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Reducing musculoskeletal disorder (MSD) risk factors and work monotony are the main reasons that persuade a manufacturing industry to apply job rotation in the workforce planning. This research aims to smooth the daily workload by designing an optimal sequence of job rotation using a mathematical model. The study consists of two main steps. The first is an ergonomic analysis of the workstations to evaluate the physical workload of different jobs. An in-house risk assessment method was used to identify physical workloads of each job. In the second step, a mathematical model was developed to schedule job rotation and optimize/balance the cumulative workload. Mixed integer programming is proposed to implement a platform for the ergonomic job rotation.

The objective of the job rotation programming in this research was to determine the optimal sequence of jobs for each worker such that the global daily workload of the workers would be balanced. The proposed job rotation strategy reduced the dispersion and the deviation of the daily cumulative workload among the workers considering that the rotation only occurred inside the specific groups and not between the groups.

Introduction

Work-related musculoskeletal disorders (MSDs) develop due to exposure to risk factors and represent one-third of all diagnosed work-related diseases in many countries [START_REF] Descatha | Epidemiological surveillance of work-related upper limb musculoskeletal disorders[END_REF]; [START_REF] Roquelaure | Epidemiologic surveillance of upper-extremity musculoskeletal disorders in the working population[END_REF]). They have significant financial and social consequences, which result in more than 40% of occupational costs [START_REF] Rezagholi | imedpub journals[END_REF]; [START_REF] Rezagholi | Making economic social decisions for improving occupational health a predictive costbenefit analysis[END_REF]). The number of workers' compensation claims has increased in recent decades in France, due to MSD risk factors [START_REF] Rivière | Underreporting of musculoskeletal disorders in 10 regions in france in 2009[END_REF]; [START_REF] Roquelaure | Epidemiologic surveillance of upper-extremity musculoskeletal disorders in the working population[END_REF]). Repetitive tasks, work posture, lifting and material handling, energy consumption, and tooling are common MSD risk factors in manufacturing industries [START_REF] Bodin | 724 validation of a conceptual model for shoulder pain risk factors in three independent french working populations[END_REF]; [START_REF] Zare M, Malinge-Oudenot | Evaluation of ergonomic physical risk factors in a truck manufacturing plant: case study in scania production angers[END_REF]; [START_REF] Mahmoudabadi Mz | Représentation partagée des facteurs de risque des troubles musculosquelettiques et comparaison des méthodes d'évaluation: une étude expérimentale dans le secteur de l'assemblage de camions[END_REF]).

Other risk factors such as the frequency of actions, duration of repetitive tasks, and lack of recovery time aggravate the impact of physical risk factors [START_REF] Berlin | Corporateinternal vs. national standard-a comparison study of two ergonomics evaluation procedures used in automotive manufacturing[END_REF]; [START_REF] Bodin | Risk factors for shoulder pain in a cohort of french workers: a structural equation model[END_REF]). An ergonomic approach, including the assessment of risk factors, engineering, and administrative strategies, is needed to improve the work situation and to provide the positive effects on system and human performance [START_REF] Côté | Quebec research on work-related musculoskeletal disorders: deeper understanding for better prevention[END_REF]; [START_REF] Fuller | Posturemovement changes following repetitive motion-induced shoulder muscle fatigue[END_REF]; [START_REF] Widanarko | Interaction between physical and psychosocial risk factors on the presence of neck/shoulder symptoms and its consequences[END_REF]). Job rotation is used as an organizational approach by manufacturing industries aimed at mitigating exposure to high physical workload and monotony. Previous research has recommended reducing exposure to risk factors using job rotation [START_REF] Fallentin | Evaluation of physical workload standards/guidelines from a nordic perspective[END_REF]; [START_REF] Wells | Time-a key issue for musculoskeletal health and manufacturing[END_REF]). Job rotation allows transferal of the workload to other muscles and increases utilization of different body regions [START_REF] Zare | Within and between individual variability of exposure to workrelated musculoskeletal disorder risk factors[END_REF]). [START_REF] Mathiassen | Diversity and variation in biomechanical exposure: what is it, and why would we like to know?[END_REF] suggested that variation in physical risk exposure might be useful for protecting against MSDs in repetitive jobs. Furthermore, a job rotation strategy has frequently been applied by engineers following the implementation of lean management because of the need for more workers with autonomy [START_REF] Padula | Job rotation designed to prevent musculoskeletal disorders and control risk in manufacturing industries: A systematic review[END_REF]). However, the efficiency of a job rotation strategy depends on identifying workloads, evaluating risk exposure level, and the proper planning and scheduling of job rotation [START_REF] Otto | Reducing ergonomic risks by job rotation scheduling[END_REF]). To develop a job rotation strategy, previous studies have considered different types of ergonomic parameters to characterize the physical workload.

Various methods, such as direct measurement tools [START_REF] Jonsson | Electromyographic studies of job rotation. Scandinavian journal of work[END_REF]; [START_REF] Balogh | Increasing the degree of automation in a production system: consequences for the physical workload[END_REF]), the NIOSH lifting equation [START_REF] Waters | Revised niosh equation for the design and evaluation of manual lifting tasks[END_REF]), Rapid Upper Limb Assessments [START_REF] Mcatamney | Rula: a survey method for the investigation of work-related upper limb disorders[END_REF]), Occupational Repetitive Actions [START_REF] Asensio-Cuesta | A method to design job rotation schedules to prevent work-related musculoskeletal disorders in repetitive work[END_REF]), Rapid Entire Body Assessment [START_REF] Triggs | Job rotation[END_REF]; [START_REF] Yoon | A model for developing job rotation schedules that eliminate sequential high workloads and minimize between-worker variability in cumulative daily workloads: Application to automotive assembly lines[END_REF]), Occupational Repetitive Actions [START_REF] Otto | Incorporating ergonomic risks into assembly line balancing[END_REF]) and checklists have been frequently used to assess physical workloads. However, few studies have integrated various biomechanical parameters, such as repetition, postures, force, material handling, and energy consumption, into a mathematical model for job rotation. [START_REF] Frazer | The effects of job rotation on the risk of reporting low back pain[END_REF] suggested integrating several risk factors, such as force and repetition, to reduce physical workload effectively.

In another research paper, [START_REF] Leider | When is job rotation perceived useful and easy to use to prevent work-related musculoskeletal complaints?[END_REF] showed that knowledge about exposure to the physical workload at organizational and individual levels could facilitate the implementation of job rotation as a useful and uncomplicated ergonomic intervention. [START_REF] Moussavi | Workforce scheduling and job rotation by considering ergonomic factors[END_REF] studied various ergonomic criteria in the their workforce scheduling models and they proved that the ergonomic adequation between job and worker has an impact on the production time. [START_REF] Aptel | Proposal of parameters to implement a workstation rotation system to protect against msds[END_REF] concluded that a job rotation schedule must consider all the dimensions of the work, particularly biomechanical parameters. [START_REF] Yoon | A model for developing job rotation schedules that eliminate sequential high workloads and minimize between-worker variability in cumulative daily workloads: Application to automotive assembly lines[END_REF] proposed a job rotation schedule in a production assembly line that successfully reduces cumulative workloads on the same body region. However, physical workloads were identified and assessed by REBA tool, which focuses on whole body postural analysis. Furthermore, the learning aspect and its cost/time were ignored in this mathematical model. In fact, [START_REF] Otto | Reducing ergonomic risks by job rotation scheduling[END_REF] confirmed that a comprehensive analysis of physical workloads closer to and applicable to the real settings is required to define the parameters and the objective functions of the mathematical model for job rotation schedules. [START_REF] Moussavi | Reducing production cycle time by ergonomic workforce scheduling[END_REF] proposed a job rotation model that can perform workforce scheduling in a real setting assembly line. They analyzed some ergonomic factors concerning the operators and the jobs themselves to assign the most appropriate worker to each job. In another research, [START_REF] Moussavi | A multi-objective programming approach to develop an ergonomic job rotation in a manufacturing system[END_REF] proposed a multi-objective job rotation approach to balance the workload and optimize the production time simultaneously. Application of job rotation schedules developed in various studies for real settings has been less widely considered in the literature. The learning-forgetting effect and its associated time and cost have often been neglected in the job rotation models developed to the extent that this theoretical model could not be applied to the real settings [START_REF] Azizi | Modeling job rotation in manufacturing systems: The study of employee's boredom and skill variations[END_REF]). In the classic job rotation, all of the workers must be able to perform all of the jobs, which might cause difficulty in terms of cost and time for learning an execution model within a system. On the other hand, job rotation within a specific group that consists of a specified number of jobs significantly reduces the cost and time spent on learning. This field study aimed to develop a mathematical model, applicable in a real-world setting, to balance/optimize the physical workload in a production assembly line and to minimize high sequential workloads during a daily job rotation. The rest of this paper is organized as follows. The procedure for workload analysis of the jobs is presented in section 2. In section 3, the job rotation schedule and the mathematical model are described. The case study and numerical application of the mathematical model are provided in section 4. Finally, section 5 discusses the procedure of problem-solving and offers a conclusion with the prospect of applying the theoretical model in industrial settings.

Studied system and physical workload analysis

Current job rotation schedule

One sector of a truck assembly line was selected to perform this study. This sector was divided into several workstations, which were small organizational units consisting of several jobs and 4-7 members. The tasks were grouped into several jobs, and a team was assigned to these jobs. Each team had its team leader who planned the rotation of the operators. The team members rotated between jobs within a workstation. Job rotations were initiated because the assembly line required high flexibility as the operators have to be qualified to work at any job. Team rotation was scheduled manually by the team leader, without considering workloads or exposure to risk factors for an operator at different jobs. Therefore, the variance in cumulative daily physical workloads was high between the team members, and an operator might be exposed to high sequential workloads as a result of this job rotation. Three breaks were scheduled during the day, and the operators of one workstation rotated between jobs after each break, meaning that each operator worked at four different jobs over one work shift.

In total, 21 operators worked in 3 workstations in the sector under study. Temporary operators without enough experience and operators with the history of musculoskeletal disorders were excluded from the primary ergonomic analysis by the observational method. All the participants were men, the mean age was 39.0 (±8.7) years, and the mean of work experience in the automotive industry was 13.9 (±7.3) years. All subjects consented to participate in the investigation. The cycle time for each workstation was 8 minutes.

Ergonomic analysis of workstations

An in-house ergonomic method for the automotive assembly line (Ergonomic Standard [SES]) with a video recording was used to analyze the workstations and determine the physical workloads. This method integrates 20 ergonomic parameters (Table 1), which are grouped into five categories of repetitiveness, working posture, force, manual handling and energy consumption [START_REF] Zare M, Malinge-Oudenot | Evaluation of ergonomic physical risk factors in a truck manufacturing plant: case study in scania production angers[END_REF]).

The various MSD risk factors were measured to define the parameters and the objective functions of the mathematical model for job rotation schedules. An experienced ergonomist evaluated three workstations including fourteen jobs. The weights of objects, magnitude of forces (using a dynamometer), and handle diameters (using a calliper) were measured and recorded. Manual handling and lifting of loads with two hands were studied in more detail using the NIOSH equation [START_REF] Waters | Revised niosh equation for the design and evaluation of manual lifting tasks[END_REF]). The ergonomist assessed the jobs by viewing in person and on video.The results were classified according to a color coding scale. The green level indicated an acceptable situation, with minimal risk of MSDs. The yellow level noted a moderate risk, which needs to be improved in the future, and the red level corresponded to high-risk MSD situations, which must be modified as soon as possible. After studying each criterion of the SES method for each workstation, the number of green, yellow and red criteria determined the final color of that workstation (Table 2). This color-coded method is based on Swedish guidelines, and it has been used in other observational studies, particularly in the automotive industry [START_REF] Berlin | Corporateinternal vs. national standard-a comparison study of two ergonomics evaluation procedures used in automotive manufacturing[END_REF]; [START_REF] Törnström | A corporate workplace model for ergonomic assessments and improvements[END_REF]).

This method was applied to represent the risk level for each criterion of a workstation by considering the daily rotations of the operators at all jobs in a workstation. Considering 20 ergonomic parameters evaluated by the SES method in a mathematical model creates a complicated model, that is not applicable to a real-world setting. We therefore developed a method of aggregation so that the 20 parameters were categorized into five main parameters such as work posture (composed of 11 ergonomic criteria), repetition, force (consisting of 3 ergonomic criteria), material handling (composed of 2 ergonomic criteria), and energy consumption (consisting of 3 ergonomic criteria) (table 1). The final workload was attributed to the main criteria based on this procedure, and they were taken as the parameters for the mathematical model to make the decision about the job rotation schedules (Table 3).

According to this table, the posture column presents a general evaluation which is attained by analyzing eleven elements and employing SES method. In the first workstation, the results of the ergonomic analysis by this method showed that three-back, neck, and shoulder postures-of eleven posture criteria (table 1) were red for all the four jobs. Nevertheless, in the general posture evaluation (table 3), only jobs 1 and 3 had the red color because the three other posture criteria were also red for these jobs. For jobs 2 and 4, the general posture evaluation was yellow, because the eight other criteria were yellow and green. The risk of lifting with two hands was green for workstation one because the operators handled the mudguards and boarding steps with lifting devices. However, the risk of lifting with one hand was evaluated as yellow because the operators had to operate with several tightening devices weighted between 2-4kg (table 3). The excessive force due to pushing/pulling with hand and finger was also yellow for all four jobs due to the forces needed to keep the mudguards on the chassis before tightening operation.

In workstation 2, the awkward postures for the neck, back, shoulders and wrists were observed at job 9, due to the hidden and difficult access assembly. The excessive force was observed at job 7 due to pushing/pulling the trolley with the bumper by hands. Furthermore, the fingers were under pressure because of clipping fasteners and retainers on bumpers. We observed more high-risk factors at workstation 3. The operators repeated the same actions (tightening the bolts on reservoir tank) more than 300 repetitions per hours at job 10, and the repetition was a high-risk factor (red). Material handling with two hands was evaluated as red by NIOSH equation in most of the jobs because the operators had to handle several weighted objects (about 10-15 kg) such as a reservoir tank, a cab tilt cylinder in each cycle time. The awkward postures of shoulders, back and wrists were also observed in most jobs (table 3).

In order to solve the mathematical model of job rotation, we needed a numerical score for each color to be able to balance the global workload between the operators. To obtain the numerical ratio for the workload colors, a statistical analysis was carried out as explained in the following section.

Numerical evaluation of workloads

The color coding scale (green, yellow, red) presented in table 2 was used to calculate numerical values. Mathematical analysis was carried out as follows:

The parameters of this analysis are presented as: W L j : The global workload level of job j. G, Y, R : If the global workload evaluation of the job resulted in the green, yellow, or red level of workload, respectively. S(G), S(Y ), S(R) : The severity scores of the workload colors.

n(g), n(y), n(r) : The number of criteria analyzed in each workstation with green, yellow and red workloads, respectively. Note that twenty ergonomic criteria were analyzed to evaluate the workload of each job (n(g) + n(y) + n(r) = 20).

As shown in the first line of table 2 (number of yellows), the relevant equation is:

W L j =      if n(y) ≤ 8 =⇒ G elseif 9 ≤ n(y) ≤ 16 ⇒ Y else (n(y) ≥ 17) =⇒ R (1)
And in the second line of table 2 (number of reds) we have:

W L j =      if n(r) ≤ 6 =⇒ G elseif 7 ≤ n(r) ≤ 9 ⇒ Y else (n(r) ≥ 10) =⇒ R (2)
Finally, the third line of table 2 (number of reds + number of yellows) can be presented as:

W L j = if n(y) + n(r) ≤ 16 =⇒ G else (n(y) + n(r) ≥ 17) =⇒ R (3)
According to the third line of the first equation, once 17 criteria are classed as yellow, the red color is attributed to the job as the global workload level instead of yellow. Similarly, in the third line of the second equation, the yellow color is replaced by the red when 10 red criteria are identified. This reflects the conclusion that 17 yellow criteria have the same impact as 10 red criteria. Therefore, the ratio of the severity of the red to yellow workload can be estimated as follows:

17 × S(Y ) 10 × S(R) =⇒ S(R) S(Y ) = 17 10 = 1.7 (4)
Hence, the red workload is 1.7 times more severe than the yellow workload level.

Normalization was required to calculate the severity ratio of the green workload because the parameters are often interdependent. Taking this into consideration, more than 90% of the workstations analyzed contained at least four green criteria. We assumed that the number of green criteria for all workstations were equal to or greater than 4 (n(g) ≥ 4). Therefore, according to the equations (1, 2, 3):

If n(g) ≥ 11 ⇒      n(y) n(r) n(y) + n(r) ≤ 9 =⇒ W L j = R (W L j = {G or Y }) (5)
This condition formula demonstrated that at least 11 green criteria were needed to ensure that the workload color of the workstation is not red. On the other hand, the proposed normalization (n(g) ≥ 4) implies:

If n(y) ≥ 7 ⇒ n(r) ≤ 9 n(y) + n(r) ≤ 16 =⇒ W L j = R (W L j = {G or Y }) (6)
As a consequence of the above mathematical analysis, seven yellow criteria are needed to be sure that the red workload is not assigned to the job. Therefore, seven yellow criteria have the same impact as eleven green criteria in preventing the red workload being attributed to a job. It follows that:

11 × S(G) 7 × S(Y ) =⇒ S(Y ) S(G) = 11 7 = 1.57 (7)
In this study, the severity of the green color as the basis of the workload amount is considered to be one. As a result:

S(Y ) S(G) = 1.57 S(R) S(G) = S(R) S(Y ) × S(Y ) S(G) = 1.7 × 1.57 = 2.67 =⇒ =⇒      S(G) = 1 S(Y ) = 1.57 S(R) = 2.67 (8) 
A severity score is calculated for each workload color using the mathematical analysis method above. It must be noted that this analysis has been validated and proved by the engineers and the experts of the company studied.

The proposed calculations should attribute a numerical score to the workload severity of a criterion at a workstation. For the global workload of a workstation, the severity score was estimated by the sum of the workload scores of the criteria analysed. The numerical daily workload on the operators is estimated by the sum of the workload scores of the jobs to which they are assigned during the day. (table 3)

Problem description and job rotation model

Balancing the daily physical workload in an assembly line is targeted in this study.

The workers were exposed to the physical workload by working at the various jobs with different physical workloads.

The difference between physical workload levels of the jobs persuaded us to employ job rotation to smooth work processes and minimize MSD risks for the workers. In the case study, the workers were not able to do all of the jobs. They only had the skills for jobs at one workstation. Hence, the job rotation is implemented for the workers of the same group. The workers were assigned to the workstations and the job rotation was developed between workstations and within the workstations. Note that the workers could not change their workstation (group) during the planning horizon.

The planning horizon is a predefined number of days in which each day contains rotations that take place during the break between two periods. To find the optimal job rotation plan for the present system, the problem is modeled mathematically as follows.

Mathematical model for job rotation

Mixed-integer linear programing is proposed for modelling the job rotation problem in question. The objective of the model is to minimize the maximum daily physical workload, to which the workers are exposed within the sector under study. The daily physical workload on a worker is equal to the sum of the physical workloads of the jobs that are performed over four working periods of two hours (two periods in the morning and two in the afternoon). In the job rotation model, the ergonomic restrictions which must be respected are as the following:

• The consecutive assignment of two high workload jobs to a worker during one day must be prevented.

• The consecutive assignment of two jobs, with high workloads in the same criterion, to a worker during one day must be prevented.

A mathematical model was composed using the parameters and variables, formulated by the objective function and constraints. The proposed model for the problem studied is as follows.

Parameters

The parameters of the model which must be identified before solving the problem, are presented as:

• Q jl : Workload of type l1 that a worker is exposed by working one period in job j, where Q jl = 1, 1.57 or 2.67 if job j has a Green, Yellow or Red workload of criterion l, respectively.

• H j : Global workload of job j, where H j = 1, 1.57 or 2.67 if the global workload of job j is Green, Yellow or Red, respectively.

• W l : Coefficient (Impact factor) of criterion l for calculating the global workload of the jobs. Note that the coefficient of each criterion is a real number between 0 and 1, so that the sum of these coefficients must be equal to 1

• m : Number of workers to be allocated, I = {1, ..., m};

• n : Number of jobs to be assigned, J = {1, ..., n};

• r : Number of ergonomic criteria which are analyzed in the job evaluation, L = {1, ..., r};

• t : Number of periods during one day, P = {1, ..., t}, P -= P \ {t};

• s : Number of days during the planning horizon, D = {1, ..., s}, D -= D \ {s};

• q : Number of workstations in the system, G = {1, ..., q}, G -= G \ {q};

• K g : Number of jobs in workstation g, ∀g ∈ G;

• α, β, γ : Quantitative workload scores for, respectively, high, medium and low level of workload. (In this study: 2,67 , 1,57 and 1)

Variables

The variables are obtained by solving the model, and they identify the objective value and its related outputs. The decision variables of the model are presented as:

• X ijpd : binary, where X ijpd = 1 if worker i works at job j in period p of day d, and otherwise 0;

• Z ilpd , Y ilpd , V ilpd : binary variables, where Z ilpd = 1 if worker i is exposed to the high workload, Y ilpd = 1 if worker i is exposed to the medium workload and V ilpd = 1 if worker i is exposed to the low workload of type l in period p of day d.

• C ipd , B ipd , A ipd : binary variables, where C ipd = 1 if worker i works at a job with the high global workload, B ipd = 1 if worker i works at a job with the medium global workload and A ipd = 1 if worker i works at a job with the low global workload in period p of day d;

• F id =Total score of the workloads to which worker i is exposed during day d;

Model formulation

The formulation of the mathematical model is composed of the objective function and constraints. The objective function of our model aims to balance out the daily physical workload on the workers and can be presented as follows:

M inimize Z = M ax i,d F id (9)
Equation ( 9), showing the objective function of the model, is used to balance out the physical workload by minimizing the maximum daily workload to which each one of the workers is exposed.

The constraints of the proposed model take into consideration the conditions of the assignment problem, the job rotation problem, and the capability of the workers with special attention paid to the ergonomic aspect. These conditions are presented and explained below.

The classic assignment constraints are imposed on the model by the following two equations (10,11) which ensure, respectively, that each job in every period is assigned to one and only one worker and each worker is allocated to one and only one job for every period.

m i=1 X ijpd = 1 ∀ j ∈ J, p ∈ P, d ∈ D (10) n j=1 X ijpd = 1 ∀ i ∈ I, p ∈ P, d ∈ D (11)
The level of the daily physical workload on the workers "F id ' 'was calculated using constraints (12). This score was obtained using the weighted total of the workload scores of different types which the workers have been exposed to during different periods of a day and can be formulated as follows.

t p=1 n j=1 r l=1 W l Q jl X ijpd = F id ∀ i ∈ I, d ∈ D
(12) Considering that the importance of different ergonomic criteria can vary from one case study to another, in this equation W l represents the weight (importance) of the ergonomic criterion "l" in the system studied so that the sum of the weights must be equal to 1. In this study, identical weights are considered for the criteria.

To determine the score of different types of workload on the workers, two sets of constraints (13,14) were defined. Note that, in each period of time, one of the three binary variables Z ilpd ,Y ilpd or V ilpd is equal to 1 and indicates that the worker i is exposed to the high, medium or low workload of type l in period p of day d, respectively.

Q jl X ijpd = αZ ilpd + βY ilpd + γV ilpd ∀ i ∈ I, j ∈ J, l ∈ L, p ∈ P, d ∈ D (13) 
Z ilpd +Y ilpd +V ilpd = 1 ∀i ∈ I, l ∈ L, p ∈ P, d ∈ D (14) One of the ergonomic conditions considered in this problem is presented by the constraints (15) and ensures that if a worker is exposed to the high workload of type l in a period, he/she must be allocated to a job with low workload of type l, in the next period.

Z ilpd -V il(p+1)d ≤ 0 ∀ i ∈ I, l ∈ L, p ∈ P, d ∈ D
(15) To identify the global workload level to which each worker is exposed during each period, three binary variables are defined.

These variables are attributed to the global workload level of the jobs using the constraints (16,17). Hence, the aforementiend variables represent the global workload level to which each one of the workers is exposed during one period. Note that, for each worker and in every period, only one of the binary variables C ipd , B ipd or A ipd is equal to 1.

H j X ijpd = αC ipd + βB ipd + γA ipd ∀ i ∈ I, j ∈ J, p ∈ P, d ∈ D (16) C ipd + B ipd + A ipd = 1 ∀ i ∈ I, p ∈ P, d ∈ D (17)
Another ergonomic condition is imposed on the model by constraints (18) which guarantee two high workload jobs shall not be to the workers consecutively. This means that a high workload job must be followed by a medium or low workload job for any worker during one day.

C ipd -B i(p+1)d -A i(p+1)d ≤ 0 ∀i ∈ I, p ∈ P, d ∈ D (18)
The constraints given above ( 18) indicate that if a worker is assigned to a high workload job (C ipd =1), he/she must be assigned to a low or medium workload job (B i(p+1)d =1 or A i(p+1)d =1) in the next period.

As mentioned before, a new strategy for job rotation is presented in this paper. In the approach we propose, job rotation is developped only within individual workstations. This constraint is formulated using two sets of equations (19,20).

Kg+Kg+1 Kg+1 X ijpd + Kg+Kg+1 Kg+1 X ij(p+1)d = 0 ∀ g ∈ G -, i ∈ I, j ∈ J, d ∈ D, p ∈ P - (19) Kg+Kg+1 Kg+1 X ijpd + Kg+Kg+1 Kg+1 X ijp(d+1) = 0 ∀ g ∈ G -, i ∈ I, j ∈ J, p ∈ P, d ∈ D - (20)
These constraints ensure respectively that the workstation which is assigned to the workers is unchangeable from one period to the next and from one day to the next.

Finally, the variation domain of the variables and parameters is presented as follows.

X ijpd , Z ilpd , Y ilpd , V ilpd , C ipd , B ipd , A ipd ∈ {0, 1} , Q jl , H j ∈ Integer + , W l ∈ [0, 1] (21) 
The mixed-integer mathematical model descrived above was used as a platform for ergonomic worker assignment and job rotation in a manufacturing system. The model presented was applied to workforce scheduling in one part of a truck assembly line. This application is explained in detail in the following section.

Numerical application

The ergonomic analysis, which is presented in sections 2.2 and 2.3, and the proposed job rotation mathematical model (section 3.1) were adopted in order to develop a platform for ergonomic job rotation in an automotive assembly line. In this study, one specific part of this production system, containing three workstations and fourteen jobs, was studied, in which four jobs are situated at the first workstation and the number of jobs at the second and third workstations is five each. As mentioned before, in order to perform the job rotation within the workstations, all of the the jobs were analyzed using 20 ergonomic parameters. These parameters are grouped into the five main ergonomic criteria of repetition, posture, material handling, force and energy consumption. The job rotation was programed based on these five criteria. This normalization is performed to simplify the implementation of the mathematical model.

The results of the ergonomic evaluation of the jobs studied, which are shown in table 3, were taken as the parameters of the job rotation model. In this table, the workload score of each job is estimated based on the sum of the workload amounts of individual criteria. It can be seen that the difference between the workload of different jobs is not negligible. For instance, the estimated score for job 10 is equal to 10.56 where three of five ergonomic criteria have a high workload, whereas the score for job 6 is 5.57 and it has a low workload in all of the ergonomic criteria. These significant differences prompt us to apply the job rotation strategy to reduce the risk of MSDs and occupational diseases in the operators who work at the high workload jobs. It is worth noting that the workload score of the jobs is calculated for an operating duration of two hours. As mentioned before, the working day of the system studied contains four periods of two hours. Therefore, if one operator works at job 10 for all four periods during one day, he/she will be exposed to a workload score of 42.32.

The main objective of this study is to minimize (balance out) the daily workload score on the operators by implementing the proposed job rotation model.

Moreover, the mathematical approach avoids the risk of assigning two successive high workload jobs to an operator during one day. This consideration is integrated into the model as an ergonomic constraint. The model is adapted to the studied production system using the parameters presented in table 3. The GUROBI solver is used to solve our mixed-integer model and the results are shown in table 4.

In this study, all workers are considered to be identical, with the only difference between them being their skills for working at different workstations. Table 5 presents the capability of the workers where worker 1 (op1) has the skills for workstations 1 and 2, worker 2 for only workstation 2 and worker 9 is able to work at all of the workstations.

As shown in table 4, worker assignment and job rotation within the workstations are developed by considering the capability of the workers. According to this table, four operators are assigned to workstation 1 (operators 1, 8, 9 and 14 for jobs 1, 2, 3 and 4), five operators to workstation 2 (operators 2, 3, 5, 11 and 12 for jobs 5, 6, 7, 8 and 9) and five operators work in workstation 3 (operators 4, 6, 7, 10, 13 for jobs 10, 11, 12, 13 and 14). The results present the optimal worker assignment to the jobs, and also the periodic and cumulative workload scores to which each operator is exposed during one day. By applying the proposed worker assignment model, the cumulative (daily) workload scores for all workers at workstation 1 are identical and equal to 30.75. The scores at workstation 2 vary between 29.61 and 30.14. For workstation 3, they vary from 34.05 to 34.58. As a result, the physical workload is evenly distributed among the operators, with previously significant variations in each workstation now becoming slight (in comparison with table 3). The workload distribution before and after job rotation is presented in figure 1 .

In this diagram, the color-filled bottoms show the physical workload levels before applying job rotation and hatching filled bottoms display the workload levels after applying job rotation within the workstations.

As can be seen, in every workstation, the variation of the workloads between the operators is significantly decreased after job rotation. Subsequently, a statistical analysis was performed to obtain the practical information about the distribution of workloads.

In this analysis, the workload scores are analyzed using the two most important statistical factors of "mean" and "standard deviation." The results of this are shown in table 6.

As seen in the table, the mean workload at each workstation does not vary by job rotation but the standard deviations are greatly decreased. For example, the standard deviation (which shows the dispersion of the data) before job rotation in workstation 1 is 4.63 which is decreased to zero by implementing job rotation. This significant decrease guarantees smoother and more balanced physical workloads among the operators. On the other hand, to demonstrate the efficiency of the proposed model and its related optimal assignment, we have compared the results of the proposed job rotation with random rotations. For this purpose, 10 random job rotations are simulated and the best one is selected to be compared with the proposed rotation. Table 7 shows this comparison in detail. The variation of different physical workloads among the workers and the number of consecutive high workloads are evaluated to compare these two strategies of job rotation with a fixed job assignment (without job rotation).

As this table shows, The number of consecutive high workload jobs (R-R) has been minimized by the proposed job rotation model. With regard to the cumulative workload, without job rotation, there are three high workloads (Red) which are followed directly by another high workload whereas with the best random rotation, R-R occurred once and with the proposed job rotation model, a Red is never followed by another Red. Moreover, for each one of the ergonomic criteria, the number of R-R workloads is decreased by implementing the proposed job rotation without significant increases of Y-R and R-Y. The columns of the STDV show the dispersion of the different types of workload among the workers. The results of the optimal rotation show an important decrease in the variation of the workload criteria. This guarantees a homogeneous workload for the workers.

Note that the mathematical model presented is programed using GMPL language and is solved using the GUROBI solver. As such, the term "computational results" in this study refer to the results of the GUROBI solver.

Discussion

This study presents a job rotation strategy in a real manufacturing plant that balances out the daily physical workload and avoids successive high workloads for the operators during one working day. At the first stage of research, we had to determine how to analyze the jobs, which criteria had to be considered and how to calculate the workload level of the jobs for each ergonomic criterion. Various ergonomic criteria could be considered, but the number of criteria is a critical factor for solving the job rotation mathematical model. The more [START_REF] Carnahan | Designing safe job rotation schedules using optimization and heuristic search[END_REF] mainly used lifting criteria in their mathematical approach and several studies only considered pos ture parameters using observational technics such as Rapid Upper Limb Assessment (RULA), Rapid Entire Body Assessment (REBA), and Ovako Working posture Assessment System (OWAS) to design job rotation [START_REF] Cheshmehgaz | Accumulated risk of body postures in assembly line balancing problem and modeling through a multicriteria fuzzy-genetic algorithm[END_REF]; [START_REF] Yoon | A model for developing job rotation schedules that eliminate sequential high workloads and minimize between-worker variability in cumulative daily workloads: Application to automotive assembly lines[END_REF]).

workload R-R Y-R R-Y* R-R Y-R R-Y R-R Y-R R-Y Cumulative Workload 0 0 0 3.
The contribution of our research beyond those models integrated only posture and lifting criteria is the evaluation procedure for the jobs.

We integrated an in-house ergonomic procedure including 20 biomechanical criteria in the mathematical model, which ensure a job rotation schedule with the most common ergonomic factors presented in the manufacturing industries. Additionally, the model proposed considers two ergonomic objectives simultaneously. The first one is to balance the daily physical workload to which the operators are exposed. The second ergonomic objective is to prevent the successive high workloads for a worker. This factor was also taken into account in the model of [START_REF] Yoon | A model for developing job rotation schedules that eliminate sequential high workloads and minimize between-worker variability in cumulative daily workloads: Application to automotive assembly lines[END_REF] where special attention was paid to the posture of the different parts of body.

Avoiding successive high workloads and high cumulative workload has been integrated into the mathematical model using constraints 15 and 18. Constraint 15 stipulates that if a worker has a high workload of posture in the current period, he/she must be assigned to a job with a low workload of posture in the following period. Similarly, constraint 18 indicates that if a worker has a high cumulative workload, he/she must be assigned to a job with a medium or low cumulative workload in the next period.

Another optimization method for balancing workloads is line balancing approach, but it has been widely exploited to optimize the manufacturing factors such as production cycle time. Several studies have used the line balancing method to reduce MSD risk factors in the manufacturing domain [START_REF] Otto | Incorporating ergonomic risks into assembly line balancing[END_REF]; [START_REF] Choi | A goal programming mixed-model line balancing for processing time and physical workload[END_REF]; [START_REF] Bautista | Incorporating ergonomics factors into the tsalbp[END_REF]). The line balancing method focuses on workstations/jobs while job rotation approach (that we used in this study) considers the operators for optimizing workloads. To our knowledge, there is no consensus in the literature indicating which approach is more effective in mitigating MSD risk factors.

In the model proposed in this study, we considered the capacity of the workers to perform various workstations and training costs. The policy of the company is generally to reduce additional costs and time for training the operators. This model of job rotation is, therefore, programmed to rotate only within the workstations, and its advantages compared to the classic job rotation model, wherein the workers can be assigned to all of the jobs, is to mitigate training cost, time, and the complexity of the manpower planning. Hence, the proposed job rotation method can be useful for systems in which the skills required by different jobs are largely different. Moreover, the model presented can be converted easily to a classic job rotation model by excluding constraints 19 and 20. The model was employed to simulate a classic job rotation on the system studied (Table 8). According to the cumulative physical workload column of Table 8, the daily workload scores of the operators are well-balanced by this strategy. However, no consideration is made regarding the capability of the workers or the training aspects (cost and time that the operators need to become skilled and adapted to a job).

Working day in our model was 8 hours and four rotations occurred per day (2 hours interval). The factory under study used this interval based on their production schedule, and we had to develop the rotation model in this configuration. Most studies selected a rotation schedule with 2h interval [START_REF] Padula | Job rotation designed to prevent musculoskeletal disorders and control risk in manufacturing industries: A systematic review[END_REF]), and Guimarães et al. ( 2012) reported a better feedback regarding a job rotation design of every 2h. This study could not claim whether the proposed job rotation schedule will reduce MSD symptoms among the operators in the manufacturing industry under investigation. The further research needs to assess whether the implementation of this job rotation approach minimizes musculoskeletal disorders. Few studies have shown the positive effect of job rotation schedule, and [START_REF] Padula | Job rotation designed to prevent musculoskeletal disorders and control risk in manufacturing industries: A systematic review[END_REF] reported in a review study that most of the studies showed an increase in the physical workload following job rotation implementation. Another limitation of this research is the size of the system studied. As the applied solution method is an exact approach and the studied job rotation problem is NP-hard, this approach is efficient for the small and mediumsized systems. The approximate approaches can be proposed to solve our job rotation model for the large sized-system (more than 20 workstations and 100 jobs). Furthermore, we can consider uncertainty concerns for the estimation of the workload scores by employing Fuzzy logic or statistical approaches. Analyzing the learningforgetting effect and learning costs may be another avenue for further research.

Conclusion

This study presents a specific type of job rotation model in which the rotations occur only within the predefined workstations.

A mixed integer mathematical model was developed to obtain optimal sequences for the group job rotation, aiming to balance/smooth the daily physical workload of the workers. The findings demonstrated that the workload scores were distributed among the operators. Furthermore, the constraints of the proposed model prevented the operators from having to take on successive high workloads. This strategy reduces costs and time for training the staff members, compared with the classic job rotations, as the operators only rotate in a small predefined group. The model is easily adaptable for other production and service systems. Future studies might be required to consider the productivity factors of the manufacturing system combined with the ergonomic issues (biomechanical, organizational and cognitive factors) in the job rotation model.

Figure 1 :

 1 Figure 1: Comparison of dispersion of the workload by and without job rotation

Table 1 :

 1 Ergonomic parameters measured

	Main category		Sub-category Risk factors
		Tightening torque, hand and power tools
	Energy consumption	Climbing/stepping over
			Movement
			Pushing, pulling with fingers
	Force		Hand pushing and pulling
			Whole Body Push /Pull Force
	Material handlings		Lifting torque -Two-handed lifts One-handed lifts
			Wrist posture
			Shoulder posture
			Neck posture
			Back posture
			Component size
	Work postures		Surface area for pressure
			Hand grip
			Hand workspace
			Clearance for hand and finger
			Access, hidden assembly
			Occurrence of work posture
	Repetition	Performing same repetited actions per hour

Table 2 :

 2 Prioritization of risk factors and workloads

	Methods	Evaluation Criteria	Green	Yellow	Red
		Number of Yellows*	0-8	9-16	≥ 17
	Ergonomic Standard method (SES)	Number of Reds	0-6	7-9	≥ 10
		Number of Yellows + Reds	0-16	-	≥ 17
	*The worst colour dictates the final evaluation of the workstation	

Table 3 :

 3 Numerical evaluation of the jobs and the worker assignment without job rotation

	Workstation	Job	Physical Workload	(general evaluation)	Repetition	Ergonomic criteria Postures Material Handling Force	Energy Consumption	Workload Score	per period (WL)	Assigned worker	Number of periods	during a day (P)	Daily Workload	(WL*P)
		1	Yellow	1.57	2.67	1.57	1.57	1.57	8.95	OP1	4	35.8
	1	2 3	Yellow Green	1.57 1	1.57 2.67	1.57 1.57	1.57 1.57	1.57 1	7.85 7.81	OP8 OP9	4 4	31.4 31.24
		4	Green	1	1.57	1	1.57	1	6.14	OP14	4	24.56
		5	Green	1.57	1	2.67	1.57	1	7.81	OP2	4	31.24
		6	Green	1	1	1.57	1	1	5.57	OP3	4	22.28
	2	7	Green	1	1.57	1.57	2.67	1	7.81	OP5	4	31.24
		8	Green	1	1.57	1.57	1.57	1.57	7.28	OP11	4	29.12
		9	Yellow	1.57	2.67	1.57	1.57	1.57	8.95	OP12	4	35.8
		10	Red	2.67	1.57	2.67	2.67	1	10.58	OP4	4	42.32
		11	Green	1	1.57	1.57	1.57	1	6.71	OP6	4	26.84
	3	12	Green	1	1.57	2.67	1.57	1	7.81	OP7	4	31.24
		13	Yellow	1.57	1.57	2.67	1.57	1.57	8.95	OP10	4	35.8
		14	Yellow	1	2.67	2.67	1.57	1	8.91	OP13	4	35.64
	* High Workload	Red	Medium Workload	Yellow	Low Workload	Green

Table 4 :

 4 Workforce schedule by Group Job Rotation

	Work station	Worker	Sequence of jobs	P1	Workload exposed P2 P3	P4	Cumulative Workload
		op1	3 → 4 → 1 → 2	7.81	6.14	8.95	7.85	30.75
	1	op8 op9	4 → 1 → 2 → 3 2 → 3 → 4 → 1	6.14 7.85	8.95 7.81	7.85 6.14	7.81 8.95	30.75 30.75
		op14	1 → 2 → 3 → 4	8.95	7.85	7.81	6.14	30.75
		op2	6 → 9 → 7 → 8	5.57	8.95	7.81	7.28	29.61
		op3	7 → 6 → 9 → 7	7.81	5.57	8.95	7.81	30.14
	2	op5	5 → 5 → 6 → 9	7.81	7.81	5.57	8.95	30.14
		op11	9 → 7 → 5 → 6	8.95	7.81	7.81	5.57	30.14
		op12	8 → 8 → 8 → 5	7.28	7.28	7.28	7.81	29.65
		op4	12 → 13 → 11 → 10	7.81	8.95	6.71	10.58	34.05
		op6	13 → 14 → 14 → 12	8.95	8.91	8.91	7.81	34.58
	3	op7	14 → 12 → 13 → 14	8.91	7.81	8.95	8.91	34.58
		op10	10 → 11 → 10 → 11	10.58	6.71	10.58	6.71	34.58
		op13	11 → 10 → 12 → 13	6.71	10.58	7.81	8.95	34.5

Table 5 :

 5 Capability of the workers

	Worker	op1 op2 op3 op4 op5 op6 op7 op8 op9 op10 op11 op12 op13 op14
		ws1		ws1 ws1	ws1 ws1 ws1 ws1
	Skill	ws2 ws2 ws2	ws2 ws2	ws2 ws2 ws2 ws2 ws2
			ws3 ws3 ws3 ws3	ws3 ws3	ws3 ws3

Table 6 :

 6 Statistical analysis of the impact of the rotation

	Workstation	No of data	WL Without rotation Mean STDEV	WL By rotation Mean STDEV
	1	4	30.75	4.63	30.75	0.00
	2	5	29.94	4.92	29.94	0.27
	3	5	34.37	5.77	34.37	0.23

Table 7 :

 7 Proposed optimal job rotation in comparison with the best random rotation

	Optimal rotation		Best random rotation	Without rotation
	Successive		Successive		Successive	
	high workload	STDV	high workload	STDV	high	STDV

  R signifies number of Red workloads which are followed by another Red. *Y-R signifies the number of Red workloads which are followed by a Yellow. *R-Y signifies the number of Yellow workloads which are followed by a Red.

						11	1	0	0	4.56	3	0	0	7.20
	Ergo criteria	Repetition Posture Material handling Force Energy consumption	0 3 6 1 0	1 8 5 4 0	0 6 6 4 0	1.19 1.54 2.79 1.27 0.62	1 4 10 1 0	0 7 5 5 0	1 7 5 5 0	1.42 2.20 2.81 1.40 0.62	3 12 15 6 0	0 0 0 0 0	0 0 0 0 0	2.56 3.50 3.54 2.60 1.31
	*R-number of criteria were considered in the model, the								
	more computational time would be needed to solve								
	the problem. Hence, we clustered the ergonomic								
	criteria into five primary categories because each								
	job was evaluated according to 20 biomechanical								
	sub-criteria in our case study. The clustering								
	approach helps us to analyze the jobs by maximum								
	number of criteria and allows us to solve the								
	job rotation mathematical model in a reasonable								
	time frame. Previous studies have applied various								
	biomechanical and organizational parameters to								
	implement job rotation (Padula et al. (2017)).								
	Asensio-Cuesta et al. (2012) integrated both the								
	biomechanical and organizational parameters in								
	a mathematical model.		Tharmmaphornphilas								
	and Norman (2007) and												

Table 8 :

 8 Workforce schedule by Classical Job Rotation

	Worker	Sequence of jobs	P1	Workload exposed P2 P3	P4	Cumulative Workload
	op1	6 → 12 → 10 → 3	5.57	7.81	10.58	7.81	31.77
	op2	1 → 6 → 11 → 10	8.95	5.57	6.71	10.58	31.81
	op3	11 → 10 → 13 → 6	6.71	10.58	8.95	5.57	31.81
	op4	14 → 4 → 3 → 9	8.91	6.14	7.81	8.95	31.81
	op5	5 → 1 → 4 → 13	7.81	8.95	6.14	8.95	31.85
	op6	12 → 11 → 14 → 2	7.81	6.71	8.91	7.85	31.28
	op7	13 → 14 → 12 → 4	8.95	8.91	7.81	6.14	31.81
	op8	9 → 8 → 7 → 12	8.95	7.28	7.81	7.81	31.85
	op9	7 → 3 → 1 → 8	7.81	7.81	8.95	7.28	31.85
	op10	2 → 9 → 2 → 11	7.85	8.95	7.85	6.71	31.36
	op11	4 → 2 → 9 → 14	6.14	7.85	8.95	8.91	31.85
	op12	3 → 13 → 8 → 7	7.81	8.95	7.28	7.81	31.85
	op13	10 → 5 → 6 → 5	10.58	7.81	5.57	7.81	31.77
	op14	8 → 7 → 5 → 1	7.28	7.81	7.81	8.95	31.85

Workload of type l implies the workload score related to criterion l