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Abstract

The automation of material handling is one of the solutions that many companies
are relying on to reach their goals related to productivity increment, floor space
optimization, higher standards for factory’s safety, and allocation of workers to value-
added activities. Therefore, the objective of this study was to evaluate the current
state of the material flow of finished goods for an automotive parts supplier plant
and the technology available on the market to verify if it was worthwhile to invest in
material handling automation. The analysis included the use of discrete event
simulation to evaluate the different layout approaches combined with the mobile
robots’ performance. It was proven that the tandem layout was the most beneficial
approach to the analyzed plant’s reality with a minimal of three robots.
Improvements to the material flow and automation of the labeling process were also
proposed based on the study.

Introduction
Automated guided vehicles (AGVs) first started to be used in the 1950s for manufac-

turing. This technology began the trend of automation of material transportation. They

have proved to be reliable and efficient technological equipment for more than 50

years. However, the need of fixed routes and the minimal on-board intelligence were

restricting the use of AGVs to applications that required little variability on the pickup

and drop off points of materials, as well as no interruption to its path. Changes to the

pathways were simply too expensive and disruptive to be cost-effective as they are typ-

ically installed in the floor.

In response to the AGV’s drawbacks, a more sophisticated solution to material hand-

ling was recently introduced to the market, the autonomous mobile robots (AMRs).

These robots have on-board intelligence and real-time adaptive capabilities, which sup-

port the increasing market demand for flexibility and for agility to comply with modifi-

cation to products or processes [1].

In contrast with fixed route required by the AGVs, AMRs navigate via maps that its

software constructs on-site or via pre-loaded facility drawings. The AMR uses data

from cameras and built-in sensors and laser scanners as well as sophisticated software

that enables it to detect its surroundings and choose the most efficient route to the tar-

get. To change its mission, the AMR only needs simple software adjustments. This
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functionality allows the same robot to perform a variety of different tasks at different

locations, automatically adjusting to meet changing environments and production re-

quirements. This flexibility also makes the AMRs more cost-effective as an AMR does

not need wires, magnetic stripes, or other costly modifications to the building

infrastructure.

Regarding the safety of these mobile systems, many of them are based on the same

technology as is used for autonomous vehicles, which apply LIDAR (light detection and

ranging) sensors [1]. These sensors are commonly used for pedestrian recognition.

When compared with cameras, LIDARs can provide accurate range information and a

larger field of view [2]. From a safety standpoint, this technology has what is recognized

as a capable safety system to detect objects and people and to react appropriately [1].

It is important to emphasize, however, that new safety concerns are being raised due

to this new technology. As the mobile robots are becoming more autonomous, correct-

ing their path while in motion and the integration of new features and attachments on

them, the robotics online marketing team within the Robotic Industries Association

states that the existing safety standards present gaps that fail to cover some of these lat-

est technologies to ensure the well-being of other laborers. To overcome this issue, the

outlining guidelines for robot manufacturers and system integrators are being devel-

oped. The fast pace of the development of the safety standards reflects not only the ur-

gent need for safety standards but the expectation that industrial mobile robots will

continue to be implemented at a rapid rate [3].

Regarding its implementation, Gutta et al. state that facility layout design method-

ology is one of the primary aspects to be dealt with for an efficient and economical

working of a mobile robot system. The decisions concerning material handling within

the facility can have a significant impact on the effectiveness of the layout plan. Hence,

for proper sequential working of a manufacturing system, it is important that the layout

plan and material handling system for a facility are designed simultaneously [4].

For this study, two aspects were studied to evaluate the best way to automate the ma-

terial handling at the selected plant: the plant layout and the material flow.

Facility layout design involving the implementation of mobile robots is categorized

into layout design, pickup and delivery points, and flow path design. In layout design,

the workspace can be seen as a set of complex polygons known as cells. The material

flow system, in its turn, is characterized in terms of flow path design and direction of

vehicle flow, and number and location of pickup and delivery points [5]. The flow path

and location of pickup and delivery points must be determined effectively as they influ-

ence the path that a mobile robot must track, which impacts the flexibility and oper-

ational costs of a manufacturing system [6].

Typically, there are three main types of layout designs in the AMRs: single loop, tan-

dem, and conventional layout. In a single-loop layout, AMRs travel in a unidirectional

loop. When this system is used, the vehicle flow is constrained to travel only in one dir-

ection. As all the vehicles travel in the same loop, it requires less complexity in the con-

trol system. However, with this layout, the distance traveled by the vehicle might be

greater when moving from one point to another, as each vehicle must travel the whole

loop to visit the same point again. Another disadvantage of this kind of layout is that a

vehicle breakdown can destroy the whole system [7].
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The tandem layout overcomes some of the disadvantages presented by the single-

loop layout. This layout design decomposes into non-overlapping loops, which can con-

tain one or more vehicles. Previous studies showed that the tandem loop with multiple

vehicle (TLMV) layout has out-performed single loop and tandem with single-vehicles

layouts in terms of mean flow time and vehicle utilization. The main advantage of

TLMV is it is less susceptible to vehicle breakdown [8].

The conventional layout design mainly includes unidirectional layout, bidirectional

layout, and multi-lane hybrid layout. The main advantage of a bidirectional layout lies

in the achievement of less vehicle travel time by reducing the travel distance due to the

possibility of taking shortcuts and/or using a smaller layout space. However, the com-

plexity of the control system is very high [9].

To compare these layout different approaches and to support the decision-makers

within the company, this study made use of discrete simulation modeling. The design

of the simulation model is subordinated to the method which is closely connected to

the chosen software solution. The software used on this project was FlexSim 2018 Up-

date 1, and the following steps were followed for the creation of the simulation models:

1. Creation of pathways and control points for vehicle movement

2. Add the AMR process flow template

3. Adapt the process flow template to fit the scenario being analyzed

4. Develop additional programming to imitate the variability and randomness of the

real world

5. Verification and validation of the created model

The devolvement of this study was focused on proposing a solution to address the

shortage of labor in an automotive parts supplier’s factory and to prepare the plant for

the projected increase in demand in the coming years. It is important to emphasize that

the automation of material handling includes not only the implementation of mobile

robots but also the automation of the labeling process and the changes to the feeding

system for the production cells, sorting area, receiving/shipping area, and the ware-

house. To enable this, it may be necessary to change the layout of the plant.

Case description—automotive parts supplier
With the economic growth associated with the trend to automation and Industry 4.0,

the company being studied has heavily invested in robotics. For the last 5 years, this

company has identified the need to automate the material handling in order to meet

customer demand. This decision was based on the lack of labor on the production

floor, combined with the need to increase traceability of the materials and to reduce

the production lead time.

As the turnover of operators is considerably high at the company, it is essential to al-

locate the qualified employees to more value-added activities, such as operating com-

plex machines. Also, a lot of effort has been expended to trace material or to adjust

inventory due to human errors while scanning the products or by misplacing them.

The three main goals of this project were as follows:

1. Minimize the labor required on material
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2. Improve floor space utilization to allow the installation of more production cells

3. Optimize the current material handling flow

The challenge of this application was due to the desire to implement mobile robots

on the production floor rather than warehouses.

Current state

The current state analysis was focused on the finished goods and on the processes that

were impacted with the automation of the material handling. There were six produc-

tion cells that would be impacted with the use of mobile robots—cells SD1, BK1, BK2,

DF4, DF5, and DF6—plus the sorting area and the shipping area.

Figure 1 shows the layout of the plant at the beginning of this project development. The

representation of the material flow in Fig. 1 shows the material flow that is standardized.

The labeling process flow was not represented there because the forklift driver has the

flexibility to go to any of the labeling stations, as well as frequently the supervisor provides

the label to the cell’s operator when the quantities and weight are known.

Analyzing this initial layout, it could be easily verified that the flow of material of the

finished goods was not linear. For example, the location of the sorting area added un-

necessary travel distance. Also, SD1 was placed close to the shipping area due to its

high volume. However, if the parts built there needed to be sorted, the flow was in-

creased tremendously as they must travel to the sorting area.

It is important to highlight that the location of the production cells could not be easily

modified, as they are complex-automated cells with constraints of infrastructure installa-

tion and ceiling height. Therefore, they were considered fixed locations for this analysis.

Fig. 1 Current material flow and plant layout
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The general process for the material handling in these cells was the forklift driver

brings the raw material from the receiving area to the cell. With a hand scan, the driver

scans the material to execute the warehouse transfer between the previous location and

its current destination. Once the parts are assembled and one tote is full, the forklift

driver scans the tote and takes it to a labeling station. The tote is weighed, and a raw

material (RM) label is printed. The RM label executes the transaction in the enterprise

resource planning (ERP) system, which deducts the raw materials used and adds to the

inventory the amount of material produced. After this label is applied to the tote, the

driver takes it to its destination, which can be either the BK1 cell, the BK2 cell, the

sorting area, or the shipping area. Once the tote is at its destination, the driver must

scan it again, so the virtual warehouse transfer takes place.

This current process was susceptible to many errors due to its dependency on the

manual labor.

Layout proposal

With the understanding of the current state of the production floor, changes were pro-

posed to enable the automation and to improve the utilization of the mobile robots.

One way to increase the AMR efficiency was by reducing its traveling distance.

Knowing that changing the location of the production cells was to be avoided, this

study focused on the investigation of changes in the sorting area, shipping area, and in

the labeling process.

For the sorting area, its reallocation to an area close to shipping or near to the cells

which demand the most inspection was studied. Analyzing the plant layout, a solution

was to move the sorting area to the market place (see Fig. 2).

Fig. 2 Proposed material flow and plant layout
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With the sorting happening at the market place, the traveling distances of the parts

coming from the DF4, DF5, DF6, BK1, and BK2 would be reduced significantly. On the

other hand, evaluating the parts coming from SD1, the flow of material would still not

be desirable as the parts’ traveling distance would more than double for the scenario

when a quality inspection is required.

To solve this, it was proposed that the sorting for this cell was done in line. The high

volume of SD1 supported this decision. Thus, the parts would always leave SD1 and go

straight to the shipping area. Figure 2 shows the flow of material according to the

changes proposed.

Regarding the shipping area, it was proposed to create an area dedicated to the SD1

parts due to the high demand. As the interaction between the mobile robots and the

forklift is to be avoided, it was suggested to place the shipping area for these parts on

the same side of the aisle as the cell. This would help to eliminate forklift and AMRs

traveling on the same aisle in some of the layout approaches that will be discussed in

the following sections. Implementing a path dedicated to the mobile robots, as well as

putting in place processes that minimize the interruption of the AMRs’ flow promotes

the learning curve necessary when a new automation is implemented.

The end goal of the material handling automation was to have one piece flow be-

tween the production cells and the shipping area. To enable this, some enhancements

were proposed to the production cells, such as the implementation of vision inspection

to ensure the quality of the parts and the automation of the final packaging.

The modifications proposed in this study reduced the products lead time as they re-

duce their traveling distance, and decrease their cycle time by minimizing the need of

manual sorting, manual labeling, and manual packaging. It also reduces the amount of

labor needed.

Layout scenarios

As discussed previously, three scenarios were developed to decide which layout concept

would be most appropriate for this application. The first scenario is the conventional

layout, presented in Fig. 3. In this scenario, every AMR can handle the material from

Fig. 3 Conventional layout scenario
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any production cell. This concept allows the mobile robot to judge the best route to be

taken to reach its destination, and it guarantees a balanced workload between the ro-

bots. It also optimizes the priority rules, as it is applied on the whole system and not

just within a section.

In addition, this concept gives more flexibility for storage location and parking spots.

Also, the failure mode for this situation is less critical when compared with the other

two approaches, as the tasks can be delegated to a different AMR, and the robots have

more flexibility to choose a path in a blockage situation.

One of the drawbacks is that all the aisles on which the AMR will be running need to

be wider to permit the passage of two AMRs on the same aisle. It requires a robust

control system. This scenario also does not support the interaction avoidance between

AMRs and forklifts for the SD1 cell.

The second scenario used the tandem layout, shown in Fig. 4. This approach presents

a mix between the single loop concept and the conventional layout. For this simulation,

the cells were divided into two sections: the first group consists of the SD1 cell and the

second group handles the sorting and all the DF cells. The difference between this ap-

proach and the single loop is that more than one AMR can be placed in one section.

The tandem approach minimizes some of the drawbacks associated with the single

loop (as identified below). It reduces the number of locations dedicated to storage, as

all the totes for the DF cells can be put in the same place, and it permits the implemen-

tation of only one labeling station. It also gives the AMR more flexibility to select the

best path to reach its destination.

This concept also allows the isolation of the SD1 cell. By putting one AMR dedicated

to the SD1, a unidirectional aisle can be dedicated to the mobile robot translation

which eliminates the interaction between AMRs and forklifts.

The disadvantage of the tandem layout is that if more than one AMR is allocated

within one section, it necessitates wider aisles. This fact also increases the complexity

of system control as the deadlock and collision situations must be addressed.

The last model followed the single loop approach, presented in Fig. 5 (3 single loops)

and Fig. 6 (4 single loops). In this scenario, the plant was divided into sections where

only one AMR would be responsible to handle the materials. The advantage of this

Fig. 4 Tandem layout scenario
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solution is the reduced complexity of the control system, as the deadlock avoidance

and the collisions do not need to be addressed. Also, it minimizes the width of the aisle

as the AMR would not need to cross each other.

The single loop layout increases the number of storage places, parking areas, and la-

beling stations. It also required an intermediate location for the parts produced in DF5

and DF6 that need to go to the BK1 or BK2 cells. This scenario might also generate sig-

nificant imbalanced workloads between the AMRs, and a failure mode of one robot

could have a tremendous impact on the production schedule of its section. Modifica-

tion on how the sections are divided would require a substantial amount of effort in

programming the robots and in reallocating parking spots, storage locations, and label-

ing stations.

In this scenario, the AMR always follows the same path and every AMR must have a

unique path.

Two options of this scenario were analyzed. In the first option, shown in Fig. 5, the

production cells were divided into three sections: the first area was designated to the

SD1 cell, both finished goods and brackets. The second section was for DF4 and sort-

ing, and the third area was for DF5 and DF6. The general shipping area would have to

allow the delivery of parts from both sides.

The second option was to add one more segment to separate DF5 and DF6. Thus,

the workstations were divided into four sections as shown in Fig. 6. The first area was

dedicated to SD1, both finished goods and brackets. The second section was dedicated

to DF4. The third area was for sorting and DF5. The last one was dedicated to DF6.

It was not proposed to have a single loop with 5 divisions because it would be

counterproductive due to the lack of paths to the shipping area and the high

amount of intermediate storage that would be required. In both the single loop

and tandem approaches, it was desired to leave SD1 by itself due to its volume

and its physical separation from the rest of the cells. In all the scenarios where

there is more than one AMR responsible for the material handling within a sec-

tion, it was necessary to create unidirectional double paths rather than bidirectional

single paths. The reason for that was the extensive blockage situations presented

when single paths were applied.

Fig. 5 Single loop layout scenario with 3 loops
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Comparison of scenarios

To decide which approach would be most appropriate with the plant’s reality, all three

layout scenarios were simulated using FlexSim. For each layout, multiple scenarios were

considered. The model parameter value that changed in each scenario was the number

of mobile robots.

The performance measures were the percentage of idle time of the AMRs and the

percentage of time each cell had a tote waiting for transportation. The maximum and

minimal value was captured to verify the statistical dispersion of the results, as well as

the confidence intervals with 99% degree of confidence. As a waiting tote can stop the

cell from running, it was required that the average cells blockage be below 2%.

Blockage for the DF cells means the cell is unable to produce parts due to the lack of

empty totes for the new parts. A low percentage of waiting time is acceptable as the

cells can manage a small buffer. However, the goal is to design a process where the wait

for transportation is zero. Table 1 shows a summary of the scenarios simulated.

Also, the charging base of the AMRs was placed in their parking spots, where there

was one charger for each AMR. The AMR was charging every time it was located at

the parking spot. Each AMR would go to its parking spot whenever it was idle. There-

fore, the amount of time the AMR was charged was equivalent to the idle time. Review-

ing the specifications of the AMRs, it was decided that the AMR had to charge on

average 30% of its operational time.

With respect to the demand for work, it was decided to use the production cells max-

imum real capacity, which accounts for machines unavailability and manufacturing er-

rors. These measurements reduce the cells’ capacity to 75% or 80% depending on the

cell. This decision was based on the fact that it was completely undesired for the AMRs

to be the bottleneck. For the sorting area because there are parts built in work cells

other than the DF cells that need to be sorted, the data from a normal work week was

used.

The average hourly demand was used with the normal distribution for internal vari-

ability of the demand estimated between 11 and 20% of the mean. The estimation of

the variability was selected by analyzing 1 week of the main cells’ historical data.

Fig. 6 Single loop layout scenario with 4 loops
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For safety measures, even though the majority of AMRs on the market can go up to

2 m/s, the maximum speed of all the AMRs was set to 0.8 m/s. When the robot was

carrying a load, the maximum speed was reduced to 0.6 m/s. On a curved path, the

speed was set to 0.6 m/s when empty and 0.5 m/s when loaded. The loading and

unloading time were considered as 40 s, and the labeling time was set to 60 s. Table 2

summarizes the system’s parameters.

From the results of the scenarios simulated, showed in Table 1, there were 4 scenar-

ios that were feasible and of interest. To define if the scenario were feasible and of

interest, it was analyzed using the average, the maximum, and the minimum percentage

of the idle time of the robots, as well as the percentage of the cells, blocked time. Ta-

bles 3 and 4 show the overall results of each selected scenario. It also presents the con-

fidence interval with a 99% degree of confidence level. Comparing these results, the

best layout approach was the tandem layout, where the plant was divided into two sec-

tions. The AMRs presented higher average idle time when compared with the conven-

tional layout scenarios using 3 robots. Also, the results from scenario 4 Conv did not

justify the cost of adding one more robot.

When compared with the single loop, the tandem is more beneficial due to a better

workload balance between the AMRs and a better material flow.

Table 1 Summary of the scenarios analyzed in this study

Scenarios

Layouts Scenarios Number of AMRs

Conventional Scenario 1 Conv 1 AMR

Scenario 2 Conv 2 AMRs

Scenario 3 Conv 3 AMRs

Scenario 4 Conv 4 AMRs

Scenario 5 Conv 5 AMRs

Tandem Scenario 1 Tand 1 AMR SD1 + 1 AMR DFs

Scenario 2 Tand 1 AMR SD1 + 2 AMR DFs

Scenario 3 Tand 2 AMR SD1 + 3 AMR DFs

Scenario 4 Tand 2 AMR SD1 + 4 AMR DFs

Single loop—3 loops Scenario 1 SL3 1 AMR SD1 + 1 AMR DF4/SORT + 1 AMR DF5/DF6

Single loop—4 loops Scenario 1 SL4 1 AMR SD1 + 1 AMR DF4/SORT + 1 AMR DF5 + 1 AMR DF6

Table 2 System’s parameters for the simulations using FlexSim

Parameters of the system

AMRs max speed 0.8 m/s

Scenario duration 8 h

Replication of each scenario 20

Demand for work Normal distribuition (standard deviation: 11-20% of the mean)

Warm up No

Random streams Built in on FlexSim

Loading time 40 sec

Unloading time 40 sec

Labeling time 60 sec
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Discussion and evaluation
The key performance indicators (KPIs) that were chosen to evaluate the material hand-

ling automation system were throughput, response time, total labor dedicated to mater-

ial handling, management of buffers, starvation avoidance, blocking avoidance,

deadlock avoidance, dealing with disruptions, and capital cost of automation. Evaluating

the chosen layout with regards to the KPIs identified, the tandem layout satisfies the

throughput of the cells when 3 AMRs are used, and the starvation avoidance. This was

proven by the low percentage of blockage time. This layout also provides the ability of

quick response time in both sections of the system. In the DF cells section, if there is

an urgency, one of the AMRs can be easily selected to execute the task. In the SD1 sec-

tion, on the other hand, the AMR is dedicated to the one unique cell which will also

allow for an immediate response.

Analyzing the flexibility to deal with disruptions and the blocking and deadlock

avoidance, there is a tradeoff to be studied for this approach. The DF cells present a

more flexible set up to deal with disruptions, as one AMR can be removed, and the

cells will still be fed. However, the blockage avoidance and the deadlock avoidance need

more sophisticated programming to be accomplished in this section. On the other

hand, the SD1 section does not require this complex programming as there will be only

one AMR operating. However, having just one AMR reduces the ability to deal with

disruptions, such as breakdowns. These last two aspects need to be considered when

choosing the AMR, as well as when deciding the interface between the mobile robots

and the cells.

Conclusions
The next step of this project is the actual implementation. As Haneayah et al. state, the

automation of the material handling is a complex installation that comprises various

processes, such as inbound, storage, batching, sorting, picking, and outbound processes

[10]. Therefore, it is important that the management support it as well as a culture

change on the production floor.

The 5S concepts are vital for the success of this project. The cells and aisles need to

be kept organized, allowing the flow of the mobile robots. The blockage of aisles can

have major impacts on the performance of the AMRs.

Another important point is the cooperation of the forklifts’ drivers. As the material

will be handled by AMRs and forklifts, the forklifts must be trained and be attentive to

the AMRs to avoid blockage or damage.

With the changes required and the learning curve, it is recommended that during the

first phase of the implementation the interaction between forklifts and the AMRs be

avoided. This can be done by creating a separate aisle for the AMRs or creating traffic

rules limiting the flow of forklifts in certain areas.

As manufacturing plants are not static places and pathways in them tend to collapse

to the minimum allowable over time, this theorical study presents potential limitation

regarding the adequacy for the real-world operation. However, the discrete simulation

tool can be easily edited to represent the reality over time.
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