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Abstract: The properties of small- and medium-sized enterprises (SMEs) make them one of the most 

important categories of enterprises for the economics of challenging world. SMEs, in most countries, 

are still enterprises with marketing and financial challenges. In addition, most of these challenges 

are related to their production and product characteristics. On the other hand, SMEs should fulfil 

the costumer’s demands. In order to reach these goals, SMEs must reach the highest level of 

production quality and quantity and successfully sustain them. Consequently, various 

manufacturing paradigms have been offered by an Industry 4.0 concept, which offers a variety of 

solutions to increase the productivity and enhance the performance of SMEs. It should be noted that 

implementation of these manufacturing paradigms for SMEs is quite difficult and sometimes risky 

for several reasons. Still, amidst all these difficulties and challenges, the benefits and idealism of the 

Industry 4.0 paradigms prevail. From productivity to market, it is difficult to deny that SMEs are 

frightened by the challenges they face and fleeing from the potential of overcoming them. This paper 

is an extended version of the research by Ghafoorpoor Yazdi et al. (2018) and conducts a hybrid 

methodology to satisfy the SMEs by validating and verifying any optimization idea before 

implementing the Industry 4.0 concept. To reach the study goals, an intelligent Material Handling 

System (MHS) with agent-based control architecture has been developed. The developed MHS has 

been utilized for auto parts distribution. The system performance has been evaluated, and some 

solutions have been provided to optimize the performance of system. To evaluate the target 

system’s performance, an analytical time study method has been utilized. The time study has an 

Overall Equipment Effectiveness (OEE) standard approach to identifying the matters that need to 

be resolved and optimized to increase system performance. The other part of the methodology is 

generating a simulation model of the real system by use of ARENA® software to evaluate the 

system’s performance before implementing the optimization idea and modifying the real system. 

Furthermore, as the sustainability strategies create many synergistic effects for SMEs, after 

evaluating the effects of the optimization ideas on OEE percentage, the influence of the OEE changes 

on manufacturing sustainability has been investigated. The results show that optimizing the OEE 

in SMEs with sustainability approaches can create competitive advantages, rather than simply 

focusing on reducing unsustainability. 

Keywords: Small and Medium Sized Enterprises; Material Handling Systems; Simulation; 

ARENA®, Time Study; Overall Equipment Effectiveness; Manufacturing Performance; Industry 4.0; 

Manufacturing Sustainability 
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1. Introduction  

Nowadays, having businesses with increasing globalization and rapid technological changes 

requires more firms known as small- and medium-sized enterprises (SMEs), characterized by tight 

resources [1]. Industrial and commercial sectors, and large enterprises in particular, are changing due 

to globalization. These types of enterprises aim to shift and maintain their production, which are 

distributed to various regions abroad. For this reason, the impact of SMEs have become more 

prominent in an ever-changing globalized market [2,3]. SME firms need to produce admirable 

products with low cost, fast delivery to market, and appropriate quality. This strategy to meet these 

highly varying demands has made manufacturing systems more complex, dynamic, and demanding 

[4]. However, a manufacturing system including the mentioned capabilities requires proper control 

architecture, decision-making, and experts [5]. Moreover, it is difficult and quite risky for SMEs to 

utilize these systems before validation and verification of the possible advantages and disadvantages 

of these changes and its effects on their productivity [3]. Therefore, modelling, analysis, and 

simulation are essential aspects which can ensure the successful implementation and utilization of a 

new manufacturing system for SMEs [6].  

One of the most important resources of a successful manufacturing system is the Material 

Handling System (MHS), which has a high level of influence on productivity [7]. Recently, 

automation of MHS has been focused on as an important feature of this type of system [8]. However, 

for a few SMEs which are currently utilizing automated/smart MHS, it would be risky and sometimes 

not feasible to apply any changes or optimization idea before validating and verifying their effects 

on different manufacturing aspects [9].  

Many researchers have worked to develop a method to choose the right equipment and control 

architecture for MHS. Chan et al. (2011) proposed a model for improving MHS, called the Material 

Handling Equipment Selection Advisor (MHESA) [10]. Bhattacharya et al. (2002) also proposed 

another method, which is called the Multi-Criteria Decision-Making (MCDM) environment [11]. Shen 

et al. (2003) developed a new control architecture on their target MHS [12]. However, Fax and Murray 

(2004) proposed the use of a decentralized manufacturing control system which has the definition of 

an agent [13]. Durieux and Pierreval (2004) have proposed a study to design an automated 

manufacturing control system which is composed of machines working in parallel with MHS 

resources [14]. Schröder et al. (2016) developed an efficient way to manufacture products using 

automated MHS [15]. Johnstone et al. (2010) applied the concept behind the low-level control. This 

concept plays a huge role in preventing material collision in the considered MHS [16]. An operator-

designed element-routing methodology for MHS was developed by Lau and Woo [17].  

An increase in productivity and less rejections are the possible outcomes of increasing 

equipment effectiveness. The mentioned improvement is a major effect of the Industry 4.0 

implementation on enterprises [18]. Considering the challenging market for SMEs, performance of 

the manufacturing system and reliable manufacturing equipment are currently considered the most 

important factors for increasing profitability [19]. Therefore, OEE is one of the best analytical methods 

for evaluating the performance of SMEs [20]. Generally, OEE focuses on the relationship between the 

loading time and the valuable time of the operations in manufacturing systems. Operating time can 

be defined as the time in which the equipment produces sufficient products, and loading time is the 

time in which the equipment needs to perform in a given period [21].  

Many studies have been done about utilizing OEE to evaluate the performance of the 

enterprises. Nakajima (1988) introduced the total productive maintenance (TPM) concept. Overall 

Equipment Effectiveness (OEE) was the outcome of this concept as a quantative metric for measuring 

the productivity of individual equipment in an enterprise [22]. The quality rate, availability, and 

performance were the target aspects of OEE to be identified and measured. Huang et al. (2003) stated 

that the OEE concept has been widely used as a quantitative tool essential for the measurement of 

the manufacturing system’s productivity [23].  

Nakajima (1988) stated that the effectiveness of the equipment in manufacturing systems can be 

evaluated by OEE standards to detect the system’s problems and limitations [22]. Jonsson and 

Lesshammar (1999) investigated the reason for losses during the production in manufacturing 
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systems [24]. Muchiri et al. (2008) stated that there were six major losses available in manufacturing 

systems, which are downtime, Speed, Idling, and minor stoppage and losses due to speed reduction 

[25].  

Calculation of performance, availability, and quality result in an obtainment of the OEE 

percentage [26]. The procedure for obtaining the percentage of each of these factors is illustrated in 

Figure 1 [27]. 

 

Figure 1. Overall Equipment Effectiveness (OEE) calculation procedure [27]. 

As stated previously, time is the most important factor when analyzing OEE. Consequently, a 

comprehensive time study can track each of the equipment and evaluate their behavior to identify 

the factors which might increase the system’s performance. To reach this goal, the manufacturing 

process can be divided into sub-processes. A summation of the time study for each part of the process 

leads to an obtainment of the overall system’s timing. Many studies have stated that utilization of a 

proper time study will identify the system’s waste time and limitations which might occur during 

the production process [27–31]. 

There are several time study techniques and methods, and there are many studies available in 

regard to each of them. Patel (2015) performed a stopwatch time study to calculate the cycle time for 

labor tasks, Overall Equipment Effectiveness (OEE), and in regard to minimizing the cycle time of 

the overall shifts [32]. Elnekave (2006) conducted a time study in a textile factory to obtain the 

standard time for a printing machine to calculate the system performance [33]. Bon and Daim (2010) 

investigated time as a measuring tool for the performance evaluation of a company [34]. Longo and 

Mirabelli (2009) utilized the Method Time Measurement (MTM) to analyze the primary model of the 

assembly line. Since the study was based on a nonexistent assembly line, a simulation tool was used 

to model the manufacturing system [35]. Kuhlang et al. (2011) presented a study on an assembly line 

and production-logistic process which aims to create more added-value elements in the process 

within a fixed time [36].  

Simulation has played a significant role in evaluating, validating, and verifying any optimizing 

idea or modifications for a manufacturing system’s hardware, software, and layout design [37]. The 

operational performance of manufacturing systems could be obtained after any changes in simulation 

models before implementation on a real system [38,39]. There are different concepts in the 
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investigation of the relationship between simulation and optimization, which are “simulation and 

optimization”, “simulation-based optimization”, and “simulation for optimization” [40–42]. ARENA 

simulation can be utilized to model different systems with different configurations to be subjected to 

optimization solutions and modifications. Therefore, ARENA is a proper simulation tool that can be 

used to validate, verify, and evaluate manufacturing systems which are modified by any 

optimization solution [43–45]. 

Manufacturing Sustainability Improvement  

In order to evaluate the sustainability of the target manufacturing systems, the missions of the 

Organization for Economic Cooperation and Development (OECD) have been considered (Table 1). 

Based on OECD missions, a new business and production method, which is known as Sustainable 

Manufacturing, includes different types of green products and processes [46]. In addition, the concept 

of a sustainable manufacturing system is about decreasing the risk of business and increasing the 

chances which comes from the manufacturing system and process improvements [47].  

Table 1. The Organization for Economic Cooperation and Development (OECD) requirements for 

sustainable manufacturing [27,46]. 

 Steps Description 

P
re

p
a

ra
ti

o
n

 

Mapping impact 

and set priorities 

In this step, the manufacturing, environmental impact of small- and medium-

sized enterprises (SMEs) should be reviewed. Also, the priorities of each should 

be defined. Based on the detected and the priorities of these environmental 

impacts, sustainability objectives should be defined. 

Select useful 

performance 

indicators 

Indicators that are essential for SMEs to increase the performance and learn 

about what data should be collected to help drive continuous improvement 

should be identified. 

M
ea

su
re

m
en

t Measure the inputs 

used in the 

production 

The ways in which materials and components used in SMEs production 

processes influence environmental performance should be identified. 

Assess operations 

of the SMEs facility 

The impact and efficiency of the operations in SME facilities, such as energy 

intensity, greenhouse gas generation, and emissions to air and water should be 

considered. 

Im
p

ro
v

em
en

t 

Evaluate your 

products 

Factors such as energy consumption in use, recyclability, and use of hazardous 

substances that help determine the sustainability of SME end-products should 

be identified. 

Understand 

measured results 

Reading and interpreting the SME indicators and the methods for 

understanding trends in their performance should be learned. 

Take action to 

improve 

performance 

Opportunities to improve SME performance and creating action plans to 

implement them should be chosen. 

According to the OECD, there are eight key factors that have to be considered during any 

sustainability investigation (Figure 2). 
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Figure 2. Considerable factors in manufacturing sustainability [27]. 

According to Yazdi et al. (2018), Figure 2 can be simplified to the energy intensity relation with 

manufacturing sustainability. In the other word, out of the effective factors related to manufacturing 

sustainability, energy consumption of the system and its related resources can be focused on [27].  

As mentioned previously, time is the main effective factor when evaluating the OEE percentage 

of manufacturing systems. Thus, the relationship between time and manufacturing sustainability for 

SMEs is one of the targets in this research. However, to have a comprehensive evaluation of the 

effectiveness of a manufacturing system and its energy efficiency, considering time as the only factor 

of focus is not enough. Therefore, to evaluate the energy efficiency of a manufacturing system, the 

relationship between the energy consumption of a manufacturing system in a specific period of time 

and its power requirements should too be considered, so that it is possible to conduct an action plan 

to reduce the time and energy consumption in parallel [48,49].  

This study is predominantly about assessing the challenges and possible difficulties that SMEs 

might face during the implementation of Industry 4.0. However, SMEs have a fear of utilizing these 

solutions until the management layer, being convinced of the possible performance improvements 

and effects. On the other hand, for the category of SMEs in which the Industry 4.0 is adopted, they 

are likely to want to improve their current manufacturing system by new control architectures and 

optimization ideas and some other manufacturing paradigms. Hence, the proposed methodology in 

this research is likely to make SMEs able to evaluate the system before and after implementation of 

the new control architecture and optimization idea.  

In general, the study had two stages and used a hybrid methodology for the possible industrial 

category target (SMEs). The Overall Equipment Effectiveness (OEE) standard analysis was conducted 

to determine an appropriate relationship between performance evaluation and optimization in such 

material handling systems for SMEs.  

In the first stage of the research, the proposed hybrid methodology was implemented on an 

educational manufacturing system at the German University of Technology in Oman (GUtech) [50]. 

Before any changes were made, the system was a semi-automated material handling system for 

part/product distribution. In order to represent the essence and effect of the adoption of Industry 4.0 

and the way in which the system’s processes, operations, and overall performance could be 

improved, a new control architecture with a unique algorithm was developed. The reason behind 

this type of control architecture was to transform the target MHS from a semi-automated to an 

intelligent one, as this is significant for Industry 4.0 integration. To reach to an intelligent MHS, an 
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agent-based control architecture was developed. The developed control architecture, including an 

algorithm for the target MHS, became a suitable solution due to the improvement in production 

planning and scheduling, as well as monitoring and control. Agent-based control architecture 

implementation resulted in improved decision-making and an effectively facilitated system. 

In the second stage and in this paper, two categories of enterprises have been considered as the 

ones where the proposed method might be applicable for them. The first category included the 

enterprises which were going to initiate the production and which did not have a fixed control 

architecture, resources (hardware and software), or layout design. The other category was for the 

enterprises that were already producing and functioning, and where it was hard and risky to modify 

any of the hardware and software resources and layout design, especially the control architecture. 

Performance measurement of the system with new control architecture and the developed algorithm 

is indispensable to the target MHS, because if the efficiency of the control architecture cannot be 

measured, it cannot be properly modified and optimized. It is obvious that if the new proposed 

control architecture cannot improve the performance, some other hardware, software, and layout 

design problems will exist. Furthermore, these possible problems which may affect the system 

performance should be differentiated from the control architecture’s possible problems and 

limitations.  

The first stage of the study established that considering the second category of the SMEs, time, 

as the main performance indicator will determine most of the problems and limitations in relation to 

the hardware, software, control architecture, and layout design [27]. The study made use of timing 

as the main key factor for OEE. Quantitative required data were collected using “ProTime” 

Estimation software as the time study tool. The selected time study method is a combination of 

different time study techniques to obtain the required information for OEE calculation. 

Implementation of the proposed methodology for target MHS required a comprehensive overview 

of the system functionality and tasks, such that the MHS with new control architecture were 

separated into a different district, including the available tasks for each of them. OEE was calculated 

for the target MHS before any modification. The OEE result was analyzed, and the system hardware, 

software, and layout design obtained for each district and each task.  

In the second stage and in this paper, out of the detected problems and limitations available in 

the system with new control architecture, several influencing factors have been identified. In order 

to optimize the system in regard to these three categories of problems, the distance between the 

devices and speed was considered as the optimization objective function. To investigate the effect of 

the optimization idea, the target intelligent MHS was modelled on an ARENA simulation to 

investigate any possible changes in system performance. The study’s conclusion is that there were 

partial, as well as overall improvements in the systems. As the final stage of the research, the effect 

of the proposed methodology and optimization ideas on the sustainability of the target system were 

obtained.  

2. Methodology 

An intelligent material handling system, including the Master-Slave agent-based control 

architecture, was developed as the first stage of this research. The system layout and its agent-based 

control architecture and functionality has been described by Yazdi et al. in detail [27] (Figures 3 and 

4). 
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Figure 3. System overview [27]. 

 

Figure 4. Layout design, top view [27]. 

Referring to Figures 3 and 4 and research done by Yazdi et al. [27], the system includes four 

phases. Phase 1 includes the storage, main conveyor, and its control unit (slave1). Phase 2 includes a 

robot arm and its control unit (slave6). Phases 3 and 4 include a slider with a control unit (Slave4 and 

5), and a conveyor and its control units (Slave 2 and 3) and buffers [27]. 

A time study was done on the developed intelligent material handling system by Yazdi et al. 

[27] for each part of the process and the entire system. Detailed results of the time study in a previous 

part of the research is illustrated in Table 7, which is available in [27]. Obtaining the utilization time 

for all of the available resources in the system was the main target in doing the time study. In addition, 

with the selected time study technique, a comprehensive investigation of the difference between 

similar devices with the same functionalities was done. The time study results have been utilized to 

obtain the required factors for calculating the OEE percentages for every resource, as well as the entire 

system. Also, identification of the problems and limitations in hardware, software (control agents), 

and layout design was the result of the time study of the system. A combination of the outcomes of 

the time study and OEE evaluation led to the provision of proper optimization solutions for 

enhancing system performance. Due to the target system’s characteristics as an educational 

manufacturing system, as well as its limitations, the time study evaluation was done for a short 

functioning period of the system, and expanded for a long period theoretically. 
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The time study results and its associated Gantt chart showed the overall system performance 

within the entire sections of the system, including the utilization time of each resource and the 

conflicts that occur when two or more resources are working at the same time. A more detailed Gantt 

chart and explanation is given by Yazdi et al. in [27].

Since part of the previous objectives of this research was to obtain methods for optimizing the 

system, it was essential to point out the issues and problems related to the system’s performance and 

prepare a comprehensive overview of them. It has been stated by Yazdi et al. that a particular aspect 

which needs to be optimized in the system is idle time, since it affects the overall system utilization 

rate [27]. Thus, the authors presumed that there should be a direct relationship between a decrease 

in Busy time, Idle time, and overall production time [27]. As a result, all of the detected issues and 

possible solutions for enhancing system performance with the time study and visual observation 

point of view are listed in a Table in [27]. 

Once the problems and limitations and simulation model with functional specifications of the 

real system were clearly defined in the first stage of the research, it was possible to detect and gather 

the data, which was essential for verifying the simulation model with the same characteristics and 

properties of the real system. Once the necessary data were identified, determination of where the 

data came from was required. In utilizing the time study, the required data which needed to be 

collected manually was obtained. 

In this research, the objective of the simulation was verification of the detected problems by time 

study and validation of the effects of implementation of the optimization method before execution 

on the real system.  

When building the simulation model in ARENA, defining the primary aspects of the real 

manufacturing system plays an important role. These primary aspects include Resources, Variables, 

Attributes, and other elements. Once the fixed aspects have been defined, the simulation model’s 

control logic can be generated by utilizing ARENA’s flowchart-modelling methodology (Figure 5).  

If the model’s behavior makes sense and it is functioning like the real system—for instance, when 

entities are moving in the path that they should, and process steps are taking place as expected—we 

can be sure that the model has been verified. To achieve system verification, functional specification 

should be followed properly during the model-building phase. 

Here, in the second stage of research, validation means users’ approval about the output of the 

simulation model matching with the real system outputs. In this case, the model input may use real 

system data, and its output from the simulation model will be compared with the real system’s results 

(time study results). In all cases, the changes in the existing system are amended to reflect on the 

simulation model. 

To achieve behavior most similar to the real system by way of the simulation mode, it is 

mandatory to consider every hardware, software, and layout design specification in the model as 

they are in the real system. For this reason, the model was divided into different districts, which were 

the entrance of the system and the points at which parts were being loaded onto the system, main 

conveyor, Right and Left Conveyor, Right and Left Slider units, and Robotic arm (identical to the 

available resources in the first stage of research).  

Visualization was applied in ARENA simulation that provided graphics and animation of the 

system’s functionality. Through the use of graphics in the simulation, the user can gain better 

understanding of the system which has been modeled. As long as the implementation of any 

optimization and change in the existing real system which has been modeled is not possible before 

validation and verification, visualization of the system in ARENA provides one of the best methods 

for validating and verifying system optimization methods (Figure 6). 
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Figure 5. ARENA simulation model. 
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Figure 6. ARENA visualization of the real system. 

To generate an accurate model by ARENA and achieve similar behavior as it would be in a real 

system, Busy Time was considered as a target. Obtaining the Busy Time for each resource and related 

task/s required measurements of time, velocity, and distance between the resources for every section. 

For this reason, five participants with proper knowledge of the system and its functionality 
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contributed to making this measurement have high-accuracy instrumentations. It is necessary to 

mention that the target factors required for creating the simulation model were obtained by human 

observation from the real system, meaning that human error may have affected the accuracy of the 

data. This means that as much as the observations, trials, and number of participants increases, the 

error will consequently be decreased.  

The velocity of objects and resources was measured by utilizing a motion sensor. In this method, 

an electrostatic transducer in the face of the Motion Sensor transmitted a burst of 16 ultrasonic pulses 

with a frequency of about 49 kHz. The sensor measured the time between the trigger-rising edge and 

the echo-rising edge to measure the velocity. The distance between the resources and the 

displacement of the objects was measured with a laser distance meter to get the most accurate results. 

Each participant did the measurement individually and was asked to calculate the time while 

considering the velocity and measured distance (Table 2). 

Table 2. Distance and speed measurements by participants. 

From To Among Resource 
Distance 

(Free Unit) 

Speed (Distance 

Unit Per Second) 

Entrance / Sensor 1 Sensor 2 Main Conv. 
Main 

Conv. 
53 9.3 

Sensor 2  Sensor 3&4 Main Conv. 
Main 

Conv. 
12 3.35 

Sensor 3&4 Sensor 5 
Main Conv. And 

Right Conv.  

Robot 

Arm 
34 12.9 

Sensor 3&4 Sensor 6 
Main Conv. And 

Left Conv. 

Robot 

Arm 
29 10.4 

Sensor 5 
Sensor 7 / Right 

Slider Entrance 

Right Conv. and 

Right Slider 

Right 

Conv. 
85 9 

Sensor 7 / Right 

Slider Entrance 
Red Buffer Right Slider 

Right 

Slider 
8 8 

Sensor 7 / Right 

Slider Entrance 
Yellow Buffer Right Slider 

Right 

Slider 
39 10 

Sensor 8 / Left 

Slider Entrance 
Green Buffer Left Slider Left Slider 7 8 

Sensor 8 / Left 

Slider Entrance 
Blue Buffer Left Slider Left Slider 39 10 

Sensor 6 
Sensor 8 / Left 

Slider Entrance 

Left Conv. and 

Left Slider 
Left Conv. 75 9 

Right Slider Red Buffer 
Right Slider and 

Red Buffer 

Right 

Slider 
1 2 

Right Slider Yellow Buffer 
Right Slider and 

Yellow Buffer 

Right 

Slider 
1 3.13 

Left Slider Blue Buffer 
Left Slider and 

Blue Buffer 
Left Slider 1 3.13 

Left Slider Green Buffer 
Left Slider and 

Green Buffer 
Left Slider 1 2.39 

The result was imported into the simulation model, just as it was measured in the real system. 

Table 3 shows the obtained average Busy time for each task measured by the participants. Table 3 

also shows the difference between the real system’s Busy time and average Busy time by the 

simulation, in which the model’s input data is from the participants’ measurements. The absolute 

time difference shows there is a 0.5 second difference between the Busy time in the simulation model 

and in the real system (Figure 7). Thus, the simulation model has the functional specifications of the 

real system, and is reliable for applying any modification. 
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Table 3. Time difference between “Busy” times of the real system and simulation model. 

 Busy Time (s) 

Task 

No. 
Task Description 

Real 

System   

Average of 

Participants 

Observation 

Absolut 

Deference 

1 Main conveyor handling Red object to Robot 9.81 9.50 0.31 

2 Robot arm picking The Red Object from Main Conveyor 3.55 3.84 0.29 

3 Robot arm placing Red object to Right Conveyor 3.56 3.66 0.10 

4 Right conveyor handling Red object to Right Slider 9.22 9.40 0.18 

5 Robot arm moves to its home position after placing Red object 2.62 2.50 0.12 

6 Main conveyor handling Blue object to Robot 9.04 9.50 0.46 

7 Right Slider transfers Red object to Red buffer 3.98 3.90 0.08 

8 Right Slider unloading the Red object to Red buffer 4.5 4.50 0.00 

9 Robot arm picking The Blue Object from Main Conveyor 3.88 3.55 0.33 

10 Robot arm placing Blue object to Left Conveyor 3.82 3.66 0.16 

11 Right Slider moves to its home position after unloading Red object 4.01 4.08 0.07 

12 Left conveyor handling Blue object to Left Slider 7.94 8.33 0.39 

13 Robot arm moves to its home position after placing Blue object 2.78 2.50 0.28 

14 Main conveyor handling Yellow object to Robot 9.86 9.50 0.36 

15 Left Slider transfers Blue object to Blue buffer 4.09 4.09 0.00 

16 Left Slider unloading the Blue object to Blue buffer 4.42 4.40 0.02 

17 Robot arm picking The Yellow Object from Main Conveyor 4.05 3.84 0.21 

18 Left Slider moves to its home position after unloading Blue object 4.43 4.43 0.00 

19 Robot arm placing Yellow object to Right Conveyor 3.63 3.66 0.03 

20 Right conveyor handling Yellow object to Right Slider 9.3 9.40 0.10 

21 Robot arm moves to its home position after placing Yellow object 2.57 2.50 0.07 

22 Main conveyor handling Green object to Robot 9.62 9.50 0.12 

23 Right Slider transfers Yellow object to Yellow buffer 0.98 0.99 0.01 

24 Right Slider unloading the Yellow object to Yellow buffer 4.32 4.32 0.00 

25 Robot arm picking The Green Object from Main Conveyor 3.84 3.55 0.29 

26 Right Slider moves to its home position after unloading yellow object 1.25 1.25 0.00 

27 Robot arm placing Green object to Left Conveyor 3.6 3.66 0.06 

28 Left conveyor handling Green object to Left Slider 7.88 8.33 0.45 

29 Robot arm moves to its home position after placing Green object 2.5 2.50 0.00 

30 Left Slider transfers Green object to Green buffer 1.07 0.71 0.36 

31 Left Slider unloading the Green object to Green buffer 4.33 4.32 0.01 

32 Left Slider moves to its home position after unloading Green object 1.44 1.44 0.00 

 

Figure 7. Time difference between “Utilization” time of the real system and simulation model. 

The designed and implemented intelligent material handling system, with its related time study 

result and analysis, were evaluated by using the OEE standard to get the overall system performance. 

Detailed results of the OEE percentage for each resource and the entire system [27] have been 
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illustrated by Yazdi et al. in [27], as well as in Table 5. This percentage provided an accurate view of 

how effectively the manufacturing process was running, and made it easier to track problems and 

improvements in the system over time. A detailed analysis of the OEE [27] results has been provided 

by Yazdi et al. in [27].  

OEE Analysis after Optimization  

After OEE analysis of the existing system and identifying the problems and limitations of the 

system which affected the OEE percentage, it was possible to modify the system to compensate and 

fix these issues and optimize the system. In order to reach this goal, an objective function was 

considered to evaluate the optimal methods and ideas. 

For this reason, all of the system parameters which can be modified to optimize the system were 

formed as a parameter vector: 

� = [ ��, ��, ��] (1) 

where p is the objective function, p2 is the distance between the stations or segments, and p3 is the 

devices’ speed of motion. 

p1 is the production time, including Idle and Busy times: 

� � , ��  ∈ �� (2) 

where Ti is the Idle Time and Tb is the Busy time. 

Time is influenced by the velocity and distance between the considered object, meaning that: 

�� =
��

��
 (3) 

��,��� =
��,���

��,���
 (4) 

It is obvious that by decreasing the tasks’ durations (Busy time), the system’s resource Idle times 

will be subsequently decreased. In addition, Idle time will be affected by many other parameters, 

such as the quality of the products and production planning. This means that idle time varies by 

changing different parameters. C1 is the effectiveness coefficient of idle time, and shows that in 

different systems, Idle time has different effects. C2 is the effectiveness coefficient of Busy time, which 

was evaluated internally for each resource and rarely affected by other parameters which are not 

related to the resources itself. 

�� = � �� �� + ����

�

���

 (5) 

The proposed optimization methods in this study focused on time, speed, velocity, and layout 

design of the system. These parameters simultaneously affected Idle and Busy time. However, the 

influence of the changes in Busy time was more than the Idle time. Thus, to investigate the influence 

of each of the proposed optimization ideas, C1 was assumed as 1 so as to only investigate the effects 

on Busy time. 

C1=1 → p1 = ∑  ����
�
���  (6) 

Since the aim of this study was to evaluate the optimization ideas and their effects on the OEE 

percentage, and as mentioned previously, time has been selected as the key affecting factor on OEE, 

optimization of timing was the outcome of the objective function. The time, p1, which is the 

production time, should be minimized. As mentioned previously, to reach the minimum p1, p2 

(Distance) should be minimized and p3 (Velocity) should be maximized. 

Following the instructions above and to verify the optimization ideas, the velocity of the 

resources was modified to the maximum possible value in the simulation model. The increasing of 
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the velocity was based on the real resource’s capacity, and the properties and limitation of the 

proposed control architecture. For instance, the velocity of the conveyors was increased to the point 

that the conveyor could handle the objects accurately with less vibration during the transportation. 

For this reason, without changing the system layout, several tests have been done practically on the 

similar conveyor to get the maximum velocity value.  

The effects of the layout design and distance between the segments were investigated by 

changing the place of the sensors, instead of changing the length of conveyors in the simulation 

model. Table 4 and Figure 8 show the simulation model modifications for investigating the effect of 

the optimization ideas on the system resource’s Busy times. In addition, a comprehensive comparison 

between the Busy times before and after implementing the optimization idea on the simulation model 

has been visualized in Figure 8. 

Table 4. System modification and “Busy” times after the optimization methods. 

Task Description Real  

Average of 

Participant 

Observation 

with 

Simulation 

2/3 of 

the real 

Distance 

Change 

1/2 of 

the real 

Distance 

Change 

Speed 

Limit 

Change to 

Maximum 

Main conveyor handling Red object to Robot 9.81 9.50 6.63 5.32 8.20 

Robot arm picking The Red Object from Main Conveyor 3.55 3.84 3.84 3.84 3.25 

Robot arm placing Red object to Right Conveyor 3.56 3.66 3.66 3.66 3.20 

Right conveyor handling Red object to Right Slider 9.22 9.40 5.60 4.47 8.80 

Robot arm moves to its home position after placing Red object 2.62 2.50 2.50 2.50 1.99 

Main conveyor handling Blue object to Robot 9.04 9.50 6.63 5.32 8.20 

Right Slider transfers Red object to Red buffer 3.98 3.90 2.64 2.03 3.70 

Right Slider unloading the Red object to Red buffer 4.50 4.50 4.50 4.50 4.24 

Robot arm picking The Blue Object from Main Conveyor 3.88 3.55 3.55 3.55 3.34 

Robot arm placing Blue object to Left Conveyor 3.82 3.66 3.66 3.66 3.30 

Right Slider moves to its home position after unloading Red object 4.02 4.08 2.68 2.06 3.90 

Left conveyor handling Blue object to Left Slider 7.94 8.33 5.68 4.47 7.50 

Robot arm moves to its home position after placing Blue object 2.78 2.50 2.50 2.50 1.99 

Main conveyor handling Yellow object to Robot 9.86 9.50 6.63 5.32 8.20 

Left Slider transfers Blue object to Blue buffer 4.09 4.09 2.72 2.00 4.02 

Left Slider unloading the Blue object to Blue buffer 4.42 4.40 4.40 4.40 4.20 

Robot arm picking The Yellow Object from Main Conveyor 4.05 3.84 3.84 3.84 3.25 

Left Slider moves to its home position after unloading Blue object 4.43 4.43 2.95 2.27 4.06 

Robot arm placing Yellow object to Right Conveyor 3.63 3.66 3.66 3.66 3.20 

Right conveyor handling Yellow object to Right Slider 9.30 9.40 5.60 4.47 8.80 

Robot arm moves to its home position after placing Yellow object 2.57 2.50 2.50 2.50 1.99 

Main conveyor handling Green object to Robot 9.62 9.50 6.63 5.32 8.20 

Right Slider transfers Yellow object to Yellow buffer 0.98 0.99 0.62 0.49 0.70 

Right Slider unloading the Yellow object to Yellow buffer 4.32 4.32 4.32 4.32 4.10 

Robot arm picking The Green Object from Main Conveyor 3.84 3.55 3.55 3.55 3.34 

Right Slider moves to its home position after unloading yellow object 1.25 1.25 0.78 1.20 1.00 

Robot arm placing Green object to Left Conveyor 3.60 3.66 3.66 3.66 3.30 

Left conveyor handling Green object to Left Slider 7.88 8.33 5.68 4.47 7.50 

Robot arm moves to its home position after placing Green object 2.50 2.50 2.50 2.50 1.99 

Left Slider transfers Green object to Green buffer 1.07 0.71 0.62 0.49 0.66 

Left Slider unloading the Green object to Green buffer 4.33 4.32 4.32 4.32 4.10 

Left Slider moves to its home position after unloading Green object 1.44 1.44 1.03 0.82 1.07 
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Figure 8. Comparison of “Busy” times before and after the optimization idea. 

In order to investigate the effect of optimization solutions on OEE percentage, calculating the 

availability, performance, and quality are essential. As mentioned previously, the quality of the 

objects was considered as 100% because of the real system’s characteristic (parts distribution). The 

factors required to obtain the Availability and Performance percentages were calculated individually 

for each system modification and each resource (Table 5). 
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Table 5. Overall equipment effectiveness (OEE) analysis before and after optimization. 

Recourse 
Actual 

Time 

Expected 

Time 

Down 

Time 

Total 

Functional 

Period  

Idle 

Time 

Planned 

Production 

Time 

Run 

Time 
Availability % 

Ideal Cycle 

Time 

Total 

Count 

Good 

Count 

Performance 

% 
Quality% OEE% 

Speed to Maximum Limit 

Main Conveyor 32.80 32.50 0.30 58.36 25.56 32.80 32.50 99.09 8.00 4.00 4.00 98.46 100.00 97.56 

Left Conveyor  15.00 14.50 0.50 78.88 62.88 16.00 15.50 96.88 7.50 2.00 2.00 96.77 100.00 93.75 

Right Conveyor  17.60 17.50 0.10 78.33 60.73 17.60 17.50 99.43 8.00 2.00 2.00 91.43 100.00 90.91 

Robot Arm 34.19 34.00 0.19 78.33 44.14 34.19 34.00 99.44 8.00 4.00 4.00 94.12 100.00 93.59 

Right Sliders for Red  11.84 11.50 0.34 63.88 52.04 11.84 11.50 97.13 11.00 1.00 1.00 95.65 100.00 92.91 

Right Sliders for 

Yellow 
5.80 5.50 0.30 43.04 37.24 5.80 5.50 94.83 5.00 1.00 1.00 90.91 100.00 86.21 

Left Slider for Blue 12.27 11.50 0.77 72.48 60.21 12.27 11.50 93.72 11.00 1.00 1.00 95.65 100.00 89.65 

Left Slider for Green 5.83 5.50 0.33 13.25 7.42 5.83 5.50 94.34 5.00 1.00 1.00 90.91 100.00 85.76 

Distance 2/3 

Recourse 
Actual 

Time 

Expected 

Time 

Down 

Time 

Total 

Functional 

period  

Idle 

time 

Planned 

Production 

Time 

Run 

Time 
Availability % 

Ideal Cycle 

Time 

Total 

Count 

Good 

Count 

Performance

% 
Quality% OEE   % 

Main Conveyor 26.52 26.00 0.52 56.23 29.71 26.52 26.00 98.04 6.00 4.00 4.00 92.31 100.00 90.50 

Left Conveyor  11.36 11.00 0.36 75.09 63.73 11.36 11.00 96.83 5.00 2.00 2.00 90.91 100.00 88.03 

Right Conveyor  11.20 11.00 0.20 75.09 63.89 11.20 11.00 98.21 5.00 2.00 2.00 90.91 100.00 89.29 

Robot Arm 39.42 39.00 0.42 65.94 26.52 39.42 39.00 98.93 9.00 4.00 4.00 92.31 100.00 91.32 

Right Sliders for Red  9.82 9.50 0.32 50.90 41.08 9.82 9.50 96.74 9.00 1.00 1.00 94.74 100.00 91.65 

Right Sliders for 

Yellow 
5.72 5.50 0.22 45.54 39.82 5.72 5.50 96.15 5.00 1.00 1.00 90.91 100.00 87.41 

Left Slider for Blue 10.07 9.50 0.57 69.12 59.05 10.07 9.50 94.34 9.00 1.00 1.00 94.74 100.00 89.37 

Left Slider for Green 5.97 5.50 0.47 29.79 23.82 5.97 5.50 92.13 5.00 1.00 1.00 90.91 100.00 83.75 

Distance 1/2 

Recourse 
Actual 

Time 

Expected 

Time 

Down 

Time 

Total 

Functional 

period  

Idle 

time 

Planned 

Production 

Time 

Run 

Time 
Availability % 

Ideal Cycle 

Time 

Total 

Count 

Good 

Count 

Performance

% 
Quality% OEE   % 

Main Conveyor 21.28 21.00 0.28 50.69 29.41 21.28 21.00 98.68 5.00 4.00 4.00 95.24 100.00 93.98 

Left Conveyor  8.94 8.50 0.44 68.00 59.06 8.94 8.50 95.08 4.00 2.00 2.00 94.12 100.00 89.49 

Right Conveyor  8.94 8.50 0.44 67.64 58.70 8.94 8.50 95.08 4.00 2.00 2.00 94.12 100.00 89.49 

Robot Arm 39.13 39.00 0.13 60.41 21.28 39.13 39.00 99.67 9.00 4.00 4.00 92.31 100.00 92.00 

Right Sliders for Red  9.13 9.00 0.13 43.96 34.83 9.13 9.00 98.58 8.50 1.00 1.00 94.44 100.00 93.10 

Right Sliders for 

Yellow 
5.51 5.50 0.01 42.52 37.08 5.44 5.43 99.82 5.00 1.00 1.00 92.08 100.00 91.91 

Left Slider for Blue 8.67 8.50 0.17 62.37 53.70 8.67 8.50 98.04 8.00 1.00 1.00 94.12 100.00 92.27 

Left Slider for Green 5.63 5.50 0.13 28.98 23.35 5.63 5.50 97.69 5.00 1.00 1.00 90.91 100.00 88.81 
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Before Optimization 

Recourse 
Actual 

Time 

Expected 

Time 

Down 

Time 

Total 

Functional 

period  

Idle 

time 

Planned 

Production 

Time 

Run 

Time 
Availability % 

Ideal Cycle 

Time 

Total 

Count 

Good 

Count 

Performance

% 
Quality% OEE   % 

Main Conveyor 38.33 38.00 0.33 68.79 30.46 38.33 38.00 99.14 8.50 4.00 4.00 89.47 100.00 88.70 

Left Conveyor  15.82 15.50 0.32 90.95 72.44 18.51 18.19 98.27 7.00 2.00 2.00 76.97 100.00 75.63 

Right Conveyor  18.52 18.00 0.52 90.95 75.13 15.82 15.30 96.71 7.00 2.00 2.00 91.50 100.00 88.50 

Robot Arm 40.4 40.00 0.40 90.95 50.55 40.40 40.00 99.01 9.00 4.00 4.00 90.00 100.00 89.11 

Right Sliders for Red  12.49 12.00 0.49 68.81 56.32 12.49 12.00 96.08 11.00 1.00 1.00 91.67 100.00 88.07 

Right Sliders for 

Yellow 
6.55 6.00 0.55 52.33 45.77 6.56 6.01 91.62 5.00 1.00 1.00 83.19 100.00 76.22 

Left Slider for Blue 12.94 12.00 0.94 84.11 71.17 12.94 12.00 92.74 11.00 1.00 1.00 91.67 100.00 85.01 

Left Slider for Green 6.84 6.00 0.84 31.44 24.6 6.84 6.00 87.72 5.00 1.00 1.00 83.33 100.00 73.10 
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To obtain the effect of each optimization solution in each resource and choose the most effective 

one, Figures 9a–h have been provided to ease the investigation by visualizing the outcome of the 

system OEE and related factors after the optimization solution. Each part of Figure 9 shows the 

percentages of Availability, Performance, and OEE, respectively, for each resource.  

 

(a) 

 

(b) 

 

(c) 



 
Sustainability 2019, 11, x FOR PEER REVIEW 19 of 26 

 

(d) 

 

(e) 

 

(f) 



 
Sustainability 2019, 11, x FOR PEER REVIEW 20 of 26 

 

(g) 

 

(h) 

Figure 9. Comparison of OEE and its related factors’ percentages. 

Analyzing the outcome of the system modification on the simulation model verified that the 

overall equipment effectiveness (OEE) was significantly improved by each category of the 

optimization methods. However, this improvement has a direct relationship with system 

performance and availability. In almost all of the resources, all of the optimization methods increased 

the performance of the resources, but not equally. 

Figures 9a–h shows that the layout design and changing the distance of the segments (decreasing 

the distances to 2/3 and ½ of the actual distance in the simulation model) by modifying the resources’ 

layout design improves the OEE percentages of all of the resources which are connected, along with 

the conveyor units. 

In the main conveyor, due to having two different segments (between sensors 1 and 2 and 

sensors 2 and 3) with different speeds, modifying the speed had the most effect on the OEE 

percentage. The OEE percentage of the conveyor was increased between 1.8% to 8.8%, in which the 

minimum effect was due to decreasing the distances to 2/3 of the actual size, and the maximum effect 

was due to increasing the speed of the conveyor segments. 

The same behavior of the OEE percentage changes was observed for the robot arm. However, it 

was not as significant, compared to the main conveyor. As long as the robot arm performance was 

affected by the main conveyor performance, it showed similar improvement to the main conveyor. 

Furthermore, the robot’s motion speed is the only factor that can change the robot OEE percentage, 

but the speed depends on the robot’s pick-and-place point distances to move the objects. This means 
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that the distance and speed modification affected the Robot OEE percentages, and was between 2.21% 

and 4.48%. 

The results which have been observed for the side conveyors are mostly like the main conveyor. 

The improvement in OEE percentage is between 0.79% to 2.41%, where the maximum improvement 

was the result of speed change. Negatively, the OEE percentage significantly improved in the left 

conveyor to between 12.4% to 18.12%. This considerable range of improvement is because of the 

equalization of the left conveyor length (this issue was discussed in the first stage of research).  

Sliders have different behaviors in regard to the performance improvements by optimization 

methods. The percentage of OEE improves by changing the distance of the segments more than 

changing the speed. The right and left sliders are same in regard to the effectiveness of optimization 

methods for a short range of movement. 

In the right slider, the OEE percentage of short-range transfer improved between 3.58% to 5.03%. 

The minimum and maximum values were the result of changing the distances to 2/3 and ½ of the 

actual distance. On the other hand, the OEE percentage improvement for the Left slider for a short 

range is between 4.64% to 7.26% for Speed and ½ of the actual distance, respectively.  

The left slider for short-range transfer had a 9.99% to 15.69% improvement for speed and ½ of 

the actual distance change. Simultaneously, for the long range, there was a 12.66% to 15.71% 

improvement for modifying the speed to maximum limit and the distance to ½ of the actual distance. 

Table 6 shows the OEE percentage improvement in detail as the result of the optimization 

method, considering the most effective parameter as the mentioned objective function parameters.  

Table 6. OEE improvement percentage for each resource. 

 OEE Improvement %  

Resource 

½ of the 

Actual 

Distance (p2-1) 

2/3 of the 

Actual 

Distance (p2-2) 

Speed to 

Maximum 

Limit (p3) 

Priority of the Effectiveness 

Main Conv. 5.28 1.30 8.86 p2-1 (2)       p2-2 (3)      p3(1) 

Right side Conv. 0.99 0.79 2.41 p2-1 (2)       p2-2 (3)      p3(1) 

Left Side Conv. 13.86 12.4 18.12 p2-1 (2)       p2-2 (3)      p3(1) 

Robot arm 2.89 2.20 4.48 p2-1 (3)       p2-2 (2)      p3(1) 

Right Slider for Red Obj. 5.03 3.58 4.48 p2-1 (1)       p2-2 (3)      p3(2) 

Right slider for Yellow Obj. 15.69 11.19 9.90 p2-1 (1)       p2-2 (2)      p3(3) 

Left Slider for Blue Obj. 7.26 4.36 4.46 p2-1 (1)       p2-2 (2)      p3(3) 

Left Slider for Green Obj. 15.71 10.56 12.66 p2-1 (1)       p2-2 (3)      p3(2) 

As the table above shows, all of the proposed optimization methods have improved the OEE 

percentage of the system simulation model. In addition, it is obvious that the Improvement 

percentages are not equal for all of the methods and neither for all of the resources. In order to 

generalize the solution to select the best method, a priority has been considered for all of the methods. 

This priority is based on the OEE percentage improvement amount.  

As the general solution, to optimize the system for the main conveyor, right-side conveyor, left-

side conveyor, and robot arm, the speed of the resources should be increased to the maximum limit, 

and there is no need to modify the distances between the segments due to the OEE percentage 

improvement being at the highest level. However, in some cases, increasing the speed is not a 

sufficient method because of the system control architecture limitations. This means that changing 

the distances between the segments will be the only solution, and as Table 6 shows, it is suggested to 

select the minimum distances between the segments by considering the layout design of the system.  

This optimization of OEE could be generalized to all the systems, including resources which 

have material interaction by the conveyor and robot arm acting as the material handling system. 

For slider units, or for the system generally containing a unit which slides a resource (i.e., Slider 

Robot arm), the optimization method will be different for a short and long range of motions. As Table 

6 shows, for a short range of motions for both right and left sliders, changing the speed has the last 

priority. However, changing the distance between the segments further increases the OEE 
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percentage. On the other hand, a long range of motion for the speed of both right and left sliders has 

second priority. This means that if the distance optimization is limited because of the layout design, 

hardware limitations make it impossible to decrease the distances to the minimum possible value, 

and changing the speed to the maximum limit is the most effective parameter to optimize the system.  

It is worth mentioning that, as a general solution, it is possible to implement all the optimization 

methods if the enterprise has enough flexibility to handle all the modifications. However, in this 

research, SMEs are the target, where they are limited and less flexible to handle all of the proposed 

optimization methods, and it should be the chance for management to select the most effective 

method for increasing the OEE in the system.  

The sustainability of the system is the next target to be evaluated after the investigation of the 

importance of time in the evaluation of OEE with utilizing simulation. To accomplish this task, the 

requirement to obtain sustainability has been illustrated. Identification of the environmental impacts 

on the target system is the first step toward the evaluation of sustainability. Yazdi et al. (2018) stated 

that out of the available environmental impacts (Table 7), energy consumption has the highest 

priority. The authors also stated that they selected this impact as the only effective one, due to the 

property of the target manufacturing system [27]. The authors also identified the most effective 

factors to consuming energy in each part (resource) of the target system (Table 8).  

Table 7. Mapping impact and set priorities of the selected manufacturing system [27]. 

Mapping Impact and Set Priorities 

Impacts Definition  Priorities 

Water intensity Consumption of water per unit of output Not Selected 0 

Residuals intensity Generation of wastes per unit of output Not Selected 0 

Energy intensity Energy consumed per unit of output Selected 1 

Renewable proportion of energy 

consumed 
Used Energy from Sustainable Resources (%) Not Selected 0 

Greenhouse gas (GHG) intensity GHGs produced during production per unit of output Not Selected 0 

Intensity of residual releases to 

air 
Release of air emissions per unit of output Not Selected 0 

Intensity of residual releases to 

surface water 
Release of effluents per unit of output Not Selected 0 

Natural Cover The proportion of land occupied that is natural cover Not Selected 0 

Table 8. Measurement layer of the investigation of manufacturing sustainability [27]. 

Manufacturing System Related 

Devices 

Energy Consumption Reason Energy 

Resource 

Intelligent material handling 

system 

Conveyors Motors related to conveyor 

motions  

Electricity 

Sliders Motors related to Slider motions  

Robot Arm Motors Related to Robot Motions 

Control units processing the data 

Sensors excitation signal  

Results of the time study and properties of the target system shows that there is a direct 

relationship between the system efficiency and time. In other words, any improvement in the system 

with consideration of the proposed optimization ideas will directly affect the system times. It is again 

worthy of mentioning that there is a direct relationship between the energy consumption and system 

functional time. An OEE percentage evaluation of the system shows that consideration of the 

proposed control architecture and, in most cases, increasing the busy times and decreasing the idle 

time increases the OEE percentage. However, Table 6 shows that all the optimization ideas have 

different effects on increasing the OEE percentage. This means that, with considering the priority of 

the effectiveness on Table 6, the optimization methods which would further increase the 

sustainability of the system will be highlighted. In this case, in order to have more sustainable 

manufacturing, the amount of consumed electricity should be minimal (Figure 10). The way in which 
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to reach this goal in the target system is by reducing the idle times and increasing the busy times. In 

addition, in most of the cases in which the idle time is not unpreventable, there should be some 

alternative solution. Running a device continuously on the system, when the devices are in idle time, 

drives up energy use and maintenance costs, which impacts on the sustainability of the 

manufacturing system. 

However, due to the property of the selected manufacturing system, and considering that as an 

example of SMEs and the energy resource which has been utilized, some limitations will show up. 

Calculations of energy consumption, OEE percentage evaluation, and its effects on sustainability of 

the target system require modification on the target system for it to perform for a longer time and 

consume more energy.  

 

Figure 10. Manufacturing sustainability based on OEE and the Organization for Economic 

Cooperation and Development (OECD). 

3. Conclusion 
In the first stage of this research, an intelligent material-handling system for product 

differentiation was designed and implemented. A specific algorithm was created to deploy an agent-

based control architecture across the system. The system was considered as the case study for this 

research and also as an example of SMEs with the same production cell. Different manufacturing 

aspects of the system were also evaluated. Time was focused on as the target manufacturing aspect. 

In order to evaluate the manufacturing system performance, OEE standards have been utilized. Due 

to the importance of time in the calculation of OEE percentages, the system was subjected to a proper 

time study. The OEE percentage was obtained for each resource available in the system, as well as 

the entire system. The results of the time study extracted some issues and limitations in the system 

during its performance. These problems and limitations were investigated in order to find a proper 

solution for them. They were categorized into different categories, and the effective parameters for 

each category have been achieved. Based on these achievements, some optimization methods have 

been proposed. In the second stage of the research, due to the SMEs being the target category of the 

enterprises, as well as their limitation and the difficulties which they might face in the 

implementation of the proposed methods, a simulation solution using ARENA software was 

considered. Each of the optimization methods were implemented on the simulation model to verify 

and validate the effects on the OEE percentage. A comprehensive solution was proposed for selecting 

the best optimization method and obtaining the best OEE percentage for SMEs. Finally, according to 

OECD definitions about the relationship between the time and energy consumption, manufacturing 

sustainability has also been investigated and described.  

As mentioned previously, the system is a small-scale educational manufacturing system with a 

limited functionality period. Because of this selection, in the proposed methodology, system 

observation and data collection were conducted in a short period of time to prevent any system 

damage. As future work based on this research, the proposed methodology can be extended on such 

systems as a case study in order to execute all the evaluations over a long period of time.  
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