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Abstract:

Object:

Assembly  lines  are  one  of  the  essential  parts  of  manufacturing  systems  that  influence  the  overall  cost  and  efficiency.  The
productivity of human resource in assembly lines directly affects the efficiency of the lines in practice.

Method:

Because of the heavy physical workloads along with monotonous body postures, the workers are dealing with low performance and
Work-related Musculoskeletal Disorders (WMSDs). WMSDs result in high compensation costs for companies and totally decrease
the life quality of the workers. In order to improve the efficiency of assembly lines, the companies should not only consider cycle
time and precedence constraints, but also physical workloads of the stations. This paper addresses Assembly Line Balancing Problem
(ALBP)  Type  2  where  the  number  of  workstation  lines  is  known.  The  main  objective  is  balancing  the  cycle  time and  physical
workload of the stations simultaneously. Rapid Entire Body Assessment (REBA) method from the literature is proposed to determine
workload of operations.

Result:

A goal programming model is developed to solve the problem and a well-known small sized benchmark problem instance is used to
illustrate the methodology.

Keywords: Ergonomics, Assembly line balancing, Physical workload, WMSOS, REBA, Workload.

1. INTRODUCTION

An assembly line consists of workstations connected by a conveyor belt or a similar material handling equipment.
At each workstation, various operations necessary to assemble a product are performed [1]. In this production system,
the main problem is to distribute tasks among workstation so that the operation time of workstations does not exceed
the  predetermined  cycle  time  and  the  precedence  relations  between  tasks  are  not  violated  [2].  This  is  called  the
Assembly Line Balancing Problem (ALBP).

There are so many researchers who studied the ALBP in many different ways. Most of the studies are focused on
Simple assembly Line Balancing Problem (SALBP) where the performance measure is either minimizing the number of
stations or the cycle time. There are two basic types of the SALB problem. The type I (SALB-1) problem concerns
allocating  tasks  to  stations  in  the  predefined  cycle  time  by  minimizing  number  of  stations.  The  type  II  (SALB-2)
problem concerns allocating tasks to a number of stations by minimizing the cycle time [3 - 5]. Further analysis and
reviews of SALB problems can be found in the following articles [6], [7]: and [8].
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The productivity of assembly lines is directly affected by human resource in practice. Since assembly line workers
are subject to repetitive motions and heavy work load, their performances fluctuate and their health can be influenced
negatively.  “Monotonous  body  postures  during  repetitive  jobs  negatively  affect  assembly-line  workers  with  the
developing of Work-related Musculoskeletal Disorders (WMSDs)” [9]. These problems decrease the quality of life the
workers  and  result  in  high  medical  expenditures  for  the  company  [10,  11].  Therefore,  the  physical  workload  and
ergonomical conditions of the stations should be optimized with the cycle time or precedence constraint simultaneously
in  assembly  lines  [1].  For  example  in  Fig.  (1),  all  of  the  workstation  have  almost  equal  station  times  however  the
distribution of the workloads among workstations are unbalanced and the worloads of 4 workstations are above the
ergonomic risk level (red line).

Fig. (1). Assembly line balancing without considering workloads and ergonomic risk levels.

In this study, the type II (SALB-2) problem is addressed concerning the health and safety aspects. In spite of the
wide research in ALBP, the number of papers that take into account ergonomical factors in the literature is In this study,
We propose a model that aims to balance the overall physical workload for each workstation by using REBA (Rapid
Entire Body Assessment). The rest of the paper is organized as follows: in Section 2, the literature review for assembly
line  balancing  problem  under  physical  work  load  is  presented.  The  methods  of  evaluating  physical  workload  is
addressed and REBA is introduced in Section 3. Mixed Integer programming model is given in section 4. A randomly
generated problem instance is solved in next section in order to validate the model. Finally, concluding remarks and
future research directions are mentioned in the last section.

2. LITERATURE REVIEW

Assembly line balancing problems that incorporate ergonomical factors have recently attracted many researchers.
According to Lin, Drury [12], ergonomical factors has great influence in the quality of the product and the motivation of
workers. Yeow and Nath Sen [13] have improved the ergonomical conditions of assembly lines and observed that the
production cost has decreased, the efficiency and the level of quality has increased.

Studies in the field of ergonomics and occupational health have shown that excessive workload is one of the main
reasons for work-related injuries. For instance, Carnahan, Norman [14] investigated three line balancing heuristics (a
ranking heuristics, a combinatorial genetic algorithm, and a problem space genetic algorithm) that incorporate physical
demand  criteria  to  solve  the  problem.  They  aimed  to  minimize  the  cycle  time  and  the  maximum manual  gripping
demands  required  by  the  workers.  Battini,  Faccio  [15]  analyzed  how  ergonomics  and  assembly  system  design
techniques  are  intimately  related  and  developed  a  new theoretical  framework  that  takes  into  account  technological
variables (related to work times and methods), environmental variables (i.e. absenteeism, staff turnover, work force
motivation) and ergonomics evaluations (i.e. human diversity). Di Benedetto and Fanti [16] presented a software tool
named ErgoAnalysis that  makes it  easy to control  the whole production process and produces a Risk Index for the
actual work tasks in an assembly line. Deng and Lin [17] proposed RULA method to measure the difficulty of each task
element in each work station. Al-Zuheri, Xing [18] studied ergonomical assembly line balancing problem for walking
workers  and  improved  the  efficiency  of  the  line.  Pulkurte,  Masilamani  [19]  mainly  focused  on  improving  overall
efficiency of multi-model assembly line by identifying and eliminating non-value added activities. Furthermore, REBA
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is used to analyze the posture of workers to eliminate operator movements.

The  main  reason  of  Work-related  Musculoskeletal  Disorders  (WMSDs)  is  monotonous  body  postures  during
repetitive jobs [20]. Rajabalipour Cheshmehgaz, Haron [9] developed a model that enables to change worker’s body
postures regularly. They used fuzzy goal programming and an appropriate genetic algorithm was developed to deal with
the model.

There are some studies that considers “physical workload” as an extra constraint in design of ergonomical assembly
lines. For instance, Choi [21] proposed a zero-one goal-programming model that combines the overload of processing
time and physical workload with various risk elements. Otto and Scholl [22] introduced a two stage model that takes
into account ergonomical risks of work places. In the first stage, line was balanced without considering ergonomical
risks  and  then  in  the  second  stage,  line  was  re-balanced  considering  ergonomic  risk  factors  by  using  tabu  search
algorithm. Xu, Ko [23] developed a linear model to link work-worker assignment to the upper extremity ergonomic
measures based on the guideline from American Conference of Governmental Industrial Hygienists. The case studies of
this paper showed that the new model could effectively balance and control exposure levels in the upper extremity
while not significantly decreasing line efficiency. Mutlu and Özgörmüş [1] considered the physical workload of a task
as a fuzzy concept and proposed a fuzzy linear programming model for type 1 ALBP. The proposed model was applied
to an assembly line balancing problem in a textile company.

Bautista, Batalla [24] incorporated ergonomic factors to the time and space constrained Assembly Line Balancing
Problem for mixed product lines. Kara, Atasagun [25] proposed a model that is essentially a cost-oriented formulation
for ALB under psychological strain, physical strain, worker skills, multiple workers, equipment, working postures and
illumination level restrictions. The model minimizes the overall cost associated with operating costs of workforce and
resources utilized under the ergonomics and resource restrictions.  Battini,  Delorme [26] and Battini,  Delorme [27],
proposed a  multi-objective  model  based on the  energy expenditure,  used to  estimate  the  ergonomics  level.  Battini,
Calzavara [28] and Battini,  Calzavara [29] integrated ALB and parts feeding problems by incorporating ergonomic
considerations. Sgarbossa, Battini [30] considered mixed-model ALBP under ergonomics aspects. Bautista, Batalla-
García [31], Bautista, Alfaro-Pozo [32] presented a family of line balancing models that consider temporal and spatial
attributes while incorporating ergonomic risk attributes.

Akyol  and Baykasoğlu  [33]  provided a  mathematical  model  and a  heuristic  approach for  assembly  line  worker
assignment and balancing problem which considers ergonomic risks. Baykasoglu, Tasan [34] considered ergonomic
factors on assembly line design level and used OCRA method to determine ergonomic risks and rule-based constructive
search algorithm to solve the problem. Recently, Tiacci and Mimmi [35] integrated ergonomic risks evaluation through
OCRA index for balancing mixed model stochastic assembly lines. Otto and Battaïa [36] examined the optimization
models  incorporating  physical  ergonomic  risks  for  assembly  line  balancing  and  job  rotation  scheduling.  The
ergonomists,  production managers and operations researchers interested this subject may read their survey paper in
detail.

As  seen  from  above,  studies  in  ALBP  literature  under  ergonomic  conditions  includes  models  and  solution
approaches for Type 1 problem and as long as our knowledge, the related literature for type 2 ALBP is very limited.
This  study  aims  to  fulfill  this  gap  in  the  literature  by  providing  a  goal  programming  model  to  balance  the  overall
physical workload risks through REBA method for each workstation along with minimizing cycle time.

3. THE PHYSICAL WORKLOAD ASSESSMENT

Although the use of mechanization in assembly line systems is increased humans are still the most important part of
the assemble lines. Occupational health problems such as Work Related Musculoskeletal Disorders (WMSDs) are verry
common among assembly workers. However, the number of Work-related Musculoskeletal Disorders (WMSDs) still
increases. Especially in highly industrialized countries, these work related injuries causes costly health care problems.
This includes the loss of income, the medical expenses, and the lost of production. To avoid this type of problems, the
physical workload and the risk level of job should be assessed in production systems.

The physical workload is a multidimensional concept since there are several factors that affect the measurement
process such as (1) demands of work activities (2) the condition of the workplace, and (3) environmental conditions
[37].

Main methods used to assess physical workload are direct methods, observational methods, subjective methods, and
other psycho-physiological methods [38]. The most common workload assessment methods are the Job Strain Index
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(JSI) [39]; the National Institute for Occupational Safety and Health (NIOSH) lifting equation; the Rapid Entire Body
Assessment  (REBA) [40];  the  rapid  upper  limp assessment  (RULA) [41];  the  Manual  handling  Assessment  Charts
(MAC); and the Assessment of Repetitive Tasks (ART) The selection of suitable method is important since they are
intended to measure workloads of the jobs that have certain condions. A recent study of Roman-Liu [42] compares
these methods with each other and investigates the pros and cons.

In the proposed model, REBA is used to measure the workload of stations since this method enables to analyze
various postures adopted by workers. Researchers started to pay more attention to this method for ALBPs [1, 19, 43,
44]. REBA is an observational method that is developed to quantify the risk level of various body postures [40]. The
basis of the assessment of the degree of exposure is the aggregate position of the body [45]. Traditional REBA method
has six basic steps:

Observe the worker
Select the body posture to be analyzed.
Score the posture.
Record the score to REBA Table
Calculate the final REBA score
Determine the risk level

In summary, after the observation of the worker, a general ergonomical analyze of the job and work environment is
proceed. In the calculation step, the body parts are divided into two groups: Neck, Trunk and Leg Analysis (Score A)
and Arm and Wrist Analysis (Score B) [40].

In order to determine Score A, trunk, neck and leg positions during the operations are observed and scored. These
scores are converted to Score A by using Table 1 and Forve/Load score.

Table 1. Calculation of Score A.

Table A

Neck Score
1 2 3

Legs Score Legs Score Legs Score
1 2 3 4 1 2 3 4 1 2 3 4

Trunk score

1 1 2 3 4 1 2 3 4 3 3 5 6
2 2 3 4 5 3 4 5 6 4 5 6 7
3 2 4 5 6 4 5 6 7 5 6 7 8
4 3 5 6 7 5 6 7 8 6 7 8 9
5 4 6 7 8 6 7 8 9 7 8 9 9

Then, upper arm, lower arm and wrist positions are investigated and scored. These scores are converted to Score B
by using Table 2 and additional coupling score.

Table 2. Calculation of Score B.

Table B

Lower Arm Score
1 2

Wrist Score Wrist Score
1 2 3 1 2 3

Upper arm score

1 1 2 2 1 2 3
2 1 2 3 2 3 4
3 3 4 5 4 5 5
4 4 5 5 5 6 7
5 6 7 8 7 8 8
6 7 8 8 8 9 9
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Finally, Score A and Score B combined by using Table 3 and activity score to calculate Score C. Fig. (2) presents an
example calculation for determination of final REBA score.

Table 3. Calculation of Score C.

Table C.
Score B

1 2 3 4 5 6 7 8 9 10 11 12

Score A

1 1 1 1 2 3 3 4 5 6 7 7 7
2 1 2 2 3 4 4 5 6 6 7 7 8
3 2 3 3 3 4 5 6 7 7 8 8 8
4 3 4 4 4 5 6 7 8 8 9 9 9
5 4 4 4 5 6 7 8 8 9 9 9 9
6 6 6 6 7 8 8 9 9 10 10 10 10
7 7 7 7 8 9 9 9 10 10 11 11 11
8 8 8 8 9 10 10 10 10 10 11 11 11
9 9 9 9 10 10 10 11 11 11 12 12 12
10 10 10 10 11 11 11 11 12 12 12 12 12
11 11 11 11 11 12 12 12 12 12 12 12 12
12 12 12 12 12 12 12 12 12 12 12 12 12

Fig. (2). An example REBA assessment worksheet.

Depending on the case, an activity score is also added to score C in order to calculate final REBA score which is
scaled between 1 and 15. Based on the calculated final score, the risk level and actions required for the improvement of
working conditions on the assessed position can be classified by using (Table 4).
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Table 4. Required actions for REBA scores.

REBA Score Risk Level Action
1 Negligable None necessary

2-3 Low May be necessary
4-7 Medium Necessary
8-10 High Necessary soon
11-15 Very High Necessary now

4. MATHEMATICAL MODEL

The SALBP Type 2 minimizes the cycle time for a given a number of workstations under precedence constraint. A
goal programming model is developed by considering following assumptions:

Paced line with fixed cycle time,
Deterministic operation times,
No assignment restrictions besides the precedence constraints,
Every task is assigned to a workstation
Some tasks should be assigned to certain workstations because of special equipment and area requirements.
Exceeding workload limit is allowed but penalized.
One-sided serial line layout.
For the assessment of physical workload REBA method is used.

Goal Programming Model:

 Operational Set

 S Workstation Set

Qi Available stations for task i

Pi Set of immediate predecessors of task i in the precedence network 

Parameters

ti Operation time of task i

di Physical workload of task i

D Maximum allowed total workload of a station

α Cycle time coefficient

β Penalty coefficient for exceeding workload limit

Decision Variables

C Cycle time

Xsi 1: if task i assigned to station s, 0: otherwise

bs
+ Positive deviational variable for exceeding workload limit

bs
- Negative deviational variable for staying under workload limit Objective Functions

Objective Functions

(1)

Constraints

(2)
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(3)

(4)

(5)

(6)

The objective function in Equation (1) minimizes the number cycle time along with balancing physical workload of
workstations. Equation (2) guarantees that every task is assigned to a proper workstation. Equation (3) ensures that the
precedence relations between tasks are satisfied. Equation (4) ensures that the total station time does not exceed the
cycle  time.  Equation  (5)  evaluate  total  physical  workload  of  a  

?

workstation.  Finally,  Equation  (6)  defines  variable
domains.

5. NUMERICAL INVESTIGATION

In order to validate the model, a Killbridge test instance which is consist of 45 tasks, is modified for the problem by
including randomly generated physical workloads for each task. Table 5  shows predecessors (P),  durations (T)  and
workloads (W) of each task (i) for Killbridge test instance.

Table 5. Data for modified Killbridge test instance.

i P T W I P T W i P T W
1 9 1 16 15 19 2 31 14 7 1
2 9 2 17 14 12 3 32 14 4 1
3 1 10 1 18 15 3 2 33 19,23,24,27 15 2
4 2 10 3 19 16,18 7 2 34 33 3 1
5 3 17 2 20 19 4 2 35 33 7 1
6 4 17 3 21 20 55 3 36 33 9 1
7 1 13 1 22 21 14 2 37 12 4 1
8 2 13 2 23 15 27 1 38 26,28,34,36 7 2
9 5,7 20 3 24 15 29 2 39 5 1
10 6,8 20 2 25 14 26 3 40 35,38 4 1
11 13 10 1 26 17,25 6 1 41 9,29,30,31,32,39,40 21 2
12 13 11 1 27 17 5 1 42 41 12 1
13 6 1 28 22,27 24 3 43 37 6 2
14 7,8,13 22 3 29 14 4 1 44 42 5 1
15 13 11 2 30 14 5 1 45 42 5 1

The modified problem instance is solved by using IBM ILOG CPLEX Optimization Studio 12.7.1 for 8 opening
workstations. The maximum allowed physical workload level is considered as 10 and 8. Table 6 shows the assignments
of  the  tasks  to  stations  without/with  workload  constraint.  According  to  results  in  this  table,  considering  workload
constraint increases the cycle time of the line by only 1 unit when the workload limit is set to 10. On the other hand,
while workloads of the stations vary between 5 and 13 in first case, considering workload constraint provides more
balanced workloads that changes between 8 and 10. When the workload limit set to 8, new cycle time became 72 and
positive deviational variable for exceeding workload limit increased to 2 for four stations. However, due to objective
model formulation physical workloads are more equally distributed despite the total durations of the stations.

Table 6. Station-task assignment matrix without/with physical workload.

Workload Limit: ∞ Workload Limit: 10 Workload Limit: 8
s TT TW TT TW TT TW
1 70 9 0 66 10 0 70 9 1
2 70 13 0 67 10 0 64 10 2
3 70 10 0 70 9 0 72 10 2
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i j
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Workload Limit: ∞ Workload Limit: 10 Workload Limit: 8
4 67 8 0 71 10 0 72 9 1
5 70 12 0 70 9 0 65 9 1
6 69 5 0 71 8 0 72 9 1
7 66 8 0 67 10 0 71 10 2
8 70 11 0 70 10 0 66 10 2

s: station number, TT: total duration of station, TW: total workload of station, Underlined station durations show cycle times

As seen from the results of Killbridge test instance with randomly generated workloads, considering workloads
could not only provide a more balanced line but also reduce the risk of work-related musculoskeletal disorders which
may  result  very  expensive  medical  treatment  or  compensation  costs.  Therefore,  in  the  assembly  line  problems,
companies should consider the physical workloads of the stations along with cycle time and precedence constraints.

6. CONCLUSION AND FURTHER RESEARCH

Nowadays,  the  importance  of  human  resource  and  flexibility  under  changing  conditions  are  key  concepts  of
competitive  environment  of  industries.  Quantitative  increment  in  values  does  not  represent  the  improvement  in
efficiency or productivity. For this reason, this paper addresses a goal programming model for assembly line balancing
problem (ALBP) type 2 under physical workload constraint. As a solution method in assessment of workloads, rapid
entire body assessment (REBA) is proposed. In order to validate the model, a small sized test instance with randomly
generated workloads is solved by using CPLEX solver. In the future studies, a real case study should be investigated for
determination of the workloads using REBA since the problem is widely encountered in practice. Furthermore, since
ALBP is proved to be NP-hard problem, heuristic methodologies can be applied to solve this problem for large problem
instances.
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