Jelena Petronijevic 
email: jelena.petronijevic@ensam.eu
  
Alain Etienne 
email: alain.etienne@ensam.eu
  
Jean-Yves Dantan 
email: jean-yves.dantan@ensam.eu
  
Human factors under uncertainty: A manufacturing systems design using simulation-optimisation approach

Keywords: human factors, time margins, uncertainty, flow system, agent-based modelling, scheduling

A manufacturing systems design using simulation-optimisation approach Modern manufacturing systems are characterized by waste elimination, cycle time control, and high work specifications. Workers, although being an integral part of manufacturing, are usually neglected or severely simplified in operational research of these systems. Through the years, the need for control over the job in manual manufacturing has been identified as crucial for both system performances and operators' health. The aim of this research is to integrate time margins, as the mean of control, and human factors under uncertainty into scheduling problem of a multi-product manufacturing system while maintaining performance and workers' well-being. The proposed method is polynomial and simulation-based, developed in two stages using agent-based methodology. The first stage provides a global schedule with makespan as the objective function and with time margin allocation strategy under uncertainty. The second stage enables rescheduling depending on the human error probability and fatigue level. Experiments and comparisons with the similar literature problem have indicated decrease of human error probability and fatigue. Extended experiments for flow shop system justify the use of this unique approach. The developed tool enables system designers to enhance performance by observing human effects through its factors and different time margins allocation strategies.

Introduction

Novel approaches in the manufacturing industry are mainly waste and variability oriented. In order to increase responsiveness in market and customer oriented environment, the majority of techniques applied are hence focusing on waste elimination, cycle time control and high work specifications in the labour force. And while these are developing since 1930 and introduction of basic lean concepts, the novel question that arises is the influence of the applied approaches on the labour force. Various studies have been conducted through the past years [START_REF] Caroly | Sustainable MSD prevention: Management for continuous improvement between prevention and production. Ergonomic intervention in two assembly line companies[END_REF][START_REF] Koukoulaki | The impact of lean production on musculoskeletal and psychosocial risks: An examination of sociotechnical trends over 20 years[END_REF] and all of them emphasize the strong connection between occupational diseases and work conditions including physical factors, psychosocial factors, and organizational constraints. The musculoskeletal disorder is almost epidemiologically spread as an occupational disease and represents one of the six most common occupational diseases in Europe [START_REF] Koukoulaki | The impact of lean production on musculoskeletal and psychosocial risks: An examination of sociotechnical trends over 20 years[END_REF] with 52% share in illnesses related to work [START_REF] Grosse | Incorporating human factors in order picking planning models: framework and research opportunities[END_REF]. Lean practices that increase manual work speed and reduce job autonomy have especially negative influence if the manual work is of low complexity, [START_REF] Hasle | Lean and the working environment: a review of the literature[END_REF]. Many authors believe that the main cause for this condition lies in the lack of job control which an employee has over his work, [START_REF] Delbridge | Workers under lean manufacturing. The essentials of the new workplace: A guide to the human impact of modern working practices[END_REF][START_REF] Jones | Job control, physical health and psychological wellbeing[END_REF]. The way to incorporate autonomy into working environment is to introduce manoeuvre margins, and time margins as a representative, an individual's external and internal enablers for self-control over one's job, [START_REF] Lanfranchi | Explicative models of musculoskeletal disorders (MSD): From biomechanical and psychosocial factors to clinical analysis of ergonomics[END_REF]. Hence, the aim of this research is to take into account workers' autonomy and power over job through time margin while meeting the production goals. Consequently, the work belongs to the category of socio-technical systems [START_REF] Trist | The evolution of socio-technical systems[END_REF] since the shared idea is to integrate social and technical factors with outcome that are justified from both economical and the sense of job satisfaction. Although these systems have a long history of development and work, only recently with the Industry 4.0 global attention has been dedicated to them resulting in the publications that are discussing interactions between production systems and workers [START_REF] Pinzone | A framework for operative and social sustainability functionalities in Human-Centric Cyber-Physical Production Systems[END_REF][START_REF] Fantini | Placing the operator at the centre of Industry 4.0 design: Modelling and assessing human activities within cyberphysical systems[END_REF]. In that sense, the presented research is not only covering the problem that is intriguing the scientific community for decades but also proposes solution to the current problems.

The scientific question can be formulated as:

How human factors and allocations of workers' time margins can be integrated into design of a manufacturing system?

The paper contributes to the existing literature in manufacturing systems by addressing human effects on system's performances. Consequently, it spans the gap between the ergonomics and operational research in manufacturing system design. The rest of the paper is organized as follows. Section 2 provides the current state of the art while developed methodology is described in Section 3. Model description is presented in the fourth section. The fifth section provides experimental verification of the model, followed by the conclusions in Section 6. Literature references are given in the last section.

State of the art

The addressed problem can be presented as makespan optimisation of a production system with time margin allocation and human factors included. Revised literature has included two areas of research: scheduling and human factors literature, Figure 1. {please insert Figure 1 here}

Research is focused on manual manufacturing. Boundaries of the presented system and research areas of the state of the art include:

• Scheduling problems with makespan as the objective function. Production program, product development, and process plans are assumed to be predetermined. Among other adequate objective functions, makespan is chosen because most of the literature covers this objective function. Human factors are observed as constraints. • Batch and non-batch production type. In this problem formulation, non-batch production can be seen as a batch production where each family has a single job, so all the literature resources are covered.

• Flow shop systems. Assembly systems are considered as two-stage flow shop so they may be indirectly included in the scope. Single machine flow shops are not analyzed since they represent a simplification of more complex shop floor configurations. • The uncertainty of the system is introduced by workers through their human factor parameters.

The idea behind the literature research was to identify if the comprehensive solutions for the addressed problem exist. Since the literature review has proven that no solution for this problem can be found, the problem was decomposed by research areas shown in Figure 1. Three main steps can be noted in the figure. Firstly, based on chosen time margin allocation strategy, depicted as "TIME MARGINS", time margins are allocated to individual stations ("TIME" and "MARGINS"). Secondly, optimisation techniques for flow system are found and adapted from the scheduling literature which represents the first layer in the figure. Lastly, as it can be seen in the second layer, integration of human factors using ergonomic approaches is applied to the system. Consequently, those identified approaches in both areas are then adjusted and implemented in a unique solution. Apart from that, time margins were given numerical representation for the first time in the literature and rescheduling techniques are developed and integrated to create comprehensive method.

Scheduling

The current situation in production and research is far from the desired one. The scheduling models including human factors are ones conducted by [START_REF] Sabar | An agent-based algorithm for personnel shift-scheduling and rescheduling in flexible assembly lines[END_REF] and [START_REF] Ferjani | A Simulation-Optimization Based Heuristic for the Online assignment of Multi-Skilled Workers Affected by Fatigue in Manufacturing Systems[END_REF]. The latter article investigates assignment problem which is not addressed in this study, but, because of human model similarities, it is considered close to this analysis. On the other hand, apart from the pure time focus optimisation (through makespan) [START_REF] Grosse | Incorporating human factors in order picking planning models: framework and research opportunities[END_REF] emphasize the importance of trinity between time, quality and work health which is all part of the proposed methodology presented in Section 3.

Human factors

Human factors literature includes various models with different methods for enhancing human well-being. The step forward in this area is achieved through the work of [START_REF] Lanfranchi | Explicative models of musculoskeletal disorders (MSD): From biomechanical and psychosocial factors to clinical analysis of ergonomics[END_REF] with their work demands, manoeuvre margins, and work recognition. Manoeuvre margins represent individual's external and internal resources enabling self-control over one's job. Hence, time margin, as one of the manoeuvre margins, represents a way to provide workers with the sense of control. The model predicts that a strong work demand and insufficient manoeuvre margins lead to an increase in the mental and physical load at work. The research presented in this article has a goal to control the level of the load by the introduction of specific manoeuvre margin -time margin. Consequently, the effect of time margins is tracked through the evolution of fatigue while human error probability represents quality of production.

The inclusion of human factors in operational research needs to be performed through its mathematical modelling. Research indicates that very few authors work on this subject. Three models have shown potential for the use in the addressed problem. [START_REF] Digiesi | Performance measurement and "personnel-oriented" simulation of an assembly line[END_REF] have developed "learning-tiredness" model that computes task duration. The model has proven results, but it doesn't take into account forgetting and recovery characteristics. [START_REF] Elkosantini | Integration of human behavioural aspects in a dynamic model for a manufacturing system[END_REF] developed a complex model of workers' behaviours with their mathematically formulated evolution and with connections that can exist among them. For the implementation of this model, the extensive analysis of inputs (task and work conditions) needs to be conducted. The most promising model in the sense of universality is the one developed by Jaber, [START_REF] Jaber | Incorporating human fatigue and recovery into the learning-forgetting process[END_REF]. Their learning-forgetting-fatigue-recovery model through parameters' variation represents worker as an individual, while his/her well-being is shown as the evolution of fatigue. Task duration is learning dependent and shows one's influence on production. In operational research, the most relevant human factor issues related to their performance in terms of time are seen through task duration, on one hand, and human error probability (HEP) in terms of quality, on the other. Consequently, the latter model has shown the biggest potential for implementation in the proposed methodology.

Taking all desired characteristic into account, it can be concluded that the observed problem has dual nature which, based on Barbatti et al. (2012) and [START_REF] Davidsson | On the integration of agent-based and mathematical optimization techniques[END_REF], imposes solution composed of both traditional and decentralized approaches. Optimisation nature is represented through global makespan minimization for time margin allocation and corresponding flow shop scheduling. On the other hand, integration of human behaviour is highly modular problem -with the unique objective for every worker. Hence, local worker's environment is subject to changes upon the current schedule and state of the shop floor. Taking all mentioned into account, dichotomy of the conditions is present in global optimisation necessity on one hand and modularity and dynamic changes on the other. First is supported by traditional optimisation techniques and second using decentralized solutions (such as agent-based methodology). In this work, creation of global schedule using traditional optimisation techniques is followed by the local adjustments using agent-based methodology. This way, integration of the two approaches is achieved using one of the two available recommendations for integration according to Barbatti et al. (2012).

Methodology

The proposed method combines polynomial optimization and agent based simulationoptimization, creating unique method that provides global scheduling and local adjustments of the schedule. It is based firstly on time margin allocation strategies and makespan minimization, and secondly human factor characteristics with corresponding fatigue level and human error probability as criteria. Consequently, method is split in two stages presented in the Figure 3: • Stage 1 for creating global schedule with makespan minimization, and • Stage 2 for adjusting the schedule based on human factors. {please insert Figure 3 here} For the parts to be produced, the first stage has chosen time margin allocation strategy, lower and upper boundaries for time margins and exact processing times for every job as input parameters. The algorithm used in this stage is based on similarities between time margins and setup times for the machines. More precisely, worker uses time margin before each job to attain control over the process. Observed in this manner, time margin for the worker is necessary just as setup time for the machine. Since time margin is closely related to every particular worker, and workers introduce uncertainty in the system, the exact value can't be used for scheduling but only lower and upper boundary of it. The algorithm used in this stage represents the adaptation of work of [START_REF] Aydilek | Increasing the profitability and competitiveness in a production environment with random and bounded setup times[END_REF] who have developed a polynomial algorithm for uncertain setup times. Since the authors have proven that = = 0.5 configuration of it has results close to global optimum for any range of setup times this method is suitable for time margins use. The adapted algorithm can be presented in the following manner: Algorithm -schedule with minimum makespan and lower and upper time margin Initialization: Load all parts to be processed, where part ∈ {0, 1, ⋯ , }.
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where , 9: represents processing time for part at the first or second workstation. , 9: and 9: represent lower and upper boundaries of time margins for part at the first or second workstation, respectively. The output of the algorithm is presented by the processing sequence at the end of the for loop.

Inputs in the second stage include previously determined global schedule, break schedule, initial fatigue (;) and recovery (<) rates and learning and forgetting parameters for every worker (learning index = = ->?@ (ABC:D DE :C2B) A9E and total forgetting time F). This stage runs the global scheduling sequence and based on learning, forgetting, fatigue and recovery [START_REF] Jaber | Incorporating human fatigue and recovery into the learning-forgetting process[END_REF][START_REF] Givi | Modelling worker reliability with learning and fatigue[END_REF][START_REF] Neumann | Simulating operator learning during production ramp-up in parallel vs. serial flow production[END_REF] updates processing time, status of workers' well-being and reliability. Workers wellbeing is modelled through fatigue and recovery with the following mathematical formulation of the same authors:

G($ ) = 1 -+ HI2 J (1) K(L ) = G($)+ HMN J (2) G O ($) = K(L ) + (1 -K(L ))(1 -+ HI2 JPQ ) (3) 
Fatigue is defined in the equation (1) where $ is the length of the current production cycle. Residual fatigue is presented in equation ( 2) with L as corresponding break length. Equation ( 3) is used to calculate fatigue in the ( + 1) 23 cycle based on residual fatigue after the break and length of the current production cycle ($ O ).

Processing time is a consequence of learning abilities of the worker and forgetting process caused by the breaks. The real processing time of part in the 23 cycle is given as:

D = (6 + ) HR (4) 
where represents time to produce the first unit of certain part type, 6 is experience measured in the number of parts remembered at the beginning of cycle and is the current number of parts produced in the cycle . Experience 6 is defined using the following equations:
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The real processing time equation ( 4) assumes that production time can decrease without limitation. [START_REF] Neumann | Simulating operator learning during production ramp-up in parallel vs. serial flow production[END_REF] have used the more realistic formulation with incompressible time M that limits reduction of processing time:

D = ( + (1 -)(6 + ) HR ). (9) 
Neither the model described by equation ( 9) nor the one by equation ( 4) take into account learning-fatigue causality. The proposed model introduces the connection between learning and fatigue using equation ( 10) and states that real processing time can be increased up to two times depending on the fatigue level of the worker.

Parameter ∝ in equation ( 10) is used to bind fatigue influence on production time.

D = 1+∝ G($ ) ( + (1 -)(6 + ) HR ). (10) 
Reliability of the worker is modelled using the following equation of human error probability from [START_REF] Givi | Modelling worker reliability with learning and fatigue[END_REF]:

de = 10 >?@ fg.h i ZJ i Q O j(k J ) `.ll m (11)
Rescheduling in the form of time margin increase or production of the part with minimal processing time is triggered by fatigue level and human error probability.

Model description

The methodology described in the previous section is implemented using agent-based modelling. The reference models without time margins have also been created for comparisons. All the models have a choice with or without the incompressible time and learning-fatigue causality. The most complex model for two workers, multiple parts, global optimisation and rescheduling is presented in the next paragraphs.

The model has three agent types in two hierarchical levels: part agent and worker agent in lower and optimisation (and coordination) agent in higher hierarchical level. The part agent represents the part to be processed and contains necessary information for both global and local optimization. Worker agent is used for the personal characteristics of the worker and local optimization. Agent's structure is given in the Figure 4 and includes states of the worker with the corresponding transitions between the states. Optimisation and coordination agent as a higher hierarchy agent creates the global schedule and initialize processing and breaks. Detailed information about agent characteristics is given in the Table 2.

{please insert Figure 4 here} {please insert Table 2 here}

The structure of the model is presented in Figure 5. Two main stages can be distinguished: the first stage dedicated to global optimisation followed by simulation optimisation method for dynamic rescheduling in the second stage. The process starts with the first stage that generates the schedule and ends with the second stage that simulates the production and performs necessary rescheduling.

{please insert Figure 5 here} At the beginning of the first stage, information about the parts to be produced (processing times) and time margin strategy (represented through lower and upper time margins boundary) is loaded from the database. The loaded information is assigned to one part agent per dataset. Following Step 1 of global optimization, part agent calculates and sends values of and to optimisation agent. Optimization agent then performs Step 2 of the global optimization algorithm and as a result the schedule is created. Upon schedule finalization, optimization agent coordinates the simulation stage by sending necessary information about the first part to be produced (part ID, type, , time margin lower and upper boundary) and sends the message to the worker agent to start the simulation.

After receiving the message, the second stage starts. The worker agent goes from not working to processing state. Before entering this state, the processing time calculation is performed based on equations ( 4)-( 10). After performing the processing, fatigue needs to be calculated and time margin value needs to be set before the worker enters the next state, time margin state. The calculation of the fatigue level is performed using the equation (3) and previously calculated processing time as a variable. For the first part, residual fatigue used in the mentioned equation is zero. Calculated fatigue at the end of production stage becomes current fatigue that will be used for the calculation of recovery value. A method for current time margin value calculation is run. This method sets the time margin value randomly between lower and upper boundary following a normal distribution. As it has been said before, processing state is followed by the time margin state. In this model, time margin state is seen as a short break which doesn't cause forgetting but has recovery effect on the worker's wellbeing. This implies that during this stage residual fatigue is calculated using equation ( 2) and stored as current fatigue. After time margin phase, if no rescheduling is needed, the processing stage is initialized and the whole process is repeated. The produced part ID with the corresponding information is sent to the second worker's buffer with the message saying that the part is in the buffer. This message initializes the production cycle from the non-working and idle state. The states and transition principles for the second worker are identical as the first one with one exception. In case of the empty buffer, the second worker can go to idle state where he will stay until new part arrives from the first worker. The idle state is modelled as a break and implies residual fatigue calculation. Break schedule can interrupt any of the mentioned stages.

In case of rescheduling, two scenarios are applied: increase of time margin and part change. The potential need for rescheduling is determined after time margin stage based on the critical value of human error probability and fatigue. If the boundary is exceeded, firstly fatigue level and learning level will be turned back to the previous value and then time margin will be increased up to two times. In case that the increased time margin is necessary for the same part on both workstations, time margin will be set to be within the maximal allowed sum which is defined as part agent parameter. In other words, second worker's time margins can be increased in the way not to exceed the sum. In case that time margin increase is not satisfying from the perspective of human error probability and fatigue, second rescheduling strategy is to be performed. This means that the fatigue and learning levels are turned back to the previous values and that the new part is chosen to be produced based on its minimal production time. The old part is sent to the rescheduled sequence and produced at the end. Parts of the new type are produced in a row until the end of the cycle.

Experimental verification

The goal of the performed work has been to create unique solution that will connect ergonomic and production research -to provide recommendation for the production systems' designer to firstly take into account the workers in the production system and then to optimize the system through time margins so that both, optimisation objective function (makespan), fatigue level and human error probability are to be satisfied.

The tool has been developed in AnyLogic PLE 7.3.6 using Java programing language. It comprises elements described in the methodology and model sections and it is dedicated to the two-worker flow system analysis. The experiments, presented in this section, have been conducted using the tool.

As underlined in Section 2, integration of ergonomics with production or operation research represented through the scheduling problem, haven't been identified in the current literature. For that reason, experimental verification of the proposed methodology has been conducted in two steps:

• Step 1: numerically indicate the influence of time margins in single-worker model • Step 2: conduct time, quality and wellbeing analysis for the flow-shop production system.

The first step has a goal to confront time margin model developed in this work, with the one by [START_REF] Givi | Modelling worker reliability with learning and fatigue[END_REF]. In their work, the authors have implemented the model without time margins for break optimisation with learning, fatigue and human error probability characteristics. Using the same experimental setting has enabled comparison between the two models and verification of the time margin influence. The second step presents the full potential of the developed method including allocation strategy, optimal schedule generation, and rescheduling. Parameters and their range used for the experiments are given in Table 3. {Please insert Table 3 here}

Step 1. The idea of these experiments was to keep the same length of a break in case of time margins model and the referenced one but to divide them into regular breaks and time margins between every part in time margins case. Hence, in the work-break schedule section of Table 3 in parentheses are given break lengths for the referenced model. The longer working cycle in the developed model includes 5 minutes used for time margins. Time to produce the first part is set to 4 minutes in both of the models. Time margins for the cycles were distributed in the following manner: 3. In this way, it is indicated that the use of time margins has a positive effect on both well-being and human error probability. {Please insert Figure 7 here} [START_REF] Givi | Modelling worker reliability with learning and fatigue[END_REF] don't include the influence of incompressible time and learning-fatigue causality, so the additional experiments were conducted to provide insight into their influence on performance especially in the case of fast recovery rate.

In Figure 8 a) and b), the joint effect of incompressible time ( = 0.375) and causality of learning and fatigue (∝= 0.25) is presented. These studies confirm the decrease of fatigue and human error probability with the time margin use, once again. In this way, it is indicative that the use of time margin is highly justified in terms of enhancing system's performances. Remarking the neglected status of human factors in the operational research literature, one can see that they can have severe consequences on the productivity estimation. The introduction of incompressible time and learningfatigue causality can lead to decrease in the number of produced products up to 2/3 (from 600 to 200 produced products). Consequently, the developed tool empowers operational research practitioners with the mean that can prevent them from overestimating their system. {Please insert Figure 8 here}

Step 2. Justifying the usage of time margin, the second step was conducted to represent two-worker flow system with multiple products, global optimisation, and rescheduling based on the fatigue and human error probability. In the first experiment in this step complex and simple model were compared. Complex model includes the effect of incompressible time and learning-fatigue causality while simple model doesn't. The global schedule is identified as A-B-C-D for both models. For complex model, uncompressible factor has been set to M=0.375 and parameter ∝ that binds fatigue influence on production time has been ∝=0.25 Results with the default values of fatigue and recovery rates are given in Figure 9. In the simple-model case, the work has been completed in 315.4 minutes. The average workers' health was 53.9% and 60.3% for the first and the second worker respectively, while the human error probability values were 1% and 1.3%. Contrary, in the complex case during dedicated 465 minutes for work, the productivity has not been achieved. The first worker has produced 578 parts out of 675, and the second one 509. Also, higher values of fatigue and human error probabilities were identified. In the case of fatigue, the average values were 67.3% and 71.9% for the first and the second worker respectively. The human error probability values were 11.9% and 13.8% for the same workers. Also, in the complex-model case, the rescheduling was necessary due to the higher levels of fatigue and human error probability. For the first worker, since the higher values have appeared in the last production cycle, just time margin increase has been possible. In the case of the second worker, as it can be seen in the part b) of the Figure 9 production of part C was changed to part D in order to lower as much as possible increased values of fatigue and human error probability. {Please insert Figure 9 here} Next experimental scenario had a goal to see the influence of the higher recovery rate on production system in terms of time, quality and health. Again, in this case, as well as in the previous one, simple model provided too optimistic productivity prediction compering to the complex one (Figure 10 a) and b)). In the simple-model case, total production time for all 675 parts was 315.5 minutes while in the complex case in 530 minutes of simulation first worker has produced 622 parts and the second one 561. The average fatigue in the first case was 25.9% and 25.1% for the first and the second worker respectively while in the complex case it has been 35.1% and 34.6%. Human error probability values ranged from 0.08% and 0.09% for the simple case to 1.4% and 1.7% for the complex case. No rescheduling was necessary in any of the cases. {Please insert Figure 10 here}

The experiments have shown the significant role of the developed tool in better productivity prediction and real-time response to critical fatigue and human error probability states. Consequently, the usefulness of the tool for the system design practitioners is evident.

Conclusion

A great number of manufacturing systems includes human labour force. Paradoxically, human factors are highly disregarded in the operational research and almost exclusively presented in the ergonomic literature. On the other hand, various reports show the correlation between workers' characteristics and wellbeing on overall system's performance. The motivation of this paper was to apply influence of human factors concepts and to study and act based on the performance results of the system. Methodological approach in two-stages was created and developed using agent-based system. The methodology uses the framework of manoeuvre margins represented by time margins and learning-forgetting-fatigue-recovery process to represent human behaviour in the system. Time margins are used in the sense of control over worker's job and can be compared with the machine setup time in the operational research sense and as a break in the behaviouristic sense. The first stage of the model generates a global schedule based on the lower and upper boundary of the time margins, while the second stage simulates the production and monitors workers' fatigue and human error probability. Based on these values, rescheduling is enabled in the manner of controlled time margin increase or production of parts with minimal processing time.

The developed tool moves time margin concept from the framework scope to the mean of control for the system designer. Different time margin allocation strategies can now be easily applied and system performance can be studied. Through this research, time margin concept was approved using the set of experiments indicating both better performance in the sense of human error probability and better wellbeing in the terms of fatigue values. The second group of experiments confirms the possibility to create a global schedule based on time margin allocation under uncertainty and to control the quality using rescheduling methods. Also, incompressible time concepts and learning-fatigue causality equations are incorporated in the model enabling the creation of more realistic system. Altogether, the tool can be considered as a mean of first-step integration of human factors and operational management.

Limitations and consequent future research would include experimental verification of the tool outside of the academic examples presented in this study. The all-inclusive empirical study would include collection and analysis of proper values of human parameters and suitable time margin values in the practical condition as a case study. 

  19 [s], 1.95 [s], 1.58 [s], and 1.8[s] for the first, second, third and the fourth working cycle respectively.Results have shown that, when default values are applied, the reference model and time margin model provide the same average results in terms of fatigue and human error probability. The maximum values of each cycle are slightly lower in the developed model. On the other hand, a decrease in both fatigue level and human error probability in favor of applied time margins is achieved in cases of fast recovery rate (μ=0.19), Figure6 a) and b). The fatigue and human error probability curves show lower values for the time margin usage during the whole production. Average fatigue in time margin model is lowered to 34.7% compared to 45.6% in the referenced one, while the human error probability is decreased to 0.081% from 0.3%.{Please insert Figure6here} In Figure 7, Monte Carlo simulation was conducted showing the decrease in saturation of maximum fatigue (Figure 7 a) and b)) and the time spent over 0.95 fatigue (Figure 7 c) and d)) in case of time margins.
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