to incorporate the workplace depending efficiency
and defective rate in the production model as an extension. The impact of stress on the production
system is valid theoretically but still there is a gap to find it in tangible dimensions. The production
model is developed to analyze the quantitative effect of stress on the total cost and required workers in
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the production system. The mathematical analysis of the proposed production model is evident to
provide the importance of the good working environment, where there is less human stress to avoid
the economic loss due to degraded efficiency and high defective rate.
3. Verbal Problem Statement
The research is performed by converting the theoretical idea into the mathematical model and be
analysed by the nonlinear programming technique. The model considered an optimization problem
to minimize the total cost of production system provided with the limitation of budget, production,
and inventory space. The launch of a new product by the combination of human and technology is a
big challenge for production planning and control. The developing countries are mainly concerned
about manpower as compared to technology because the firms can easily acquire cheap labor against
expensive high tech machines. That is the reason, in such scenarios the efficiency and the performance
of unskilled labor is highly dependent upon ergonomic conditions and other moral support from the
firm, which may result in a high stress level among workers in typical production firms. The issue can
be clearly highlighted by considering a mass production system of automobile spare part industry,
where there is a need to manage the resources in the form of unskilled workers and machines.
The machines are performing the same operation of mass production and worker is working on it. The
task might be repetitive or time consuming with an effect of bad working conditions. A single machine
problem is considered to experiment the research idea represented in this paper. The flow diagram
of imperfect quality production system of three automobile parts A, B, and C parts is illustrated in
Figure 1.
The raw material from the inventory transported to the production department, where operators
are working on machines for manufacturing of a automobile parts. A production planing and
control decisions are looking to find the resources in terms of machines and labor required in
production department, which depends upon the production rate and demand rate. The efficiency of
operators is influenced by the average stress. The finished parts are shifted to quality department for
inspection, where reworked parts are backtracked to machines while the scrapped items are recycled.
After managing the imperfect products, the finished goods are transported to the final inventory.
The defective items (bad quality items) are produced due to errors caused by man, machine or material,
that is the reason the total defective rate is introduced to be the sum of the initial and variable defective
rate. The former is the result of machine errors while the latter depends upon the average stress among
workers. The main reasons for psychological stress among workers are injuries, moral degradation
and so forth.
Inventory of raw
material

Rework parts
Machine 1

100 % Quality
Control
(Screening)

Machine 2
Production
department

Finished
goods
Machine 3

Machine n

Recycling
operation

Rejected parts

Figure 1. Representation of imperfect quality production system.
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Let xi represents a scaled input qualitative variable. The relationship between these qualitative
input variables can be mapped into a single value to represent an average stress level among employees.
Accordingly, the stress can be expressed as given in Equation (1).
n

s

∑ (wi .xi )

=

(1)

i =1

where s is stress level; xi is the scaled elements of the work conditions that cause stress; wi is the
normalized weights.
3.1. Stress Level and Efficiency
The stressed worker cannot provide his best utilization according to his capabilities. The affiliation
of the worker’s stress level with efficiency can be formulated as given in Equation (2), where ρ is
efficiency of the workers. The efficiency is directly proportional to the average stress (s) and the
relationship is drawn by a curve as shown in Figure 2 [26].
ρ(s)

= e−s/m

(2)
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Figure 2. Relation between workers’ stress and efficiency.

3.2. Stress Level and Defective Rate
The expression for defective rate includes variable defective rate depending upon the average
stress with initial defective rate to cover the rest of factors, that is, machine, material and so forth,
is given as in Equation (3). The Initial defective rate is considered to follow a uniform distribution.
A direct relationship between stress and defective rate can be shown as in Figure 3, where µ is the total
defective rate of the production system, µ0 is the initial defective rate, τ and e are the scaling factors
and s is average stress among worker.
µ(s)

= µ0 + τ × s e

(3)
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Figure 3. Relation between workers’ stress and defective rate.

4. Formal Problem Statement
4.1. Assumptions
There are following assumptions for the proposed model.
1.
2.
3.
4.
5.
6.

The model is considered for multiple type items.
All products are screened and screening cost is incurred on each item [37].
Defective rate is stress level-dependent and the initial defective rate is considered as
uniformly distributed.
Average efficiency of workers is also a function of stress level.
The defective items are reworked to make the perfect quality products.
Some parts are rejected after reworking the operation, which is recycled [38].

4.2. Notation
The research is based on the optimization of the decision variables to provide significant support
to the managers and experts in production planing and control phase. Indeed this research provides a
production resource planing for any production system with given data. There are three decision
variables proposed in the mathematical modelling, that is, cycle time ( T ), number of machines
required (K j ), and number of workers required ( L j ). The cycle time provides data regarding the total
time of the production system to process all the required parts with respect to the given demand.
There are K j number of machines working similar operations, the capacity of the system depends
on the number of machines. Similarly, the number of workers L j depend upon number of machines.
The proposed research based on mathematical model will be effectively and efficiently providing
information to the managers regarding exact number of machines and number of workers required to
process parts by fulfilling the annual demand. The notations of the parameters and decision variables
of the proposed imperfect production model are enlisted comprehensively as.

4.3. Mathematical Modelling
A mathematical model based on a single-stage production system with defective in the form of
reworked and rejected items include fixed and variable costs, that is, capital cost, labor cost, setup cost,
manufacturing cost, inventory carrying cost, reworking cost, energy cost and recycling cost. The capital
cost is time-related, which consists of initial investment for purchasing and installing machine units.
Cost of manufacturing in this model is associated with the machine/workstation used to manufacture
the product. The total inventory of the production system is holding as given in Figure 4, where P is
the production rate of the system, D is the demand, I (t) is the total inventory of the system, the cycle
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time T is divided into small time fractions (i.e., t1 , t2 , and, t3 ), h1 and h2 are the parameters used to
represent the heights of the inventories during production and reworking process respectively. It is a
continuous production scenario for one production cycle T. The model is based on pure production
system where the production is going on and the demand D is also fulfilling simultaneously during
t1 and t2 . The reworking operations are done during time interval t2 . The production stopped at t2 ,
then there will be no production and inventory is going down to zero during t3 .Theocratically, the total
cost of production is the sum of capital cost, setup cost, manufacturing cost, holding, backorder cost,
energy, inspection, reworking and recycling cost. Mathematically, these fractions of the total cost can
be mathematically calculated as given in Appendix A for the support of managers and industries.
By considering the interaction between the labors and machines, the total cost function is the sum
of the fixed costs to represent the capital cost and variable costs in terms of labor cost. The objective
function is to minimize the total cost of production as given in Equation (4).

/;ƚͿ
P-D

P(1- µ)-D

-D
h1

h2


t2
T

t1

t

t3

Figure 4. Economic production Quantity model with variable defective rate and backorders.

Minimize cost

= Capital cost + Setup cost + Manufacturing cost + Labor cost +
Holding cost + Backorder cost + Energy cost + Reworking cost +
Screening cost + Recycling cost

(4)

The mathematical form of the objective function to minimize the total cost of production can be
given as in Equation (5). The model is limited by the budget, production, and capacity constraints.

Min TC

= ∑ jJ=1



K j Vj
T



−

Hj Bj



+

+
Fj Bj
T

Sj
T

+ Mj Dj +

+

ρ ( s ) L j Wj
T

y j B2j (1−µ(s))

 Hj D j T

+

1− 1+µ(s)+µ(s)2
2



Dj

2D j T (1−µ(s)− P )

+ πUj D j + µ(s) M j D j +

 Dj
Pj



+

Hj B2j (1−µ(s))
Dj

2D j T (1−µ(s)− P )
θj
T

j


(5)

+ D j ψj + ηu j µ(s) D j

j

Subject to
Budget constraint: The budget constraint is the limitation given by the management on the
availability of the resources. There is a cost associated with the machines and number of workers.
The addition or removal of the machine or worker in the production plan will effect the cost budget
and balance. That is the reason the combination of the workers and machines should by utilized in
this way to not exceed than the total budget as represented by Equation (6).
K j Vj + Wj L j

= Mj

(6)
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Production function constraint:
The production function provides a constraint to relate the
production quantity with the number of workers and number of machines. Where there is a combine
effect of availability factor A f (%) for machines and workers, and an efficiency (ρ) of the workers is
multiplied with the number of workers. The α and β are the respective shares of machines and workers
in the production system depending upon the level of automation.
D j T = A f K αj ρ(s) L j

β

(7)

Space constraint: The inventory of the production system is also controlled depending upon the
capacity of the storage system or warehouse. Therefore, the space constrain (volume based) is very
important to limit the maximum quantity depending on the size of each part.
c j D j T ≤ Cj

(8)

Non-negative constraint: All the decision variable i.e., T, K j , and L j are non negative.
T, K j , L j ≥ 0

(9)

5. NumericaL Experiment
Most of the data used for analysis of the proposed mode has been taken from the numerical
experiment done by Sarkar et al., (2014) [39] except the data related to the average stress among
workers in a production system.
5.1. Data Collection
The average stress is measured by the workplace stress scale on the basis of a questionnaire
as given in Appendix B. The scale was designed and made by the Marlin Company, North Haven,
CT, USA, and the American Institute of Stress (AIS) in 1978, Yonkers, NY, USA [40]. There are two
basic type of stressors, that is, chronic and acute. Chronic stressors are usually conceptualized and
measured generically (i.e., the same for all jobs), while measures of events or acute stressors tend to
be more job-specific, both conceptually and operationally [23]. The chronic stressors are considered
to collect the data from the workers because the research covered basic but not specific working
conditions and the production system rely on long term data for making decisions. That is the reason a
questionnaire is considered to reflect the data from the workers facing generic stresses throughout their
job. The questionnaire is standard and general, which can be applied to any circumstances to find the
average stress among workers. Each question indicates the specific performance factor of the worker
chronically and in generic, that is, job satisfaction, safe working conditions, deadlines, job pressure,
skills utilization and so forth. Responses of the workers are collected by using a five-point scale starting
from one to five representing never, rarely, sometimes, often and very often, respectively [41]. This
scale of questionnaires was utilized to evaluate the function of occupational stress among workers [42].
A survey was conducted among five automobile spare parts industries. A Total of 150 questionnaires
were distributed among unskilled workers. The demographics of the participating workers are
as follows.
1.
2.
3.

All workers are participated in the survey irrespective of the age and health.
They are working on the production floor as an operator or helper.
The respondent unskilled workers are performing manual activities, e.g., loading, unloading,
helping, operating, heavy working, manual forging, cutting etc.

The survey was conducted during fall 2018. It was performed at an Industrial estate in Pakistan.
The data was collected from the workers in two ways—those who could understand filled the
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questionnaire by themselves, otherwise most of them were interviewed for collecting the data.
The workers were chosen randomly to avoid bias. Almost five general manufacturing industries
related to the automobile part were selected for the collection of data for workplace stress to reflect
the general conditions of workers. These industries are working as a separate firms to manufacture
automobile spare parts, each consist of almost 400–500 workers. 150 workers were selected randomly
among total 2200 workers from five industries (at the rate of 6%), where 130 workers returned the
questionnaires and among which 12 were rejected due to incomplete and unreliable information.
Therefore, a total 118 questionnaires were considered for the analysis of this research work and the
response rate was about 78.7%. The sample size of 118 is enough to reflect the population of the
workers among manufacturing industries.
5.2. Data Analysis
For the reliability and adequacy of the data, a Cronbach’s reliability test was performed.
The objective of the test is to check the average differences among each data. The test value for each
question is calculated, which was more than 0.7 and is commonly recommended for the validation
and reliability of the data. As all values result were above 0.70, a good reliability resulted for data
sets, and these data sets were accepted for further analysis [43]. The value of stress among workers
was found to be 2.6 as a normal average on a five-point Likert scale. The formula for central tendency
(mean) was utilized to find the mean average of the workplace stress among workers. The value 2.6
value was considered as a general average stress existed among unskilled workers on the production
floor of manufacturing system. The value of workplace stress above 2.6 will be assumed as “High
Stressed” and lower value will be considered as a “Low stressed”. The five-point Likert scale had
qualitative levels from 1 to 5, tagged as never, rarely, sometimes, often, and very often respectively.
The never and very often stress levels are the ideal situations for industry. The sensitivity analysis is
performed on the basis of these mentioned stress levels to find the changing cost of production and
number of labor required.
The data related to the production of each automobile part on the basis of demand, production
rate, backorders and, energy utilization are given as in Table 1. The data related to the production
rate, setup, holding, demand and manufacturing cost are taken from the work done by Sarkar et al.,
(2014) [39]. The data related to the energy, machine cost, defective rate, recycling cost, and labor costs
are considered directly from the industry because these are depending on the industrial conditions
and state regulations. The inspection data is collected from the research study of Sarkar (2016) [44].
The data related to stress are incorporated by the detailed survey using the questionnaire as discussed
in the data collection section.
Table 1. Data related to the production and demand.
Item
Type

Demand
(Units)

Production Rate
(Units/Year)

Backorders
(Units)

Scrap
(%)

Energy
(KWh)

A
B
C

180
200
210

450
550
580

25
30
35

0.2
0.3
0.4

0.45
0.5
0.58

The data related to the cost of production are given in Table 2, that is, manufacturing, holding,
setup, backorder, labor and machine costs. Manufacturing costs includes running costs incurred on
each item. The backorder cost is applied for extra resources when shortages are occurred to fulfill the
demand. When parts are transported from production department to quality department, imperfection
is produced.
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Table 2. Data related to the production costs.
Item
Type

Manufacturing
Cost ($/Unit)

Setup
Cost ($)

Holding Cost
($/Unit/Year)

Fixed
Backorder ($)

Variable Backorder
($/Unit)

Machine
Cost ($)

Labor Cost
($/Unit)

A
B
C

6
7
8

45
50
55

47
50
56

9
10
10.5

0.9
1
1.25

450
500
580

1.7
2
2.2

The cost related to imperfect production is given as in Table 3. Inspection is carried out after
production at quality department, where all parts are checked for defective and sorted the pass, rework
and rejected parts. Inspection process acquire cost to perform some visual as well as lab testing.
Recycling include process of converting the semi-finished item into raw material to reduce the waste
and carry a cost.
Table 3. Data related to the imperfect production.
Item
Type

Variable Inspection
Cost ($/Unit)

Fixed Inspection
Cost ($)

Recycling
Cost ($/Unit)

Energy
Cost ($/Unit)

Initial Defective
Rate (%)

A
B
C

0.01
0.02
0.03

9.5
10
10.5

1.8
2
2.5

5
5
5

2.5
2.5
2.5

6. Results and Discussions
The model is nonlinear and complex enough to solve by using any analytical method. However,
there are many iterative methods available to find the optimal solution of nonlinear optimization
model with many decision variables and more constraints. The sequential quadratic programming
(SQP) are the most effective methods to solve nonlinear equations [45]. The method of SQP is based on
Newton’s method in the best way to deal with the unconstrained optimizations [46]. The SQP deals
with the quadratic programming problems, to find an optimal solution. SQP methods represent the
state of the art in nonlinear programming methods. Schittkowski [47] has implemented and tested a
version that outperforms every other tested method in terms of efficiency, accuracy, and percentage
of successful solutions, over a large number of test problems. The method closely mimics Newton’s
method for unconstrained optimization. At each major iteration, an approximation is made of the
Hessian using a quasi-Newton updating method. This is then used to generate a QP subproblem
whose solution is used to form a search direction for a line search procedure.
The proposed production model in the form of nonlinear problem was coded in MATLAB for
the analysis and by using the methodology of SQP, optimal solution and results are obtained [48].
The optimal solution of the production model is given as in Table 4, which is a complete production
plan for the manufacturing of three items A, B and C. To meet the target in the form of demand rate
and by the capability of the production system in term of production rate, the required machines
and labor for each item is calculated. The cycle time of the complete production plan is almost three
months (0.329 years). The optimal solution of the imperfect production model, that is, total cost (TC)
considering the impact of workers’ stress is found as $428,248.
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Table 4. Optimal solution of the production model.
Sr. No.

Item Type

Decision Variable

Optimal Result

1
2
3
4
5
6
7

A
B
C
A
B
C

(T )
K1
K2
K3
L1
L2
L3

0.329 years
56 machines
60 machines
60 machines
111 workers
123 workers
131 workers

Objective Function (TC)

$428,248

The optimal results and solutions have been found to support the production planning phase of
the manufacturing firm. Optimal requirements of resources in the form of workers and machines are
quantified with the minimum expense of total cost (TC). This paper presents the impact of average
stress on the production system with defective rate and workers’ efficiency as a function of workers’
stress. However, stress elements are generated among worker, whatever their cost, such stress factors
have personal as well as economic consequences and can cause poor productivity and unavailability.
Stress factors are required to be calculated economically for the benefit of decision makers. That is the
reason, further analysis is required to find the sensitivity of the model by the effect of stress levels.
7. Sensitivity Analysis
Stresses can be divided into chronic and acute [23]. Given the differences between acute and
chronic stressors, they may differ in their relations with individual strains and performance [24].
Stressors that are more job specific (whether chronic or acute) may have the greatest impact on
individual strains and performance, because they are most salient to employees in a particular job.
The chronic job stressors are considered. The stress factor is a variable function and it depends upon
various aspects of the production system for example, repetitive and cyclic work type are common in
mass production systems to make the job more boring and tedious, which is one of the causes of high
stress. However, workers feel less stress in case of job production where the management invested on
the training and development for handling a variety of tasks. Similarly, stress also depending upon
the firm’s policies regarding workers’ health care and safety. Sometimes, there are a lot of medical
facilities and insurances available for labors in low-income management firms and on the other hand,
a very few incentives are available in high-quality firms.
There is a need to check the model on different levels of stress existed across various production
firms. The stress factor negatively affects the workers’ performance and efficiency, which is directed
to lessen the workforce and increase the number of rejections. Hence there are two changes occur,
firstly the actual number of labor will be reduced from the standard requirements due to the decreased
performance level and secondly, the output production will be reduced to meet the target level.
Therefore, to compensate the loss efficiency and maintain the output quantity at a certain level,
the amount of labor should be increased. This can be done either by hiring extra labor in terms of
cost or increasing the production schedule time. In both cases, the total cost (TC) will be increased.
The detailed analysis and variations of TC and labors at each level of stress are given as in Table 5.
These cases are given as following.
1.

The scale can divided into five values of s levels from never, rarely, sometimes, often, and very
often. An analysis is carried to quantify the exact amount of labor required by increasing the level
of workers’ stress ranging from s = 0 to s = 4 as given in Table 5. In first case, by considering L1
it is observed that when stress is increasing then there is no changes occurs. The reason is the
demand for first part A is almost 180, which can be easily fulfilled by the same number of workers,
that is, 111. The change in average stress would not create any variation in the production system
to disturb the manual workers.
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By comparing the status of the labors required for part B and C, that is, L2 and L3 respectively
at extreme levels of the stress, the labors required at s = 0 and s = 4 are 119 and 126 for item B
while 124 and 137 for item C respectively. Indeed, the analysis is providing a quantitative impact
of the stress level on the number of workers required in the production system.
Since the stress is a variable factor and there is also a need to analyze the sensitivity of the
proposed model for the TC by changing the stress among workers. It is clear that the model is
sensitive to the stress on the basis of TC and labors required for each part, that is, the total cost
of production and labor requirements are increased by increasing the stress from level to level.
However, the mathematical calculations are required. When comparing the extreme levels of the
workplace stress, it is found that at s = 0, the total cost of production is around $420,601, and at
s = 4, the value increased to $432,410.
The machines (K1 , K2 , and K3 ) are not changing by increasing the average stress among the
workers because the capital cost is enough that it cannot be effected by the average stress among
workers. The efficiency ρ(s) of the workers is inversely proportional whereas the defective rate
µ(s) is directly proportional to the workplace stress.

Hence the mathematical analysis for the impact of the stress on the workers required and TC is
providing an evidence to think and plan for the good working environment to the workers. Where,
there is less chances to induce stress among workers due to which the efficiency of the workers is at a
maximum level and there are less chances to create rejections due to workers. These meaningful results
in different scenarios are beneficial to understand the economic loss (almost $40,000) and consequences
of the production system due to high-level stress among workers, which will pressurize the managers
to improve the safety culture and working environment.
Table 5. Sensitivity analysis of the model with respect to the stress level of worker.
Parameter

Stress Level
s=0

s=1

s=2

s = 2.6

s=3

s=4

429,438
111
123
132
56
60
60
0.818
0.076

432,410
111
126
137
56
60
60
0.765
0.105

(This Paper)
TC
L1
L2
L3
K1
K2
K3
ρ(s)
µ(s)

420,601
111
119
124
56
60
60
1
0.025

422,469
111
120
126
56
60
60
0.93
0.035

426,464
111
123
131
56
60
60
0.875
0.053

428,248
111
123
131
56
60
60
0.84
0.066

8. Conclusions
This paper investigates the meaningful hidden costs, which are not considered by management
in the planning phase of the production system. The injuries and the poor working conditions
are the causes of the high workers’ stress. The stress exists among workers in every environment,
but the intensity and level of stress are different. Poor work conditions will amplify the stress among
employees, which will significantly influence the production system. On the other hand, a more
ergonomic workplace and safer practices will benefit the corporations. In-depth, the stress affects
the efficiency of the workers and production rate causes the management to hire more workers
and material for compensation causes more cost. The average stress among workers of traditional
spare part industries is calculated by the detailed survey for practical application of the model.
The incorporation of stress level in production enhances the quality of decision making to consider for
the optimal solution. To get the optimal solution, the solution methodology of sequential quadratic
programming (SQP) is selected, which uses Langrage multiplier directly and is based on the equations
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of Karush-Kuhn-Tucker (KKT). The sensitivity analysis provides a detailed analysis of the stress
at each level in different scenarios for the sensitivity of the proposed imperfect production model.
The results addressed the increased amount of invested labor and defective rate due to the increased
stress level. These increments affect the total cost of production, which are not estimated and are
ignored. The objective value of this research is to create awareness among production managers by
calculating the tangible cost of workplace stress to control.
A set of recommendations are drawn from the optimal results obtained by the numerical analysis
of production model. In case of high stress, almost 3, 11, and 21 extra workforce required for part A,
B, and C respectively ($15,020) and overall economic loss is in the production cost is almost $47,000.
The study motivates the decision makers to also include the quantitative factor of workplace stress
in the production planing and control phase. The managers need to aware about the causing factors
of stress among workers to minimize the economic loss (almost $47,000). The data collection and
data analysis from the detailed questionnaire provide a better understanding of each performance
factor related to the worker stress, which can be analysed for improving the average efficiency of the
workers. It is one of the social responsibility of the production system to improve and maintain the
workers’ job satisfaction, safe working conditions, work deadlines, job pressure and skills utilization
to avoid inducing stress. Furthermore, by this research the managers are required to calculate tangibly
the average stress among workers quarterly or bimonthly for efficient and effective production with
minimum rejections.
The understanding and the extensions of the proposed model can be extended into a socially
responsible production model, one of the significant and major areas, but unfortunately it has less value
in the eyes of managers. Future extensions of the models are also possible under certain conditions.
Demand as a function of a sustainable product can be incorporated for better results. The purposed
model concluded that stress among workers affects the production system due to the efficiency
of workers and defective items. There is a need to make production more reliable by considering
intangible costs, which seem invisible but ultimately affect the total cost of production under variable
production quantity. A long-term strategic analysis is also necessary to represent the stress affecting
capital units (machines). In addition, the detailed validation of the quantitative impact of workplace
stress on the production is also required, which might include a survey based on questionnaires. The
respondents will be the industrial managers, experts, and academicians. The objective is to validate
the changes occurred in the production cost due to change in the workplace stress as an outcome of
this research. Furthermore the proposed model can be compared against the research work done by
Sarkar et al. (2014) [39] on the basis of the total cost by considering the same assumptions. The data
collected from the manufacturing firms can be utilized to find the stress levels of the industries on
the basis of the collected data. The analysis could be helpful for industries to identify the weak areas
and the potential to improve their stress levels to achieve fewer rejections and higher efficiency in the
production system. Overall, this research creates an awareness among managers to understand the
economic value of workers’ stress level in production.
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Indices
the index used to indicate the number of items, j = 1, 2, ..., J

j

Decision variables
n

number of cycles (number)
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T
Lj
Kj
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Cycle time of production (years)
Number of labors work to manufacture jth item (numbers)
Number of capital units utilized to manufacture jth item (numbers)

Parameters
Wj
Bj
Fj
yj
Hj
Pj
Vj
Dj
Uj
s
m
Sj
Rj
α
β
Af
θj
ψj
πj
ηj
νj
µ(s)
µ0
τ
e
c
C
ρ(s)
I (t)
TC

average wage of labor to manufacture jth item ($/labor)
backorder of jth item ($/unit/year)
fixed backorder cost to fulfill the shortages of jth item ($/year)
variable backorder cost to fulfill the shortages of item jth ($/unit)
holding cost of each item per cycle ($/unit/year)
production rate (units/year)
cost of each machine unit require to manufacture jth item ($/machine/year)
demand rate, units per planning period (unit/year)
units of energy utilised to manufacture jth item (kwh/unit)
average stress among workers (number)
scale element for stress level of worker (constant)
setup cost for jth item ($/year)
reworking cost of jth item ($/unit)
labor share (%)
capital share (%)
availability factor (%)
fixed inspection cost of item jth ($/year)
variable inspection cost of item jth ($/unit)
cost of energy per unit required for jth item ($/kWh/unit)
scrap rate for recycling (%)
recycling cost of item jth ($/unit)
total defective rate (percentage)
initial defective rate (percentage)
scaling parameter (positive constant)
shape parameter (positive constant)
capacity of each item (%)
total capacity of inventory (%)
the average efficiency of workers (%)
total inventory of the production system (units)
total cost of production model($/cycle)

Appendix A
Generally, managers are facing complexities to calculate the total cost of production. Therefore,
a mathematical expressions of all the costs i.e., setup, manufacturing, labor, energy, inspection,
reworking, recycling, and holding cost as a part of production system are represented from
Equations (A1)–(A8).
Capital cost (CC)
This cost is an independent of the production quantity. It is time related, which consists of initial
investment and setup cost of production as given in Equation. Cost of capital in this model is associated
with the machine/workstation used to manufacture product.
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J

∑

=

CC

j =1

K j Vj
T

(A1)

Setup cost (SC)
The fixed cost including initial cost for each setup of the production system.
J

Sj
T
j =1

∑

=

SC

(A2)

Manufacturing cost (MC)
The basic cost depending on the production quantity of the system to meet the targeted demand.
J

∑ Mj Dj

=

MC

(A3)

j =1

Labor cost (LC)
The labor cost includes the wages and salaries of the workers depending on the production
cycle time.
J

LC

=

ρ(s) L j Wj
T
j =1

∑

(A4)

Energy cost (EC)
Energy cost incurred on all the production quantity due to the energy consumed by the machines,
equipments, and utilities etc.
J

EC

∑ πUj Dj

=

(A5)

j =1

Inspection cost (IC)
The insepction cost is incurred on all the items to check whether the parts are correct, rejected,
or should move towards reworking operations.
J

IC

=

θj
+ D j ψj
T
j =1

∑

(A6)

Reworking cost (RWC)
The reworking cost also affects the total cost for reworking operations on a fraction of
defective items.
J

RWC

=

∑ µ(s) M j D j

(A7)

j =1

Recycling cost (RC)
The rejected items are move towards recycling process for the regeneration of the raw material.
J

RC

=

∑ ηu j µ(s) Dj

j =1

(A8)
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Holding cost and Backorder cost
The holding cost is referred to the cost of carrying inventory in the production house,
which includes rents, salaries, insurance etc. It also depends on the time during which the final
product will be held in inventory. The backorder cost is also incurred on the items produced to fulfill
the shortages. Both the holding and backorder costs are taken from the work of Sarkar et al., (2014) [39].
Appendix B
Table A1. Questionnaire from the American Institute of Stress.
Sr.

Questions

Never

Rarely

Sometimes

Often

Very Often

1

In general, I am not particularly proud or
satisfied with my job.

1

2

3

4

5

2

Conditions at work are unpleasant or
sometimes even unsafe.

1

2

3

4

5

3

I feel that my job is negatively affecting my
physical or emotional well-being.

1

2

3

4

5

4

I have too much work to do and/or too
many unreasonable deadlines.

1

2

3

4

5

5

I find it difficult to express my opinions or
feelings about my job conditions to
my superiors.

1

2

3

4

5

6

I feel that job pressures interfere with my
family or personal life.

1

2

3

4

5

7

I don’t have adequate control or input over
my work duties.

1

2

3

4

5

8

I do not receive appropriate appreciation or
rewards for good performance.

1

2

3

4

5

9

I cannot utilize my skills and talents fully
at work.

1

2

3

4

5

10

I tend to have frequent arguments with
superiors, co-workers, or customers.

1

2

3

4

5
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