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Abstract. Mastering Material Handling Systems is a crucial issue for numerous
companies since the costs of Material Handling activities are far from being neg-
ligible. The demand for a sustainable industry and the introduction of industry
4.0 technologies for Material Handling are renewing the Material Handling Sys-
tem design concerns. Many questions arise on whether it is suitable or not to
bring technologies such as Autonomous Mobile Robots or Real-Time Location
Systems to the shop-floors. In the presented study, various companies are ques-
tioned on their utilization of new technologies and on their processes to manage
and modify their Material Handling System. It appears that practices in Material
Handling System design and management are diversified and that no consensus
exists on how to efficiently design these systems. A cross-analysis is performed
to identify the differences and the common patterns between the literature and
the field study. This work discusses the need to better understand the relation
between the different aspects of Material Handling System design and presents
key challenges to be addressed in the context of industry 4.0. To address these
challenges, research directions are proposed. They are composed of four main
challenges area: Material handling specifications, Material Handling Equipment
selection, Material Handling Equipment deployment, and Material Handling Sys-
tem analysis.

Keywords: Material Handling, Material Handling System design, Material
Handling Equipment, Level of Automation, Industry 4.0.

1. Introduction

Material Handling System (MHS) addresses storing, packaging, and moving prod-
ucts. It plays a key role in the performance of the entire manufacturing system [1,2]. In
this article, MHS is considered to be a collection of Material Handling Equipment
(MHE) and operators realizing the internal logistics task of a factory. An efficient MHS
leads to effective production management, improvement of on-time delivery, and en-
hancement of production quality [3]. But the MHS could be a source of excessive ex-
penditure if it is not efficiently designed [4]. The design of MHS is renewed by the high
amount of newly available technologies coming from Industry 4.0. To cite a few, Au-
tonomous Mobile Robots are proposed along with Real-Time Location Systems
(RTLS) or cobots. These technologies are seen by many as a solution to support the



production systems in reaching their goals of operational excellence and agility. Nev-
ertheless, considering the literature MHS design is missing a largely admitted design
process that handles the challenges of industry 4.0. The main approaches focus on some
MHS sub-problems, such as the optimization of material flow [5], the definition of the
appropriate Level of Automation (LoA) [6], or Material Handling Equipment (MHE)
Selection Problem [7]. These problems are separately addressed in the literature, which
does not allow to solve the MHS design problem with a systemic view. Automation is
an important principle in classic MHS design approaches [8,9]. In these approaches,
the automation of Material Handling activities is presented as a mandatory path without
precisely analyzing the company context. However, many articles support the idea that
LoA must be carefully defined to maintain the effectiveness of systems [10]. There is
currently no evidence that the MHS design problem is mastered in the industry.

The first contribution of this paper is to analyze some of the existing practices of
MHS design in five companies and compare them to the literature. The objective is to
identify the potential improvements in the processes, methods, and tools to make the
right decision in MHS design projects. The second contribution is to propose research
directions organizing the needed improvements in MHS design processes within the
context of industry 4.0. The results of the field studies are not to be generalized, but to
identify some of the practices that can be found in today’s industries. The remaining of
this article is organized as follows: It starts with a literature review on Material Han-
dling. Afterward, the field studies are presented through their cross analysis to identify
the currently encountered practices for MHS design and management. Finally, based
on the obtained results, research challenges for MHS design are discussed. The conclu-
sions are summarized in the last section

2. Material Handling System Design

The design of MHS is studied by many researchers, but no consensus exists on de-
fining an appropriate design process. Namely, differences may be found whether the
study addresses a modification of an existing system or the design of a new system.
MHS design may be of various complexity: it can address single point-to-point trans-
portation or a whole plant transportation network design. Nevertheless, different ap-
proaches may be found in the literature. The approaches are sometimes design princi-
ples with associated analysis tools and sometimes optimization-oriented approaches.
For instance, in [11] the authors propose an approach that integrates the design of fa-
cilities and the MHS to minimize the Material Handling cost. This approach mainly
focuses on the layout of the MHS by defining the location of the pick-up/delivery sta-
tions and the paths and their associated direction.

In [8,9] the authors cite 10 principles that should be taken into consideration during
the design of MHS. These principles are developed by the MHI association
(www.mhi.org). The principles to be applied to MHS design are summarized in 10 con-
cepts to consider or define when designing an MHS: Planning, Standardization, Work,
Ergonomic, Unit load, Space utilization, System, Automation, Environmental, and Life
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cycle cost. The concepts are well defined but not articulated to form a design approach.
They just highlight the important points to consider in the design process.

In addition to these 10 concepts, [8] propose to structure the approach to find the
right Material Handling solution with five standard questions (Why, What, Where &
When, How, Who). It might be noticed that the questions are addressing a single point-
to-point movement when a global approach of the whole MHS design should be carried
out.

In [12] the authors propose a design approach that is based on the examination of
materials and routes. The design approach is composed of four steps: Assemble flow
analysis output, Class selection of route, Calculation of requirements, and selection.

In this kind of approach, it is assumed that the plant layout is constant and known.
The workstation placement does not change and cannot be changed. And finally, pro-
duction volume is assumed to be constant. It can be noticed that neither the technology
nor the communication and control systems are addressed by this proposal. Important
aspects such as the Internal logistics and automation strategies of the company should
also be analyzed [13].

Research works highlight the importance of company strategy analysis to correctly
address the MHS design. As stated in [9,12], it is essential to associate the competitive
advantage or the company's strategy with its MHS design. MHS design should fit and
supports the firm’s manufacturing strategy [12] and should also reflect the strategic
objectives and the needs of the organization [9,13].

The main global design approaches found in the literature give high-level outlines
of the process but remain vague on its realization. The proposed principles are to be
used but the approaches lack of precision and do not explicitly tackle the new chal-
lenges of industry 4.0. The more precise approaches based on optimization algorithms
concentrate on sub-problems of MHS design.

To propose complement the vision on MHS design problems, a field study at various
companies is conducted to extend the observations made from the literature. The second
objective is to analyze if literature results spread in companies. The next section pre-
sents the field studies conducted within 5 different industrial companies to share their
experience of MHS design, management, and usage.

3. Field studies
3.1. Field study design

Five interviews are conducted using a grid analysis. Then three steps are adopted to
exploit the data; data reduction, data display, and cross-analysis. This procedure is in-
spired by the work of Séfsten et al. [14]. Table 1 presents general information about
the company typology. Five companies have been chosen to observe different practices.
The interviews were semi-directed, with additional questions to deepen the inter-
viewee’s answers. In most of the cases, the interviews were complemented by a plant
walkthrough.



Table 1. Cases general information

Global number Product size, volume,

Production or-

Case Field of employees and complexity Production strategy ganization
Case A construction ma- 102.300 Large, high, com- Make to order, Assembly
chinery manufac- plex make to stock, and line
turer engineering to order
Case B Semiconductor 45,500 Small items large Make to order Flexible job
manufacturer batches, very high, shop
complex
Case C Stainless steel 40 Small, very high, Make to order Flexible
fixings medium flow shop
Case D Fastening and 7.250 Small, very high, Make to stock Flexible
assembly solutions medium flow shop
CaseE Metal wire parts 130 Small & Medium, Make to order Job shop

manufacturer small to medium, sim-

ple

To analyze the companies’ practices, questions were asked to understand the MHS
Design process and to understand the MHS solutions implemented on sites. To distin-
guish the various typology of MHS solutions, the different cases are analyzed in terms
of LoA. For that purpose, the LoA analysis concept proposed by Parasuraman et al.
[15] is adopted. The concept allows visualizing the LoA of different systems through
the cognitive and physical aspects. The visualization was originally made through four
classes of information functions (information acquisition, information analysis, deci-
sion and action selection), and action implementation. In this study, it is used to visu-
alize the LoA of different cases based on two types of activities; Productive activities
and Material Handling activities (see figure 1). For each type of activity, the physical
tasks and cognitive tasks are analyzed in an aggregated view. Productive and Material
Handling activities are analyzed to identify if the automation strategies are different
within the company. Figure 1 summarizes the observation made on the visited plant
LoA. Due to space limitations within this article, we are not presenting the whole cases
description. But a cross-analysis revealing the important facts of analyzed cases is pro-
vided in the next section. The purpose is to report on the observed practices and to raise
a promising subject for future research on MHS.
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Fig. 1. Advancement in terms of Automation.

3.2. Cross analysis

To identify the main challenges of MHS in the context of the fourth industrial revo-
lution, this cross-analysis is based on four axes; Material Handling Automation, Mate-
rial Handling Control System (MHCS), MHE Selection, and MHS design. The analysis
of each axis starts with a review of practices of the different cases. Then, common and
different patterns are highlighted. Besides, when needed, the literature is mentioned to
compare the theoretical and the empirical materials. A summary of the cross-analysis
is presented at the end of this section opening new research questions.

3.2.1. Material Handling and Automation

As it is shown in figure 1, the gap between the automation of physical tasks and
cognitive tasks in Productive activities is not as significant as in Material Handling
activities. The automation of Material Handling is more restrained compared to the au-
tomation of productive activities. Sometimes this restriction is driven by the corporate
culture of the company. On one hand, the small and medium-sized companies (such as
cases C and E) tend to automate the Productive activities more than the Material Han-
dling activities. On the other hand, the large-sized companies (such as cases B and D)
aim to adopt high LoA for both Productive and Material Handling activities. Besides,
in terms of Material Handling activities, the physical tasks are more automated than
cognitive tasks. In 4 cases (A, C, Di, E), decisions related to the cognitive tasks were
left to the human, e.g. parts positioning, storing, navigation, and so on. Although the
LoA of cognitive tasks of Material Handling activities is low compared to others, sev-
eral companies tried to test new technologies that offer higher LoA for cognitive tasks.
E.g. both cases B and D tried to deploy AlV in their plants, which offers a high LoA
for both physical (e.g. moving) and cognitive tasks (e.g. navigating through the plant).
The use of this equipment was accepted by case D, and rejected by case B due to many
factors (behavior unpredictability, collision risks, etc.). The choice of the appropriate
LoA seems to be difficult to make. Automating the cognitive Material Handling actions



seems to be linked to the intensity of the product flow (such as in cases B and D2 where
the flow must be kept at its maximum to satisfy the demand). While the automation of
the physical Material Handling actions appears to be related to the characteristics of the
handled materials (as in case A where the handled materials are heavy and require high
physical automation). However, a thorough study has to be done to identify other pa-
rameters that might influence decisions related to LoA. Additionally, methods can be
found in the literature for the readjustment of LoA such as DYNAMO ++ [6]. The
procedure of DYNAMO ++ can be applied for existing MHS only. Yet no methods can
be found in the literature to assist the LoA decision for a new MHS. Based on the results
shown above, it is shown that, although automation is considered a crucial element of
the MHS design, the LoA definition remains unclear. Thorough studies have to be con-
ducted to identify parameters and propose procedures to support the choice of LoA for
the design of MHS.

3.2.2. Material Handling Control System

The field studies show that the use of technologies related to the MHCS is heteroge-
neous. For some cases, the investment in such technologies is not needed since the used
MHE do not have a significant cognitive LoA (e.g. pallet trucks). But for other cases,
it is important to deploy this kind of technology. In case B, the use of such technologies
is mandatory due to the high LoA adopted in the plant. In case D, recent tests were done
to include this type of technology. The MHCS in this case allows the operators to con-
trol, program, and supervise the AlVs through a screen. The investments in different
cases are mainly driven by two factors; the need to remove Non-Value Added (NVA)
activities and to have an ROl in a short period. To present convincing proofs, simulation
has to be done to display the possible benefits that can be derived from the use of such
technologies. In the literature, several structures and technologies related to the MHCS
can be found. While in the field studies, it can be seen that MHCS technologies are
slowly emerging for large-sized companies. On the other hand, the MHCS is still not
considered by small and medium-sized companies. Consequently, it can be seen that
MHCS is not widely used, and the implementation of such technologies remains un-
clear in the literature. More research has to be done to develop this subject and propose
methodologies for the deployment of MHCS.

3.2.3. Material Handling Equipment Selection.

Throughout the field studies, it is noticeable that investment for developed MHE is
not simply related to the size of the company nor the complexity and the size of the
production. Even small-sized companies such as case E, with a small and medium pro-
duction volume, are using equipment such as cobots. The selection of this equipment is
mainly done through benchmark with a restrained list of suppliers, this practice is some-
times successful (e.g. the selection of the tugger train in case A). However, it does not
always ensure positive results, e.g. in case C, the selection of an automated transfer cart
was based on copying the practices of another plant, but appeared not to be suitable.
The loading/unloading operations were too difficult to be performed by the operators
which negatively impacted the performance of the plant. The criteria used for the MHE



selection in the small and medium-sized companies are limited and mainly focus on
economics. Furthermore, the large-sized companies include diversified criteria during
their MHE selection (see table 2). It may be observed that no clear MHE selection
method is shared between cases. The decision is often not formalized and is made with
a partial view of the impacts on the production system.

Table 2. Identified criteria for the MHE selection

Categories Criteria Cases

Return on investment (ROI) A/ B,CDE
The total cost of ownership (TCO)
Cost of the implementation

Cost of the equipment

The capacity of the equipment
Speed movement

Safety

Precision

Operating skills

Ease of implementation

Supplier’s reputation

Supplier’s location

Economical

Technical

Operational

OOUMP>»WW>P>MMO

m m

Supplier

3.2.4. Material Handling System design

The cases show that companies do not always use a clear method to design their
MHS. Large-sized companies (case A, B, and D) use approaches based on benchmarks
and on copying the best practices. In addition, case A uses corporate guidelines com-
mon for all production sites. These guidelines are principles to apply (e.g. the reduction
of the number of part touch) but do not constitute a design process. It is noticeable that
in these cases, MHS design is associated with the competitive priorities in a way to fit
and support the manufacturing strategy followed by the company (e.g. in case A, the
MHS is designed in a way to reduce the number of part touch which positively impacts
the OTD). Key Performance Indicators (KPIs) are used to constantly evaluate the sys-
tem (see table 3). A failure in one of these KPIs triggers the modification of some ele-
ments of the design e.g. in case A, an MHE was dropped off because its speed move-
ment and reactivity caused a decrease in the OEE of the line. The small and medium-
sized companies (case C and E) do not use any approach for the design process of MHS.
Material Handling is not considered as important as productive activities. However, the
interviewees were aware of the benefits that could be generated by relevant MHS. E.g.
In case E, the use of cobots for simple pick and place activities resulted in removing
the NV A activities performed by operators. In cases A and D, the MHS is designed as
a part of the production, while for cases B, C, and E the MHS is designed after the
production system design. In this context, the MHS design has been adapted to the
workshop configuration. In case A, the organization is an assembly line where moving
and gathering parts is an important part of the activity. In case D, flow management
was seen as an important priority by the top management. It can be noticed that both



companies operate in the automotive market and then share a comparable approach for
flow management. With this example, it is seen that the field of production can have an
impact on the approach followed for the MHS design. For case B, the management
assumes that MHS should adapt to production since growth management and technical
factors already constrained production organization. For cases C and E the MHS has
not been seen as a high priority. The MHS design process followed in the different
cases is mainly done through MHE Selection. Nevertheless, the literature shows other
potential factors (e.g. the LoA definition) that have to be included during the design of
MHS. These factors do not seem to be a major concern for the interviewed industrial
cases, especially for the small and mid-sized enterprises. These results support the as-
sumptions that the design of MHS still requires a holistic approach that;

- Considers the challenges of industry 4.0.

- Adapts to different industrial typologies.

Table 3. Key performance indicators for the evaluation of MHS

Indicators Cases
Overall Equipment Effectiveness (OEE)
Non-Value Added (NVA) activities
Inventory on location

On-time deliveries

Number of touches

Line balance

Number of transports

Duration of transport

Throughput

Availability of operators

Intermediate storage time

Cost of work-in-progress (WIP)

Cycle time

oxr
m w
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4. MHS design challenges in the context of industry 4.0

The theoretical and empirical materials show that the design of the MHS is lacking a
global design approach which includes the challenges of industry 4.0. In the literature,
MHS problems are addressed as independent problems and are solved separately due
to their complexity (e.g. MHE selection, LoA definition, communication structures pro-
posal for the MHS). While the analysis of the literature and the results of the field stud-
ies show that the MHS aspects are interdependent and should be treated based on a
holistic approach. On one hand, theoretical materials unveil several challenges that can
be faced during the MHS design. Therefore, it is important to have a global approach
addressing all MHS problems and challenges. On the other hand, the empirical materi-
als display various practices and insights about the different MHS design errors that
were encountered (e.g. investments on inappropriate MHE, lack of a design approach,



etc.). In figure 2 the relevant topics to be addressed in an MHS design process are cat-
egorized. As a guideline to list research challenges on MHS, we propose changing the
paradigm of MHS design by adopting a Systems Engineering approach. MHS design is
a complex system design and therefore deserves a well-established design process to
be carried out. IEC 15288 [16] proposes efficient guidelines to address such systems
development. An MHS design process should take inspiration from such design ap-
proaches. It will encourage high-quality specification, stakeholder integration, ration-
alized design and selection choices, and a well-prepared deployment phase. In the re-
maining of this section, we will discuss some important research directions linked to
the various systems engineering phases.

4.1. Material Handling needs specification

The field studies illustrate the magnitude of the decisions related to the MHS, it can
be fortunate (e.g. the use of cobots in case E) and it can also be deceiving (e.g. the use
of the automated transfer cart in case C). This type of problem can be caused by a lack
of problem specification including Material Handling need definition and constraints
elicitation. The study shows that MHS design decisions are multi-facet and influenced
by multiple aspects (e.g. Costs, staff skills, production requirements, to cite a few). An
efficient MHS design process should carefully assist designers to precisely specify the
MHS design problem [17]. In the literature, techniques for the Material Handling spec-
ifications can be found. They consist of charts and diagrams [9] which can be time-
consuming and less efficient with the requirements of industry 4.0. New methods are
needed to specify the Material Handling activities in a non-technological way, to spec-
ify the expected overall production flow, to specify the companies' strategies in terms
of internal logistics and admissible LoA, to specify the available deployment, and sup-
port systems. A precise company's strategies definition is important as well; Granlund
and Sé&fsten et al. [13,14] show the importance of the analysis of companies' strategies
on automation and internal logistics for MHS automation systems. In their work, only
automation is highlighted but the authors give relevant advice on these strategies’ de-
composition.

4.2. MHS architecture definition

Subsequently to the need clarification comes the design phase of the MHS. In a Sys-
tems Engineering process, the purpose is to generate several possible architectures to
advance concurrent ideas. The MHS architecture is a composition of interacting MHE
and operators, where each element is allocated for a specific set of Material Handling
activities. In the field studies, the different cases show a lack of a formalized approach;
many cases were using benchmarks or were testing technologies individually. In the
literature, general principles are given for the proposal of MHS architectures without
sequencing the analysis nor giving procedures to generate sufficient architecture possi-
bilities. However, the literature addresses some MHS sub-problems that should be com-
bined to define a procedure for MHS architecture definition (e.g. the layout definition,
the selection of MHE, the MHCS definition, the operational strategy selection, equip-
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ment allocation to task, dispatching rules...). The literature shows that, despite the in-
creasing use of 1A and computational models to solve MHS sub-problems, the expert’s
knowledge still remains necessary for such decisions. E.g. current MHE fleet sizing
algorithms are always underestimating the number of equipment to use since they omit
many constraints as traffic or product availability uncertainty. The empirical and theo-
retical materials emphasize the need to propose techniques for MHS architecture defi-
nition, while including several aspects such as:

e Considering diverse MHE technologies

e Handling task allocation and dispatching rules

e Ensuring a wide search of solution (handling the combinatory)

e Considering the human/machine interactions

e Considering the needed communication information system

o Considering the experts’ knowledge

e Handling criteria related to the company strategies

4.3. MHS performance analysis

An efficient MHS architecture is dependent on the capacity to analyze foreseen sys-
tem performances. The analysis of MHS is facing new challenges due to their complex-
ity that follows industry 4.0 trends. Two types of complexity are to be handled for a
relevant performance analysis: (1) The complexification of the MHS makes it difficult
to predict every emergent behavior coming up from the equipment interaction. There-
fore, there is an emerging need to develop performance analysis techniques. These tech-
nics should include the various MHE type and their interactions through communica-
tion systems and with onsite operators. The influence of the MHS on the production
site behavior including degraded situation is also to be included. This imposes using
heavy performance analysis techniques as for Case B and open new research trend in
finding techniques to automate evaluation models’ creation. (2) The second complexi-
fication to handle is the evolving definition of performance for MHS. With current
megatrends on sustainability or ethical concerns, the performance cannot be seen
through the reduced prism of operational excellence as encountered in most of field
studies. New indicators are to be thought to embrace more long-term perspectives as
MHS flexibility or sociological aspects as the influence of the MHS on the work group
organization.

4.4. MHS Selection

The selection of the appropriate MHS for a given Material Handling need is not
straightforward. The process must be formalized and must involve many dissimilar cri-
teria. The field studies analysis has shown that the selection process is poorly defined
for most of the studied companies. Only a few criteria are used objectively or uncon-
sciously by companies and their selection remains unclear. It is not obvious to under-
stand why certain criteria are retained and others ignored. An analysis of literature on
MHE [18] revealed that more than 200 criteria were identified for MHE selection pro-
cesses. While in the field studies of this work, 12 distinct criteria were identified, and
the companies used at most 6 criteria to decide. In [18], a methodology with a list of
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potential criteria is presented for two analysis levels: MHE category selection and MHE
model selection. To advance the field it would be relevant to propose techniques for the
selection of relevant criteria, based on the company's characteristics and its industrial
activity and strategy.

4.5. MHS Deployment

The integration of MHS into a plant appears to be challenging due to the high com-
plexity of today’s industrial systems. It can be confronted with important problems as
the integration to the information system, MHE/Operator interaction or technologically
advanced equipment maintenance management. Few works can be found on the inte-
gration of MHE to the information system. Wang et al. [19] propose an architecture of
Cyber-Physical System (CPS) for MH. The paper shows the potential of such technol-
ogies to improve shop-floor production fluency and efficiency. This topic still requires
more effort to define other potential technologies that can be used in the context of MH.
The interviewed companies expressed their current fear for MHE integration in an
MHCS. The deployment of ERP (Enterprise resource planning) or MES (Manufactur-
ing Execution System) in small and medium-sized companies is considered to be a pe-
riod of intensive work. Therefore, the integration of MHE into a communication net-
work is often feared. The interaction between MHE and the operators should be care-
fully considered for a successful deployment. As encountered in case E, the company
staff may be reluctant to share the workspace with automated systems. In this context,
new questions and opportunities about human-machine cooperation arise. The extent
of the interventions that should be made by the operators is to be analyzed. Human-
Machine Cooperation principles in a manufacturing system context are proposed in Pa-
caux-Lemoine et al. [20]. These principles should be adapted to the context of MHS.

5. Conclusion

The objective of this paper is to analyze the existing practices of the MHS design in the
literature and five companies to identify the main challenges that are faced in the con-
text of industry 4.0. These challenges may allow researchers to extend their MHS de-
sign approaches while including the latest technologies of industry 4.0. The literature
review shows that fractions of MHS design problems are solved separately. Meanwhile,
in the field studies, it has been shown that there is a lack of a formal MHS design ap-
proach. However, some existing practices are used and highlighted in this work, as
benchmarking. These practices do not have constant outcomes. It has been shown that
sometimes, these practices led to a significant financial loss. The comparisons and anal-
ysis stressed the need of having a properly detailed methodology for MHS design that
tackles diverse sub-problems. Such a global approach should enhance the use and effi-
ciency of MHS. Moreover, the need to enhance MHS design methodology is increasing
with the arrival of industry 4.0 demands and technologies. It has been shown that the
deployment of communicating and automatized MHE is difficult for many companies.
To address this issue, both theoretical and empirical materials were analyzed based on
five Material Handling aspects; Material Handling activities, Material Handling and
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Automation, MHCS, MHE selection, and MHS. As a result, MHS design research di-
rections are proposed. For future development, a thorough analysis of each aspect of
the MHS design challenge is to be done. For this purpose, techniques for data collection
and specification have to be whether identified from the literature or developed. Model
Driven approach could be adapted to propose a generic framework to regroup comple-
menting views on MHS. Such framework should rely on an MHS domain metamodel
that could enhance data viewing, comparison, and translation to adapted analysis mod-
els such as discrete event simulation that could enhance deep MHS analysis.
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