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Abstract
The logistics market has been impacted by increase of e-commerce, mass customization, omni-channel distribution, and just-
in-time philosophy. In order to attend to this dynamic change, automation has been applied in warehouses. Although, some
researches point out the lack of flexibility as a bottleneck. Therefore, a comprehensive literature review of recent papers is
vital to draw a framework of the past and to shed light on future directions. This paper aims to review published papers in the
last ten years related to flexible automation in warehouses and to construct a framework that could guide future researchers
in the construction of an innovative conceptual model that may be applied at warehouses in the future. A total of 113 papers
published between January 2008 and December 2018 have been selected, reviewed, and categorized to construct a useful
foundation of past research. Results showed the key point to achieve a flexible automated warehouse is the combination of
automated equipment, data collection technologies, and management solutions. Finally, based on the reviewed papers, an
innovative framework of a flexible automated warehouse is proposed.

Keywords Flexible automation · Distribution center · Automated warehouse · Material handling equipment ·
Order picking system

1 Introduction

Just-in-time philosophy promoted a change in the market
conditions going from large orders of the same product
to small orders of a variety of products. Furthermore,
productivity, agility, and customization are the main
necessities driven by market conditions. These changes in
market scenario turned product life cycles shorter [1] and
changed the paradigms for automation, moving from high
volumes to small volumes with variety [2].

Due to these changes, the logistics market has been
impacted by the increase of e-commerce and mass cus-
tomization as well as the need for reduction time-to-market
to maintain competitiveness. Just-in-time philosophy, mass
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customization, e-commerce, and omni-channel distributions
influence the supply chain causing the need to automate
logistics processes and to achieve an improvement in per-
formance in a shorter period of time [3, 4]. Yamazaki et al.
[5] and [3] reinforce the global need for automation systems
in such circumstances.

At the logistics process, goods are placed on pallets for
transportation and stacking. Therefore, pallet detection and
handling become a necessity to achieve automation. Casado
et al. [3] presented a detection system to identify and track
pallets in the working environment of autonomous mobile
forklift trucks obtaining a highly flexible pallet handling
system that could be applied in shared spaces with humans.

In order to attend to the new market trends, Bučková et
al. [6] pointed out some questions that should be considered
for planning and designing a warehouse. The effectiveness
of storage management, the methods of picking or
modifications of goods according to the order, and the
influence of automated systems are among them. Bučková
et al. [6] discusses the influence of new technologies.
Virtual factory as 3D modeling, automated static capacity
calculations, computer simulation, and automated data
collection are some of the technologies mentioned as solvers
to main current trends in designing warehouses.

The International Journal of Advanced Manufacturing Technology (2020) 106:533–558

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-04588-z&domain=pdf
mailto: larissa.rc.ifg@gmail.com
mailto: drrmachado@gmail.com


Wang et al. [7] investigated the potential applicability and
configuration of a future generation automated warehouse
concept. The authors described a physical structure and
operational mechanism of a reconfigurable automated
system consisting of simple modules with an application
of the RFID-based control and management system. The
new design proposed was more compact and significantly
reduced the number of operators.

Mancio and Sellitto [8] presented a conceptual review
about flexible manufacturing systems (FMS), which is a
manufacturing system that can process various types of
parts simultaneously on the various workstations with some
flexibility that allows the system to react to anticipated
or unforeseen changes. Warehouse and distribution centers
are critical components of supply chains and are directly
affected by changes in the processing of materials because
they store too many different items. The main activities of
a flexible warehouse are receipt of product and customer
orders, storage, shipment, and order picking, which are
different from the FMS [9].

Automated warehouses are evolving into more intelligent
storage systems without the need of installing fixed
structures that complicate and reduce the scalability and
flexibility to future changes. The current trend is to make
them as flexible as possible [10]. Although the importance
of automation systems is notable, challenges as flexibility
against market fluctuation and the management risk owning
to high investment costs need to be discussed and solved.
Few studies have been conducted to optimize the equipment
configuration of automation systems enhancing flexibility
[5].

Based on the need to automate warehouse process
and the bottlenecks about the lack of flexibility, it is
necessary to research the concept of flexible automation
applied to warehouses to help upcoming research focus on
future directions. Hence, the research gap of this study is
the insufficient information about flexibility in automated
warehouses that limits the construction of a framework of a
flexible automated warehouse.

The purpose of this research is to perform a comprehen-
sive literature review of flexible automation in warehouses
in order to construct a framework that could help to develop
and design a flexible automated warehouse. The proposed
framework aims to help future researches and specialists to
create a conceptual model that regards flexibility in ware-
houses, especially in material handling activities. Therefore,
a bibliometric analysis, categorizing and examining 113
papers published between 2008 and 2018 was conducted.

This research is organized as follows. Section 2 provides
an overview of the evolution of automation. Section 3
classifies order picking systems due to its importance in
warehouses. Section 4 presents the methodology used to
collect and analyze papers for the review. Section 5 provides

an analysis of the reviewed papers. Section 6 presents the
proposed flexible automated warehouse framework, and
Section 7 provides a conclusion about the study.

2 Evolution of automation

The term automation is originated from the word automatic,
and it was first widely used by D.S. Harder in 1946 to
describe the production policies applied [2]. Groover [11]
defines automation as the technology by which a process
or procedure is performed without human assistance, and
it integrates power, a program of instructions and a control
system to carry out the instructions. A set of programmed
instructions transforms a manual process in an automatic
process, which will not depend on human interference to
happen anymore. Automation in manufacturing systems
can be classified into three basic types: fixed automation,
programmable automation, and flexible automation.

Fixed automation, also known as hard automation, has
little or no flexibility to accommodate product variety.
This lack of flexibility occurs because the program of
instructions is configured according to the equipment design
and configuration. Due to this, the procedures are fixed
and hard to change. This type of automation is used in the
extensive production of the same product [11, 12].

In programmable automation or soft automation, the
equipment is designed with the capability to change the
program of instructions to allow production of different
parts or products. This adaptable feature results in lower
production rates and more flexibility, when compared
to fixed automation. Although programmable automation
offers more flexibility allowing to produce a variety of
goods, the required time spent to change the equipment
configuration, known as setup time, affects production. In
order to end the setup time, flexible automation was created
[11].

Flexible automation allows any required change in the
program of instructions enabling continuous production of
different parts or product styles [13]. Flexibility is a term
used to describe the ability of a system to respond cost-
effectively to changes in volume requirements, product-mix
requirements, machine status, and processing capabilities.
Investing in flexible automation allows to strategically have
more product variety and shorter product life cycles.

Flexible automation has emerged as a dominant trend.
The development of flexible manufacturing systems (FMS)
and solutions based on flexibility ideas (flexible assembly
systems, flexible selection, picking systems, automated
warehouses, and modern material handling) began in the
eighties of the last century [14].

Automation is implemented using various hardware
devices that interact with the operation to do a specific task.
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In automation, sensors are required to measure the process
variables, actuators are used to drive the process parameters,
and various additional devices are needed to interface the
sensors and actuators with the process controller, which is
usually a digital computer [11]. Reduction or elimination of
routine manual and clerical tasks, improvements in worker
safety and product quality, reduction in lead time, and the
accomplishment of processes that cannot be done manually
are some of the reasons that justify the need for automation
[15].

Nowadays, the fourth industrial revolution, also known
as Industry 4.0, introduced some emerging technologies
that have been integrated into automation systems in order
to control the whole system in real time and to allow
rapid adaptability according to the dynamic market changes.
Internet of Things (IoT), cyber-physical systems (CPS), big
data, artificial intelligence (AI), and cloud computing are
some of the emerging technologies introduced by Industry
4.0 [16]. These technologies represent a powerful tool
to increase productivity and have received considerable
attention recently [17].

The enabling technologies that have been mostly applied
in warehouses and flexible systems are mainly IoT and
CPS. The IoT means all objects in a factory (such as
automated equipment, products, and human operators) are
connected to the internet and share information. When
all objects are online, entirely new possibilities emerge
for developing intelligence and adaptability. Cyber-physical
systems feature a combination of computational and
physical elements. CPS enables autonomous and flexible
automation systems in several fields, such as automotive
systems, distributed robotics, and fabrication systems [18].

3 Classification of order picking systems
in warehouses

According to [19], (i) warehouse is a storage place for
products and its main activities include receipt of product,
storage, shipment, and order picking; (ii) distribution
warehouse (DW) is a warehouse that stores finished goods
and from which customer orders are assembled; and (iii)
distribution center (DC) is a warehouse facility which holds
inventory from manufacturing pending distribution to the
appropriate stores. As this article focuses on order picking
and material handling activities from inventory, the term
warehouse will be used throughout the paper.

An order picking system (OPS) is the process which
retrieves products from storage according to a specific
customer request. According to [1], OPS is considered
the most labor-intensive operation in warehouses with
manual systems, and a very capital-intensive operation in

warehouses with automated systems. OPS’s activities affect
distribution centers directly and thereby the supply chain’s
performance. For these reasons, to improve productivity,
OPS’s activities are considered the highest-priority area.

Various technologies can be used in picking systems.
Therefore, the right order picking system is challenging
to decide and choose. Even though warehouse design is a
critical activity in logistics systems modeling, OPS design
has not been frequently studied in the literature [20]. Most
of the researches focus on a specific OPS or a given
design issue, while overall design procedures and global
optimization models for order picking are still lacking [21].

Dallari et al. [22] developed a methodology to support
warehouse designers in choosing the most suitable OPS and
proposed a classification in five main classes, which are
picker-to-parts, pick-to-box, pick-and-sort, parts-to-picker,
and automated picking. Automation level increases, ranging
from picker-to-parts system to completely automated
picking, as shown in Fig. 1. The research analyzed
warehouses that were built in Italy between 2002 and 2006
to identify the main drivers affecting the choice of OPS.

In a picker-to-parts system, pickers walk along the aisles
to pick items according to the customer order. A pick-to-
box system divides the picking area into zones, each of
them assigned to one or more pickers. All the picking zones
are connected by a conveyor on which boxes filled up with
picked items are placed, each of them corresponding to
customer order.

In a pick-and-sort system, operators in the picking area
retrieve the amount of every single item resulting from
the batching of multiple orders and put it on a takeaway
conveyor connecting the forward area with the sorting area.
A computerized system then determines the destination bay
for each item; each destination bay refers to individual
customer order. Consequently, within these OPS, the batch
size is consistently high.

In a parts-to-picker system, an automatic device brings
unit loads from the storage area to the picking stations (also
called picking bays), where the pickers select the required
amount of each item. Potential equipment types for storage
area are carousels, modular vertical lift modules, mini-
loads, and AS/RS. This picking system reduces cost, labor
hours, and space.

Dallari et al. [22] have not discussed a fully automated
order picking system. Therefore, fully automated warehouse
systems are now coming into use in which cranes or forklift
trucks are controlled directly from the database, and radar
or inertial sensing systems accurately monitor the position
of the machine [23]. Automation level tends to increase in
warehouses to satisfy market conditions. Consequently, a
literature review is necessary to clarify future directions and
a conceptual model for a flexible automated warehouse.
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Fig. 1 Classification of order
picking systems by [22]

4 Researchmethodology

The logistics market has been impacted by the increase of e-
commerce, mass customization, omni-channel distribution,
and just-in-time philosophy. In order to attend this dynamic
change, automation has been applied in warehouses,
although some researches point out the lack of flexibility
as a bottleneck. Hence, a comprehensive literature review
was selected as the research method for this study because
it suits our main objective, which is to draw a framework of
the past and to shed light on future directions. Moreover, the
literature review is a valuable methodology for developing
propositions and discussing future research implications.
According to [24], literature review has been already widely
used to consolidate emerging topics in other areas.

The research methodology used in this paper is based
on [25], which is consisted of four steps: material
collection, descriptive analysis, category selection, and
material evaluation.

4.1 Material collection

For material collection, the keywords selected were flexible
automation, warehouse, distribution center, and picking. The

search procedure was managed in the Web of Science (WOS)
database, Scopus database, and IEEE Xplore digital library.

The research was performed using the logical operator
(AND) to look for articles or proceedings papers related to
the selected keywords. Searching for results that are related
to the four selected keywords, all selected databases replied
that there were no search results with the fields filled out.
Therefore, the keywords were divided into three groups
for the bibliographic survey of the themes, which were (i)
flexible automation and warehouse, (ii) flexible automation
and distribution center, and (iii) flexible automation and
picking.

Figure 2 shows the results from three groups of keywords
in WOS, Scopus, and IEEE Xplore. Moreover, Fig. 2
presents the number of papers retrieved from the last
ten years, between January 2008 and December 2018.
Although the same keywords were used in all databases,
the number of papers related to the combined keywords
changed. IEEE Xplore presented the most significant
amount of papers published related to the combined
keywords. However, it was the database that presented
most technical engineering solutions focusing on a specific
experimental problem, because most of the published papers
were from conferences.

Fig. 2 Bibliographic survey in Web of Science (WOS) database, Scopus database, and IEEE Xplore digital library
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All papers selected were cross-checked with results of
the same keywords in the three databases searched to ensure
the reliability of the process of finding and selecting papers.
Before analyzing the papers, all repeated and irrelevant
articles based on abstract analysis were excluded. Most
of the irrelevant papers excluded were related to data
warehouse, energy generation for automated systems or did
not add to the selected theme. Finally, 113 papers published
between January 2008 and December 2018 were reviewed
and classified in the literature.

4.2 Descriptive analysis

A historical analysis of publications is shown in Fig. 3. This
study attempts to analyze 113 scientific papers published
between January 2008 and December 2018.

According to Fig. 3, 44 papers were published from 2008
to 2013, corresponding to an average of 7.33 publications
per year. Therefore, 69 papers were published from 2014
to 2018, corresponding to 13.8 publications per year. As a
result, this field of study increased to more than 88% in the
recent 5 years. The result confirms a significant increase
of researches concerning flexible automation applied in
warehouses, distribution centers, and picking systems.

Reviewed papers consisted of 46 articles published
in journals, 65 proceeding papers from conferences and
symposiums, and 2 book sections and are shown in Table 1.

Authors who have a higher number of publications from
January 2008 to December 2018 are shown in Table 2.
From the papers that were reviewed, none of the authors
has more than two publications, and some of them write
together.

Considering the 46 articles analyzed, Table 3 shows
the journals with more publications on the object of
study. The maximum number of publications is four
articles. From reviewed papers, journals with more than
one publication are IEEE Access, International Journal of
Advanced Manufacturing Technology, International Journal
of Production Research, and Journal of Manufacturing
Systems.

Table 1 References used in review according to type

Document type Reference

46 articles [3, 6, 8, 9, 17, 23, 26–65]

65 conferences [4, 10, 14, 16, 18, 66–124]

2 books [15, 125]

Most recent publications are from IEEE Access and
International Journal of Advanced Manufacturing Technol-
ogy in 2018. Both journals have robots and control systems
as a subject option for submission. The significance of the
subjects adopted by these journals indicates the relevance
of robots and control systems to enhance the flexibility of
automated warehouses.

The 65 proceeding papers from conferences and sym-
posiums were analyzed. Table 4 shows the most relevant
events with a higher number of publications for the field
of study. Most recent publications are from a Chinese
Automation Congress in 2017, with the theme “Intelligent
Automation Changes the World.”

4.3 Category selection

The main contribution of this article is to build a frame-
work that should help upcoming research and specialists
in warehouses to construct and design a flexible automated
warehouse that overcomes issues mentioned before, as the
increase of e-commerce, just-in-time philosophy and prod-
ucts customization. Hence, analyzing the main activities
performed in a conventional warehouse is essential to point
out constructs and technologies that will characterize this
flexible automated warehouse. According to [21], the main
activities performed in warehouses currently are shown in
Fig. 4, including (i) receiving, (ii) transfer and put away,
(iii) order picking/selection, (iv) accumulation/sortation, (v)
cross-docking, and (vi) shipping.

The receiving activity includes unloading products from
the transport carrier and updating inventory data. Transfer

Fig. 3 Distribution of
publications per year across the
period of the study: 44 papers
were published from 2008 to
2013 and 69 papers were
published from 2014 to 2018
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Table 2 Distribution of publications based on authors that have higher number of publications from reviewed papers

Author Number of publication Paper published

Accorsi, Riccardo Manzini, Riccardo
Moris, Matias UrendaOgun, P.S.

2 A decision-support system for the design and management of
warehousing systems (2014)

Performance assessment in order picking systems: a visual double
cross-analysis (2018)

Basile, Francesco Chiacchio, Pasquale 2 A control-oriented model for manual-pick warehouses (2012)

Automated warehouse systems: a cyber-physical system perspec-
tive (2015)

Bi, Z.M. 2 Development of reconfigurable machines (2008)

Automated warehouse systems: a cyber-physical system perspec-
tive (2015)

Faccio, Maurizio Franke, Joerg 2 Convenience analysis and validation of a fully flexible assembly
system (2011)

Macro and micro-logistics aspects in defining the parts-feeding
policy in m (2018)

Granlund, Anna Lang, S.Y.T. Wiktorsson,
Magnus

2 Automation in internal logistics: Strategic and operational chal-
lenges (2014)

Automation and flexibility: An apparent or real dilemma? (2017)

Sam, Rosidah 2 Design and development of flexible robotic gripper for handling
food products (2008)

Performance assessment in order picking systems: a visual double
cross-analysis (2018)

Syberfeldt, Anna 2 Localizing operators in the smart factory: A review of existing
techniques and systems (2016)

Integrating simulation-based optimization, lean, and the concepts
of Industry 4.0 (2017)

Tavares, Pedro 2 Flexible Pick and Place Architecture using ROS Framework (2015)

Adaptive pick and place approach using ROS framework (2015)

Xiao-Long, Wang 2 Research on visual navigation algorithm of AGV used in the small
agile warehouse (2017)

A robot navigation method based on RFID and QR code in the
warehouse (2017)

Zoitl, Alois 2 Open source initiatives as basis for the establishment of new
technologies in industrial automation: 4DIAC a case study (2010)

Implementation of an Event-based Low-Level Control for Mobile
Robots(2012)

and putting away involves the transfer of incoming products
to storage locations. Order picking is the most critical
activity because it involves the process of obtaining products
for a set of customer orders.

The accumulation/sortation of picked orders into indi-
vidual orders is a necessary activity if the orders have
been picked in batches. After picking, orders often must be
packed and stacked on the right unit. Cross-docking is per-
formed when the received products are transferred directly
to the shipping docks. Due to market trends, some cur-
rent activities tend to be replaced or weakened in updating
structures of warehouses, such as the supplying process in
batches.

The primary activity performed in a warehouse is
material handling, which is focused on the input and
output of stored goods usually packed in pallets [10]. In
order to complete all the warehouse’s activities mentioned,
warehouse inventory needs to be updated continuously.
Therefore, it is necessary to collect data from inventory
and also software to manage demand from receiving
and shipping activities. Besides, automated equipment can
speed up all processes. Therefore, based on the warehouse’s
activities listed, three constructs were selected and analyzed
in the papers. The constructs are (i) automated equipment,
(ii) data collection technologies, and (iii) management
solutions. The reviewed articles were categorized according
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Table 3 Distribution of publications based on journals that have higher number of publications from reviewed papers

Journal Number of publication Paper

IEEE Access 2 Collision-Free Route Planning for Multiple AGVs in an Automated
Warehouse Based on Collision Classification (2018)

The Digital Shadow of production - A concept for the effective and
efficient information supply in dynamic industrial (2018)

International Journal of Advanced Manu-
facturing Technology

5 Development of reconfigurable machines (2008)

An innovative automated storage and retrieval system for B2C
e-commerce logistics (2010)

Mixed-model sequencing optimization for an automated single-
station fully flexible assembly system (F-FAS) (2014)

Performance assessment in order picking systems: a visual double
cross-analysis (2018)

Robotic assembly of threaded fasteners in a non-structured
environment (2018)

International Journal of Produc-
tion Research

2 Reconfigurable manufacturing systems: The state of the art (2008)

Effects of flexibility and scheduling decisions on the performance
of an FMS: Simulation modeling and analysis (2010)

Journal of Manufacturing Systems 2 A clonal selection algorithm for dynamic facility layout problems
(2009)

RFID-wireless sensor networks integration: Decision models and
optimization of logistics systems operations (2015)

to these constructs in order to build a framework that should
give future directions in flexible automation in warehouses.

A detailed reading was done, and articles were cate-
gorized according to the constructs proposed. After, sub-
groups were created for each category emphasizing in the
technology related to the paper. Hence, a framework would
be created relating to the construct and technologies associ-
ated with the constructs.

4.4 Material evaluation

Validity’s rigor is achieved by cross-checking data from
three different databases to ensure the enrichment of the
study. Moreover, the problem solved, and technology ana-
lyzed/proposed/implemented will be analyzed in reviewed
papers in order to identify possible technologies that can
help in the construction of a flexible warehouse framework.

5 Detailed analyses of the literature

The selected papers of the literature review are discussed
and analyzed in this section to construct the state-of-the-art
concerning flexible automation applied in warehouses and
distribution centers. The results can clarify the current gaps
and future directions for research. The sections below are
divided according to the construct and elements analyzed in
reviewed articles based on the proposed framework.

The subsections were structured according to the tech-
nologies analyzed in the reviewed articles: (i) automated
equipment, (ii) data collection technologies, and (iii) man-
agement solutions.

5.1 Automated equipment

After analyzing publications related to the construct
automated equipment, subgroups were created according to
the technologies discussed in the papers. The subgroups
defined for this category are automated storage, robotics,
and transportation systems as shown in Table 5.

Robotics represents the technology most discussed in
the 42 papers related to the category automated equipment.
Robotics corresponded to more than 85% of the papers
read from automated equipment category. The significant
number of researches concerning robotics is related to the
applicability of this automated technology in other areas,
such as manufacturing systems.

The main problems that were discussed among the papers
consisted of (i) the need of flexible grippers to handle
products of different shape, size, and weight; (ii) the need
of flexible robots that can be rapidly reprogrammed to new
tasks due to the rising mass customization and the rapid
growth of e-commerce and; (iii) the lack of human-robot
collaboration occasioned by unsafe robots issues. All these
discussed problems and proposed/analyzed technologies
as solutions collaborate to evolve research of warehouses
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Table 4 Distribution of publications based on proceeding papers that have higher number of publications from reviewed papers

Proceeding Number of publication Paper

Chinese Automation Congress
(CAC)

3 A robot navigation method based on RFID and QR code in the warehouse (2017)

Research on visual navigation algorithm of AGV used in the small agile warehouse
(2017)

Path planning of the omni-directional mobile vehicle in
warehouse environment (2017)

Conference on Automation Sci-
ence and Engineering (CASE)

3 Flexible R&D Integration Platform of Process Informatics for Automated Medical
Applications and Mobile Data Acquisition (2008)

Flexible Automation for automotive body assembly (2008)

Applications and requirements of industrial robots in meat processing (2013)

Conference on Emerging Tech-
nologies & Factory Automation
(ETFA)

7 Object Selection using a Spatial Language for Flexible Assembly (2009)

Model-Checking based Verification Approach for Advanced Industrial Automation
Solutions (2010)

Convenience analysis and validation of a fully flexible assembly system (2011)

Multiagent-based approach for the automation and quality assurance of the small
series production (2011)

An open automation architecture for flexible manufacturing (2013)

Automated warehouse systems: a cyber-physical system
perspective (2015)

A service-oriented domain specific language programming approach for batch
processes (2016)

Conference on Ubiquitous
Robots and Ambient Intelligence
(URAI)

2 Design and Control of 2 Degree-of-freedom Air Jet Array for Manipulating Flat
Objects (2012)

Multiple Concurrent Operations and Flexible Robotic Picking for Manufacturing
Process Environments (2017)

Electric Drives Production Con-
ference (EDPC)

2 Flexible Automation for the production of contactless power transfer systems for
electric vehicles (2013)

Innovative developments for automated assembly and fixation of integrated
permanent magnets in rotors of synchronous machines (2015)

International Conference on
Autonomous Robot Systems
and Competitions (ICARSC)

2 A Flexible Robotic Framework for Autonomous Manufacturing Processes: Report
from the European Robotics Challenge Stage 1 (2016)

Development of a prototype robot for transportation within industrial environments
(2017)

International Conference on
Industrial Informatics (INDIN)

2 Counterexample-Guided Simulation Framework for Formal Verification of Flexible
Automation Systems (2015)

A novel approach for Flexible Automation production systems (2017)

International Conference on
Intelligent Robots and Systems
(IROS)

3 Shop floor based programming of assembly assistants for industrial pick-and-place
applications (2012)

Intuitive skill-level programming of industrial handling tasks on a mobile
manipulator (2014)

Real-time robust finger gaits planning under object shape and dynamics
uncertainties (2017)

International Symposium on
Flexible Automation (ISFA)

2 Development of automatic parcel delivery system using image processing
techniques (2016)

Localizing operators in the smart factory: A review of existing techniques and
systems (2016)

Winter Simulation Conference
(WSC)

2 A new approach on CPS-based scheduling and WIP control in process industries
(2012)

Integrating simulation-based optimization, lean, and the concepts of industry (2017)
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Fig. 4 Typical warehouse
activities adapted from [126]

regarding e-commerce, mass customization, omni-channel,
and just-in-time philosophy trends.

Automated storage and transportation systems represent
together only 15% of the technology discussed in the
automated equipment category. However, some authors
pointed out AGV is the ideal technology to use in a
warehouse due to its flexibility.

The subgroups defined according to the papers that
were read (automated storage, robotics, and transportation
systems) are discussed in subsections below. A brief
overview of the technology was conducted. Besides that, a
summary of technologies analyzed/discussed is presented in
each subsection.

5.1.1 Automated storage

Automated storage and retrieval system (AS/RS) represent
a part-to-picker OPS. AS/AR is defined as a system
that performs storage and retrieval operations with speed
and accuracy based on automated equipment [127] and
[128]. This system can sort, sequence, buffer, and store
a wide range of items with high accuracy and efficiency
[17]. AS/RS reduces labor requirements and avoid capital
expansion by exploiting unused vertical space, which will

guarantee greater long-term productivity. Shivanand et al.
[129] describe three classes of AS/RS, including (i) unit
load AS/RS, (ii) mini load AS/RS, and (iii) carousel AS/RS.
Weight and size handling characteristics categorize classes.

A conventional AS/RS consists of storage racks erected
along aisles with unique or regular cell conveyors,
input/output (I/O) stations for receiving and sending items,
and storage/retrieval (S/R) machines for providing transport
between I/O stations and storage cells. Manzini et al. [128]
identified the most critical factors affecting the response
of an AS/RS system and presented a dynamic multi-
factorial analysis, capable of supporting the management of
AS/RS operating in flexible conditions. The study identified
and measured the combined and not combined effects
of different system parametrizations on the performance
of a unit load and less than a unit load part-to-picker
OPS. Although, the author concluded OPS design on the
management of supply chain activities is not sufficiently
discussed in the literature.

In a conventional AS/RS, a stacker crane is installed in
the picking aisle for reaching and accessing the storage
cells. The stacker crane can travel simultaneously in the
vertical and horizontal direction to store and retrieve
products. After, retrieval products are placed on a roller

Table 5 Summary of the
technology used in articles
related to automated equipment
category

Construct Element/technology

Automated equipment Automated storage: AS/RS, AS/RR mini-loads, carousels, and vertical lifts

Robotics: palletizing, picking, or packing solutions

Transportation system: conveyor system and automatic guided vehicles (AGV)
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conveyor and sorted by order. Conventional AS/RS only
handles unit loads of products. It is suitable when the variety
of loads stored in the system is low and the throughput
requirement is high [32].

As mentioned before, the rapid growth of e-commerce
has led to large numbers of small orders composing a
great diversity of categories and irregular items. However,
a full pallet is often too large, costly, and inefficient
for handling small and diversified orders. In order to
solve this problem, a study conducted by [32] proposed
a new AS/RS with the ability to cross aisles and engage
in three-dimensional movement. The three-dimensional
movement provides more accurate travel time calculation
than alternatives. Hence, the study contributed to the design
of a more flexible AS/RS system.

Wang et al. [35] concluded implementations of RFID
technology applied to the automation of storage and
retrieval systems in a warehouse create a better visualization
and traceability of inventory, and it has also demonstrated
a significant improvement in warehouse data handling effi-
ciency and space utilization. The study compared an AS/RS
system with RFID-enabled automated storage and retrieval
racks (AS/RR) system and concluded AS/RR system can
significantly improve the efficiency of storage, retrieval, and
replenishment operations and increase warehouse flexibility
and capability. An AS/RR system consists of the imple-
mentation of an RFID-enabled warehousing system where
each item can be stacked onto storage racks (S/R) at a ran-
dom location wherever a place is available for incoming
goods. Thus, an item can also be distributed from an S/R at
a random location throughout the warehousing system.

Considering the formerly discussed technologies related
to automation in warehouses, AS/RR system is the most
modern technology to promote the integration of supplying
and retrieving activities. Moreover, this technology can
reduce picking time because it removes the need to have an
operator to move products along the aisles.

5.1.2 Robotics

Thirty-six reviewed papers discussed the use of robots to
increase the performance of a warehouse by palletizing,
picking, and packing solutions or as human collaborators.
Problems discussed among the papers are (i) the need of
flexible grippers to handle products of different shape,
size, and weight; (ii) the need of flexible robots that can
be rapidly reprogrammed to new tasks; and (iii) the lack
of human-robot collaboration occasioned by unsafe robots
issues.

Robots are used to perform repeatable processes with
little variation by constant precision and high speed.
Therefore, customized products are a challenge [46]. In
projects implementing flexible automation in warehouses,

robots can be used mainly for packing, picking, and
palletizing solutions. They are also known as robot
manipulators [42]. A primary robot system is composed of
the mechanical structure, actuators, control computer, and
sensors [129].

A flexible robot should include (i) the ability to be rapidly
re-tasked without the need to be shut down for an extended
period of time when a new operation needs to be performed;
(ii) the ability to recover from errors, so that when a part is
dropped, the robot can assess the situation and determine the
best way to proceed to accomplish a goal; and (iii) the ability
to quickly swap in and out from different manufacturers, so
that a company is not tied to a single robot brand [46].

The rapid growth of e-commerce increases the need for
more massive warehouses and their automation. Therefore,
using robots as assistants to human workers becomes a
priority. Fully automated warehouses use removable racks
that can be lifted by small and autonomous robots. By
bringing the product to the worker, productivity is increased
by a factor of two or more, while simultaneously improving
accountability and flexibility [4].

In cases where a supervisory system controls the robot,
there is a need to be able to estimate worker’s intentions
correctly and control the robots accordingly, so that the
warehouse operations efficiency is ensured, and safety
is guaranteed. Petković et al. [4] presented an algorithm
for human intention recognition in flexible robotized
warehouses and demonstrated the proposed algorithm
predicts human warehouse worker’s desires in an intuitive
manner simulation. During this research, the warehouse
worker is placed in a simulated 2D warehouse environment
with a task. The task can be actions related to the job
functions of a warehouse worker, as items that need to
be picked. The worker’s actions, moving and turning, are
observed and validated using a Markov decision process
framework.

To achieve automated packaging, the solution must be
able to provide reliable detection and pose estimation for
the targeted parts during the packaging process. Also, the
automated robotic picking function of randomized parts
stored in bins must be operated.

Kang and Kim [106] developed a robotic vision system
for random bin picking using dual-arm robots that consists
of a vision, robot, and control system. To perform
concurrent picking operations in multiple bins, the proposed
system detects target objects to be picked in each bin
from the input image based on stereo vision and calculates
the position and orientation of the candidate objects. The
system analyses whether the concurrent picking operation
is possible by comparing the position and orientation of
the picking candidates selected from each bin. According
to the documented result, it changes the target candidates
or transmits them to the robot control system to perform
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the picking operation. The picking positions of the target
objects are transformed into robot coordinates.

In order to solve the challenging issue for automated
grasping of random and vulnerable objects, [63] developed
an innovative, compliant finger for a robotic grasping
application using a proposed topology optimization method.
The gripper module consists of one actuator and two
identical compliant fingers prototyped by 3D printing,
which uses a flexible filament, and it can be installed on
general industrial robot arms (such as a six-axis robot or
SCARA robot) to perform grasping tasks. The experimental
results showed the developed compliant finger could be
used to pick and place a variety of objects with size
and shape variations (such as fruits, glass products, and
balloons). Also, it can be utilized to handle vulnerable
objects without causing damage.

One of the advantages of using a robot in flexible
systems is that the portability, re-usability, adaptability, and
interoperability of an open robot platform encourage other
researchers to use and evolve available implementations
instead of developing their implementation for each robot.

Table 6 presents a historical overview of the most
important and relevant papers found in reviewed papers that
proposed or analyzed robot solutions that could help to
develop a more flexible warehouse. For the construction of
Table 6, 36 papers concerning the development of robots
for use in warehouses were initially analyzed. Only the
works that enhance flexibility in the robots were brought
to Table 6. The criterion used to classify the papers was
based on the relevance of the research for the knowledge
that existed at that moment.

5.1.3 Transportation systems

The demand for flexible automation has significantly
increased the use of automated guided vehicles (AGVs) in
automated warehouses [10]. AGVs are vehicles equipped
with automatic guidance systems that are capable of
following prescribed paths. Differentiating from traditional
robots, AGVs are not manipulators. They are driver-less
vehicles that are programmed to follow a guided path. In an
automated warehouse, AGVs move pallets and containers
[129]. An AGV is an automated technology of parts-to-
picker OPS system [128].

Problems discussed in papers that developed a transporta-
tion system are (i) smaller order deliveries in a warehouse,
(ii) challenging to meet new demands of logistics ware-
houses, and (iii) the necessity to detect and transfer pallets.
All of these problems are related to the factors mentioned
before like e-commerce, and mass customization in man-
ufacturing that are forcing warehouses to deliver smaller
orders and increasing both flexibility and service quality
while restraining operating costs [3].

In order to deliver smaller orders, Kobat et al. [86]
developed a low-cost automatic parcel delivery system
composed of a table unit and a transport robot. The work
of the table unit pushes out a parcel to the transport robot,
and the transport robot moves the parcel to the truck. The
table unit obtains external information through a camera.
However, the authors did not describe the system of the
robot transfer.

In 2016, Lopez et al. [10] presented a hybrid
approach that allows using the forklift truck with cognitive
capabilities that can be operated manually or autonomously.
The proposed solution includes a vision system installed
onboard the AGV to detect the pallets in the working
environment. This approach reduces the number of sensors
installed in the warehouse facilities, increases flexibility,
and reduces both the installation costs and the deployment
time.

Chun-Fu et al. [115] proposed a mechanical and control
system architecture of visual navigation for AGV in a small
agile warehouse, which simulated the logistics warehouse envi-
ronment, and tested the navigation performance of the
designed AGV to attend to the new demands of logistics
warehouse. Experimental results showed the navigation is
flexible, high precision, stable operation, and visual naviga-
tion for AGV can satisfy the demand for flexible storage.

Pallet detection and handling become a necessity to
achieve automation to attend to new demands. Due to this,
a detection system, based on a 2D pattern recognition,
was presented to detect, identify, and track pallets in the
working environment of autonomous mobile forklift trucks.
The detection method is an automation solution designed
to retrofit manually operated forklift trucks, adding a new
autonomous working mode, obtaining a highly flexible
pallet handling system that could be applied in shared
spaces with humans. This system is composed of cameras
to reduce the number of sensors installed in the warehouse
facilities, increasing the flexibility and reducing installation
costs and deployment time [3].

The main advantages of using an AGV in a flexible
warehouse system are (i) flexibility: AGVs can be quickly
reprogrammed to change their tasks or the path of operation,
eliminating the need for expensive physical equipment
installation and enabling changes to respond to demand
variations; (ii) efficiency: AGVs can be added as required by
the growth of the operation as demand increases, allowing a
gradual implementation depending on the workload. These
systems can be easily integrated with robotic cells and other
storage machinery. Also, AGVs can get access to transport
goods automatically without human labor; (iii) precision:
as technology improves, a more precise space localization
is available obtaining good stock management precision.
Time precision can also be obtained due to the optimization
systems, allowing a just-in-time delivery; (iv) economic: an

Int J Adv Manuf Technol (2020) 106:533–558 543



Table 6 A historical overview of the most important publications related to robots in papers categorized by automated equipment

Year Title/author Technology proposed/discussed

2008 Design and development of flexible robotic gripper for
handling food products. / [84]

This research designed and developed a flexible robot gripper
for handling food products that are flexible and vary in shape,
texture, color, and sizes.

2009 Towards automated robotic nano-manipulation systems. / [121] This work described critical components that need to
be implemented when designing automated nano-robotic
systems. These systems can be used for micro and nano-
handling operations.

2009 Flexible Handling Robot System for Cloth. / [91] The paper classified tasks to handle clothes and analyzed
requirements for the vision systems. Then, the authors
introduced an innovative robot system to handle clothes.

2011 A flexible robotic gripper for automation of assembly
tasks: A technology study on a gripper for operation in
shared human environments. / [70]

This work presented a gripper concept for performing manual
tasks in human shared environments. The gripper provides
a flexible solution enabling an economically viable fully
automated alternative to manual assembly.

2012 Give me a hand - The potential of mobile assistive robots
in automotive logistics and assembly applications. / [96]

This work analyzed the potential use of mobile manipulators
as assistive co-workers in car manufacturing motivated by the
rising mass customization and the high demand for flexibility
in car assembly.

2012 A Bernoulli principle based flexible handling device for
automation of food manufacturing processes. / [67]

This work proposed and discussed a flexible, multi-functional
gripper for handling variable size, shape, and weight of
unpacked food products.

2012 Design and Control of 2 Degree-of-freedom Air Jet Array
for Manipulating Flat Objects. / [83]

This work introduced an air-jet table that can manipulate a flat
object by changing the directions of air injection using vision
feedback as an alternative to handle fragile or flexible objects.

2013 The compact FlowBot: a robotic pick and place motion
system. / [60]

This work presented a robotic pick-and-place motion design,
entitled the Compact FlowBot. Many established companies
have lauded its merits. Although, the system needs to move
into a prototype and full development mode.

2014 Design and Fabrication of Flexible Three Link Manipula-
tor for Pick and Place Application. / [40]

This work designed and developed a pick-and-place robot
which increases safety of human-robot interaction. This
robot can be used in harmful environments. Although, more
experimental investigations are required in order to validate
the theoretical modeling.

2014 Intuitive skill-level programming of industrial handling
tasks on a mobile manipulator. / [101]

This work proposed an intuitive programming of an mobile
industrial robot by combining robot skills, a graphical user
interface, and human gesture recognition.

2014 A Structured Light Scanner for Hyper Flexible Industrial
Automation. / [75]

This work presented a light system. The authors demonstrated
this system is a viable and versatile 3D sensor solution for
hyper flexible industrial automation.

2015 Flexible Pick and Place Architecture using ROS Frame-
work. / [76]

This work presented a robot with enough flexibility to be
applicable in different scenarios of object recognition and
handling. This approach can be applied to pick-and-place
routines in robotics.

2016 Flexible robot platform for sample preparation automation
with a user-friendly interface. / [93]

This work presented an industrial dual-arm robot platform
used to transfer sample preparation processes from the manual
to automated ones. The robot is flexible to handle various tools.

2017 Multiple Concurrent Operations and Flexible Robotic
Picking for Manufacturing Process Environments. / [106]

This work presented a picking system for multiple concur-
rent tasks in small parts manufacturing sites. The flexible
robotic picking system proposed detects target objects and
analyses whether they are available for a concurrent picking
operation using dual-arm or multiple arm manipulators.

2017 Real-time robust finger gaits planning under object shape
and dynamics uncertainties. / [113]

This work proposed a handler robot that consists of a finger
gaits planner and a robust manipulation controller. To achieve
real-time computation, the finger gaits planner is formulated
at the velocity level, instead of the position level.

2018 Safe Human-Robot-Interaction in Highly Flexible Ware-
houses using Augmented Reality and Heterogeneous Fleet
Management System. / [116]

This work proposed an efficient and safe system by using
an augmented reality device which offers a simple interface
between humans and robots.
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excellent price/quality ratio can be obtained decreasing the
running and maintenance costs. It also reduces labor costs;
and (v) safety: AGVs offer a safe and predictable method of
pallet management while avoiding interference with human
and building factors.

Automated warehouses are evolving into more intelligent
and flexible storage systems to respond to future changes.
For these reasons, some authors point out AGV is the ideal
technology to use in a warehouse due to its flexibility [10].
Although AGVs provide these benefits, they are in the ware-
house environment travel among multiple workstations by
following a set of predetermined routes. The management
becomes a challenging problem, especially when bidirec-
tional routes are used to gain efficiency and flexibility of the
warehouse [38]. Management techniques to deal with this
problem are showed in future topics of this research.

Table 7 presents a historical overview of the most
important and relevant papers found in reviewed papers
that proposed or analyzed transportation system solutions
that could help to develop a more flexible warehouse. The
table shows the paper published, year of publication, and
technology proposed/discussed.

5.2 Data collection technologies

Driven by market changes, a future warehouse should attend
the demand for a variety of small orders, high speed, and

low cost. China’s warehousing automation level is low, and
operators spend sixty to seventy percent of the time picking
goods [72]. Improving the efficiency of pickup and put up
goods from inventory has become one of the critical issues
in the current logistics industry. Therefore, it is essential to
know precisely where goods are stored and to collect and
retrieve them as fast as possible.

Problems discussed in data collections technologies’
category papers include the necessity to (i) reduce the time
from picking activities, (ii) control inventory on real time,
and (iii) estimate material positions integrating it with a
management system in real time to allow faster decision-
making.

After analyzing publications related to the construct
data collection technologies, two subgroups were created
according to the technologies discussed in the papers:
labeling technologies and picking technologies. Hence, the
subgroups defined for this category, labeling technologies
and picking technologies, are shown in Table 8 and
discussed in the subsections below. A brief overview of
the technologies was done. Besides that, a summary of the
technologies analyzed/discussed is presented below.

5.2.1 Labeling technologies

To manage a warehouse efficiently, it is essential to know
what and where each item is stored, or summing it up, to

Table 7 A historical overview of most important publications related to transportation systems in papers categorized by automated equipment

Year Title/author Technology proposed

2016 Development of automatic parcel delivery system using
image processing techniques. / [86]

The authors developed a low-cost automatic parcel
delivery system composed by a table unit and a transport
robot. However, the authors do not describe the system of
the robot transfer.

2016 Building a Warehouse Control System Using RIDE. / [10] The authors presented a hybrid approach that allows using
the forklift with cognitive capabilities that can be operated
manually or autonomously. The proposed solution includes
a vision system installed onboard the AGV to detect the
pallets in the working environment. This approach reduces
the number of sensors installed in the warehouse facilities,
increases the flexibility and reduces both the installation
costs and the deployment time.

2017 Pose estimation and object tracking using 2D images. / [3] This work presented a detection system to detect,
identify, and track pallets in the working environment
of autonomous mobile forklift trucks. The system is
composed of cameras to reduce the number of sensors
installed in the warehouse facilities, increasing flexibility
and reducing installation costs and deployment time.

2017 Research on visual navigation algorithm of AGV used in
the small agile warehouse. / [115]

This research proposed a mechanical and control sys-
tem architecture of visual navigation for AGV in a small
agile warehouse, simulated the logistics warehouse envi-
ronment, and tested the navigation performance of the
designed. Experimental results showed that navigation is
flexible, high precision, stable operation, and visual navi-
gation for AGV can satisfy the demand for flexible storage.
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Table 8 Summary of the
technology used in articles
related to data collection
technologies category

Construct Element/technology

Data collection technologies Labeling technologies: barcode scanners and RFID scanners

Picking technologies: pick-by-light, pick-by-voice, and put-to-light

control inventory. On manual control inventory, operators
need to read the labels of the different items, count them,
and record the information on a clipboard for later analysis.
This procedure requires time and collected data can be
wrong due to human error [57]. To solve this problem,
different types of labels such as barcodes, 2D data codes and
radio frequency identification (RFID) facilitate automatic
reading, and operatives can carry hand-held scanners around
the warehouse to speed up the task [23].

Barcode readers and RFID scanners can be placed at the
entrance and exit of the warehouse to keep the database
up to date with all goods arriving and departing, giving
a continual real-time inventory and theoretically removing
the need for regular stocktaking. A barcode is read by
measuring the relative widths of the bright and dark regions
of the reflected light. It can be scanned from right to left or
left to right and at an angle, and it may contain check digits
to detect and correct reading errors. However, items need to
be scanned individually and closely by barcode scanners or
sensors [7].

In contrast, RFID tags can store several thousand digits
and can be read in long-distance recognition using radio
frequencies via wireless communication networks. The tag
has a microchip to store the data and a tiny antenna to
communicate it. Detailed data labels can be attached to
or embedded in goods and read automatically, without
the manual process involved in scanning barcodes. An
RFID reader can read all nearby tags at the same time,
and it can read through the packaging material, which
gives advantages over optical coding when handling pallets
and crates of goods. In a warehouse, each item attached
with an RFID tag can be traced, sorted, inventoried,
routed, picked, and distributed from anywhere throughout
the system. Chetouane [34] provided an overview of
contributions of RFID technology and also described RFID-
based automation of a flexible conveyor system.

Kuo et al. [36] proposed the use of a lower cost RFID
to develop a solution to the problem of position estimation.
Once the picking cart position is known, the picking route
can be planned, in order to provide the shortest picking
distance. However, if the warehouse’s layout changes, then
it is necessary to recollect the data [36].

A solution for the transportation logistics of perishable
products across the manufacturing supply chain was
proposed in 2015 through a system that integrates RFID
capabilities and the wireless sensor network (WSN)

technology. This system serves as reliable decision-making
inputs when materials, products, and information are moved
across the supply and demand chains, and it reduces the
material’s transportation cost [57].

In order to facilitate the real-time data collection, RFID
has been proposed to capture manufacturing data, aiming at
real-time synchronization of the physical flow of materials
and associated information flow [56]. Optical and RFID
labels are used in picking goods to fulfill customers’ orders,
for checking goods in and out of the warehouse and keeping
an up-to-date inventory.

Acquiring inventory data in real time can speed up
the process from picking activities in a warehouse and
consequently help reducing logistics time. Due to this,
[33] proposed an intelligent control system for a digital
workshop production which includes the use of RFID
technology to acquire the manufacturing information in
real time produced by the bottom-level manufacturing
devices [33].

The use of RFID and WSN technologies which, when
integrated together, can provide the following advantages:
(i) increased transportation control by having adequate
information about the transportation conditions; (ii) reduced
costs related to late deliveries, such as out of stock costs,
lost sales costs, and penalties imposed by customers;
(iii) increased agility and responsiveness in the face of
disturbances related to the spoilage of materials and
products during transportation with the added benefit of
reduced orders fulfillment disruption; (iv) significantly
reduced delivery of unacceptable quality materials and
products to customers, which protects the organizations’
public image [57].

By combining any of these label-reading technologies
with appropriate software systems, a fully integrated
and sophisticated management system can be achieved
by incorporating inventory, remote customer order entry,
purchasing, and all other aspects of enterprise resource
planning. Zhong et al. [56] presented an RFID-enabled
real-time manufacturing execution system (RT-MES) which
RFID devices were deployed systematically on the shop
floor to track and trace manufacturing objects and collecting
real-time production data. Disturbances were identified and
controlled within RT-MES. The system contributed to plan
and schedule decisions more precisely, eliminate the manual
and paper-based data collection that is error-prone, tedious,
and time-consuming, and upgrade the shop floor data to a
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level that is real-time, complete, and accurate, making the
system more flexible enabling a real-time adaptive decision-
making. Besides this, the system leads to better performance
in quality, logistics, and production [56].

Moreover, data collection technologies can be used
in simulation software to make periodic simulations of
requirements for warehouse and to estimate capacity
utilization in logistics. Using such a simulation model,
managers can test multiple variations of corrective actions
and select the most suitable solution in terms of capacity and
economic indicators [6].

In order to solve issues from the current logistics
industry, a layout of a flexible automated warehouse
joining RFID and QR code information to provide robot-
positioning data was proposed by Xiao-Long et al. [72]. The
authors also analyzed logistics processes from the proposed
warehouse’s layout considering time and traffic conflict.

Table 9 presents a historical overview of the most
important and relevant papers that proposed or analyzed
labeling technologies that could help to develop a more
flexible warehouse. The table shows the paper published,
year of publication, and technology proposed or discussed.

5.2.2 Picking technologies

In order to efficiently manage an OPS, it is essential to know
exactly where items are stored. Simple physical labels give
a unique address to every shelf and rack in the warehouse,
and databases record the address against every item. There
are various ways of communicating picking instructions to
human operators, including a pick-by-light and pick-by-
voice solutions [23].

In most of the warehouses, workers separate orders by
moving around in the warehouse and collecting goods from
positions listed on a clipboard or displayed on a hand-
held computer. A more sophisticated approach is to pick by
voice, which each worker wears a headset, a microphone,
and a belt-mounted wireless computer, and moves through
the warehouse to locations directed by the headset. Pick-
by-voice is an approach to separate orders that leave
the worker’s hands and eyes free to move, guaranteeing
worker’s safety, improving order picking accuracy, and
allowing gloves to be worn in operations inside freezers.

The pick-by-light approach is a light-directed picking
that improves order fulfillment performance by reducing the
time spent walking between items required by the order and
removing the errors associated with reading paper pick lists.
This approach requires indicators permanently mounted on
the shelf units. The indicator lights up to attract the worker’s
attention, and it displays a number that shows how many
items are to be picked from that location. Each operator
has a particular work zone, and for each order, all the
relevant indicators light up simultaneously. Lightning pick

technologies increase pick rate productivity, accuracy, and
cost efficiency of the labor-intensive process. Furthermore,
this approach is ideal for team-based approaches like zone
picking.

Another lighting solution is a put-to-light approach. Put-
to-light is a light-directed order sortation. This solution
optimizes batch picking, and high-speed sortation oper-
ations with a process sometimes called pick-to-light in
reverse. With put-to-light, operators scan an item and the
locations representing a store or customer needing that item
to illuminate. From straightforward scan-and-put worksta-
tions and put walls, to more complex sortation applications.
This approach maximizes speed and accuracy.

Upon arrival at the put-to-light sorting area, each item is
scanned. This procedure triggers the light-directed picking
modules to illuminate at every put location where the item
is required to complete the order. Pickers distribute the
items accordingly and extinguish the light once the task is
complete. After an order is filled, the light-directed picking
module indicates the order is complete and ready to ship.

Put-to-light is a space-efficient and economical method
of fast, high-quality order sortation for companies with a
large number of SKUs. Lightning pick’s put walls, put work-
stations, and other put-to-light solutions offer significant ope-
rational efficiency gains, additional capacity, and increased
visibility into order progress and productivity rates.

Among reviewed articles, these mentioned technologies
have been discussed only by Connolly [23], who affirms
lightning picking technologies lead to faster picking than
any competing operator-based technology. Global brands
emphasize the use of these technologies to increase
warehouse flexibility, turning it adaptive to changes.
Although, more research needs to be done about these
technologies in order to prove its efficiency.

5.3 Management solutions

After analyzing publications related to the construct
management solutions, subgroups were created according to
the technologies discussed in the papers. Hence, subgroups
were created according to the technologies addressed to
management solution category. Subgroups defined for this
category are software solutions, routing of AGVs and
conveyors, picking optimization, and simulation solutions
(Table 10).

The primary function of a warehousing system is
to receive products from manufacturing lines, to store
materials until they are requested, and then to extract
products from the inventory and ship them in response to
the customers’ orders [27]. Due to the change in the market
scenario, as the increase of e-commerce, shorter delivery
windows has been requested. Therefore, manual processes
are causing order errors and disappointed customers.
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Table 9 A historical overview of the most important publications related to labeling technologies in papers categorized by data collection
technologies

Year Title/author Technology proposed

2009 An intelligent control system for digital workshop
production. / [33]

This research proposed an intelligent control system
for the digital workshop production, which includes the
use of RFID technology to acquire the manufacturing
information in real time produced by the bottom-level
manufacturing devices.

2012 Application of an artificial immune system-based fuzzy
neural network to a RFID-based positioning system. / [36]

This study proposed the use of a lower cost RFID to
develop a solution for position estimation. Once the
picking cart position is known, the picking route can be
planned, in order to provide the shortest picking distance.
However, once the warehouse layout is changed, then it is
necessary to recollect the data.

2012 RFID-enabled real-time manufacturing execution system
for mass-customization production. / [56]

This work introduced an RFID-enabled real-time manufac-
turing execution system (RT-MES) for mass customization
production (MCP) companies. This paper contributed to
several aspects related to the innovative RFID applica-
tion in MCP field: (i) RFID technology is systematically
deployed to various manufacturing objects that are con-
cerned by MCP; (ii) RFID eliminates the manual and
paper-based data collection that is error-prone, tedious, and
time-consuming and upgrades the shop floor data to a level
that is real-time, complete, and accurate, making the sys-
tem more flexible; (iii) the disturbances that affect regular
plans and schedules are captured by RFID and fed back to
the system that enables a real-time adaptive decision mode.
Such mode leads to better performance in quality, logistics,
and production; and (iv) the primitive data collected by
RFID technology is combined with operational logistics to
form meaningful information. Therefore, any movements
of materials are captured and displayed to decision makers
to work out different strategies such as minimize inventory.

2015 An overview on RFID technology instruction and applica-
tion. / [34]

This paper provides an overview of contributions of RFID
technology and described an RFID-based automation of
a flexible conveyor system. The RFID technology allows
to analyze several function modes with little process
reconfiguration.

2015 RFID-wireless sensor networks integration: Decision
models and optimization of logistics systems operations. /
[57]

This paper proposed a solution for the transportation
logistics of perishable products across the manufacturing
supply chain by a system that integrates RFID capabilities
and the WSN technology. This system serves as reliable
decision-making inputs when materials, products, and
information are moved across the supply and demand
chains and it reduces material’s transportation cost.

2016 Localizing operators in the smart factory: A review of
existing techniques and systems. / [102]

The paper gives a comprehensive overview of existing
techniques and systems for indoor localization that could
be adopted in smart factories of the future.

2017 A robot navigation method based on RFID and QR code in
the warehouse. / [72]

The authors proposed a layout of a flexible automated
warehouse joining RFID and QR code information to pro-
vide robot-positioning data. Logistics processes analyzed
from the proposed warehouse’s layout considering time
and traffic.

Distributions centers are realizing their manual resources
have reached the limits of their productivity levels. In
order to protect profit margins and succeed in this ultra-
competitive environment, automation has been introduced
in warehouses and distributions centers.

In a warehouse, efficient managing is required to deliver
products to customers as soon as possible [48]. According
to Accorsi et al. [27], operational control is one of the main
aspects to increase performance in warehouses. Operational
control includes zoning, batching, and routing activities.
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Table 10 Summary of the technology used in articles related to
management solutions

Construct Element/technology

Management solutions Software solutions: WMS, WCS, and WES

Routing of AGVS and conveyors

Picking optimization

Simulation solutions

The management and control of activities and processes of
a warehouse range among some design alternatives. This
design alternatives can help to determine the best layout
design, the definition of the total storage capacity, the
determination of the number of aisles, the types of racks,
and the locations of the products.

The subgroups defined according to the read papers
(software solutions, routing of AGVs and conveyors, pick-
ing optimization and simulation solutions) are discussed in
subsections 5.3.1 to 5.3.4.

5.3.1 Software solutions

Companies today have been introducing enterprise resource
planning (ERP) systems to achieve better integration and
flow of information between business functions inside and
outside an organization [56].

Warehouse management system (WMS) is a software
solution that enables connectivity to ERP systems. It has
been developed for monitoring and handling warehouse
resources and operations. This system, however, depended
strongly on operators to enter and update daily information
through a barcode-based system. Furthermore, a new
concept of WMS can be built by combining labeling
technologies [23] and [7]. It provides a real-time view
of material handling, including inbound and outbound
product flow, inventory tracking, order management, and
waving. Nevertheless, WMS has minimal decision-making
on warehouse design and optimization.

Warehouse control system (WCS) also enables connec-
tivity to ERP systems, and it provides the machine-level
integration that allows material handling equipment to take
instructions from other systems and performs a specific,
predefined function. The WCS is limited because it lacks
the visibility to inventory, orders, and people necessary to
provide on-demand decision-making capabilities. The logis-
tics company KALEIDO SCM managed in Valadares –Vigo
(Spain) had been testing a prototype of WCS. In this system,
an AGV is connected via Wi-Fi to the central control system
that is in charge of commanding new tasks and controlling

the traffic. Also, the automated forklift truck included the
addition of a set of sensors and actuators connected to the
PLC. As a conclusion, the system has enhanced scalability
by a modular, flexible, and easily extended framework [10].

Software technologies become increasingly complex due
to the need for flexibility of business processes, system
reconfiguration, and engineering processes [117]. Software
solutions usually need real-time and accurate data to
generate perfect decisions. The lack of data collection
technologies could cause severe gaps between the flow of
information or decisions [56]. Therefore, in order to attend
the increasing need for automation and to attend flexibility
comes the warehouse execution system (WES). WES is the
latest commercial distribution software, which its purpose is
to enable higher degrees of automation.

Unlike the WMS and WCS, the WES connects material
handling equipment and automation systems along the
facility to enable the coordination needed to execute
sophisticated automation workflows. Recent WES offerings
have evolved to provide integrated, machine-level control
with varying degrees of automation to address the full
spectrum of modern order fulfillment needs, including
AS/RS, utilizing shuttles and cranes, robotic picking, and
automatic palletizing. The advantages of WES have been
discussed by warehouses and distributions centers, although
there is no information about this latest system in the
reviewed literature.

5.3.2 Routing of mobile robots

Transport robots routing and optimization are a research
problem in flexible warehouses due to the necessity to
reduce the total distance traveled by the robots and to avoid
collision [38, 80, 127].

In 2016, a study carried out by Draganjac et al. [39]
pointed out the industrial state of the art at that point
relied on a centralized controller, which dispatches transport
missions to vehicles along predetermined paths. Although
this approach easily ensures correct system operation,
it suffers from several bottlenecks: paths have to be
predefined, which is time-consuming; centralized planning
does not scale well, not adapting according to the growth
of the number of vehicles. Draganjac et al. [39] presented
an algorithm for decentralized path planning and motion
coordination control for multi-mobile robot systems. This
paper showed that each vehicle plans its path to complete
assigned missions and negotiates with other vehicles for
the right of way in order to avoid collisions. This approach
improves system performance, makes vehicle plans optimal,
and helps robots reach their goals via the shortest path. It
also solves the scalability issues, as each vehicle makes its
own plan and negotiates for priority only with near vehicles
in the cases when conflicts arise [39].
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When multiple AGVs are employed, collisions may
happen. Due to this, Zhao et al. [110] proposed an ant
colony algorithm to avoid collisions and simulated this
environment to illustrate the effectiveness of the algorithm.
Results demonstrated that the algorithm makes the path
more secure, stable, and efficient. After that, Zhang et al.
[38] studied the collision-free route planning problem for
the multi-AGVs system in a warehouse and proposed
three solutions based on the status of AGV: (i) select the
candidate route, (ii) the later AGV waits before starting,
and (iii) modify the routes of later AGV. The proposed
route planning approach improved the traditional collision
waiting solution adding the status of the AGV. Moreover, it
increases the efficiency of the automated warehouse system.

Some authors suggest a weak point of transporting
material by AGVs is to consider only the values of variables
in the current time for decision-making. Therefore, Carida
et al. [111] proposed a prediction model based on Petri nets
to optimize routes by reading data from a virtual factory.
The proposed model was tested on several scenarios of a
virtual FMS, and important information has been extracted
from the production system that can help in AGV routing
optimization. From these data, more confident decisions can
be made to optimize routing from material transportation by
AGVs increasing the performance of a warehouse.

As the increasing number of tasks, the AGV should
make task decision a priority to determine which task to
implement first and which to execute next in order to the
cost of all the tasks. Elango and Nachiappan [80] developed
a simulation model involving task priority and the utilization
of robots. The models try to minimize the average queue
waiting time and the total completion time as low as possible
with a reasonable robot utilization percentage. Effects of
average waiting time, total time, and robot utilization
on task priority variation are analyzed under known and
unknown task availability. Although, a detailed scalability
analysis by varying the number of robots and the number of
tasks could also be performed [80].

Table 11 presents a historical overview of the most
important and relevant papers that proposed or analyzed
the mobile robot routing that could help to develop a more
flexible warehouse. The table shows the paper published,
year of publication, and technology proposed/discussed.

5.3.3 Picking optimization

Order picking costs represent more than 55% of the
operational costs of a distribution center, and the picking
time accounts for 30 to 40% of the total operation time
consumed in a distribution center [68]. Therefore, the

Table 11 A historical overview of the most important publications related to routing of mobile robots in papers categorized by management
solutions

Year Title/author Technology proposed

2011 Balancing multi-robot prioritized task allocation: A
simulation approach. / [80]

This work developed a simulation model involving task
priority and the utilization of robots. The models try to
minimize the average queue waiting time and the total
completion time as low as possible with a reasonable robot
utilization percentage.

2014 Prediction Model Using Coverability Tree from a Model-
ing in Petri Nets Applied in AGVs Dispatching. / [111]

This work proposed a prediction model based on Petri nets
to optimize routes by reading data from a virtual factory.
As a result, more confident decisions can be made to
optimize routing from material’s transportation by AGVs
increasing the performance of a warehouse.

2016 Decentralized Control of Multi-AGV Systems in
Autonomous Warehousing Applications. / [39]

This work presented an algorithm for decentralized path
planning and motion coordination control for multi-mobile
robot systems, where each vehicle plans its own paths
to complete assigned missions and negotiates with other
vehicles for the right of way in order to avoid collisions.

2017 Path planning of the omni-directional mobile vehicle in
warehouse environment. / [110]

This work proposed an ant colony algorithm to avoid
collision and simulated this environment to illustrate the
effectiveness of the algorithm. Results demonstrated the
algorithm makes the path more secure, stable, and efficient.

2018 Collision-Free Route Planning for Multiple AGVs in an
Automated Warehouse Based on Collision Classification. /
[38]

This work studied the collision-free route planning
problem for multi-mobile robot systems in warehouse
and proposed solutions based on the status of AGV. The
proposed route planning approach improved the traditional
collision waiting solution adding the status of the AGV.
Moreover, it increases the efficiency of the automated
warehouse system.
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optimization of the order picking process is critical to
optimize the whole order fulfillment process. Consequently,
to deal with this dynamic environment, it is necessary to
rearrange the layout or to modify the system structure based
on changing functions, volumes, technology, and product
mix [26]. On the other hand, re-layout demands time and
costs. These costs are comparable with that of unnecessary
handling costs. For this reason, the layout cannot be
changed as soon as circumstances change. Instead, a trade-
off between handling and re-layout costs is necessary to
appropriate change decisions in order to minimize costs and
reduce picking time.

The traditional approach adopted to increase flexibility in
warehouses consists of configuring manual pick-and-place
tasks using human operators. Although, this approach leads
to increasing time in picking activities and to human errors
due to the complexity of these activities. Order picking
problems identified consists of (i) how order sheets are
combined and assigned to workers, (ii) how workers make
the shortest planned route to collect products specified by
given order sheets, and (iii) how products are assigned to
shelves in a warehouse [48]. Nowadays, it is possible to
monitor the state of picking warehouse activities in real
time, including the position of picker, vehicle position, and
the status of a picking task, turning the real-time control of
these systems at a reasonable cost possible.

In the last few years, innovative, flexible systems have
been developed and implemented. Basile et al. [9] proposed
a control-oriented model which can be used for online
monitoring, scheduling, and rescheduling of activities by
using simulation. The model proposed is low-cost, modular,
and scalable. Also, it is built online by associating a
Petri net module to each active task. The availability of
the current state of the activities allows the rescheduling
from the current system state as well as the evaluation of
the discrepancy between the actual performance from the
expected one.

Later, Iwasaki et al. [48] proposed an order picking
method considering the situation that workers attempt to
pick the same product at the same time on the same shelf.
Simultaneously, working on the same shelf affects the
management of collecting the remaining products by adding
a new traveling path and complexity. Worker scheduling was
formulated as a job-shop scheduling problem. Numerical
experiments showed the proposed method improved worker
scheduling compared with rule-based scheduling.

Accorsi et al. [27] presented a decision support system
(DSS) for the design, management, and control of ware-
housing systems. The proposed DSS considers both strate-
gic warehouse design and effective operations management.
Which can simulate the logistics and material handling per-
formances of a warehousing system. Heuristic methods and

algorithms address several critical warehouse issues, such
as the order picking process, which is responsible for 55%
of the overall costs in a distribution center.

Moreover, Boschetti [30] presented an approach for a
circular conveyor that was applied to a robotic work cell
integrated with a computer vision system and a rotating
feeder. The method is based on suited motion profiles that
allow the robot to correctly reach, follow, and pick the parts
moving on a rotating bowl. Hence, the robot is able to pick
parts from the circular feeder without the need of stopping
its rotation. This approach was applied to an assembly
system. However, it may be applied in warehouses where
circular conveyors can use in order to optimize the layout
and to reduce picking times.

In order to operate efficiently and safely, robot assistants
should recognize human intentions. Petković et al. [4]
presented an algorithm for human intention recognition in
flexible robotized warehouses in order to operate efficiently
and safely and demonstrated that the proposed framework
predicts human warehouse worker’s desires in an intuitive
manner.

Huang and Mok [68] described the design and imple-
mentation of an autonomous pick-and-place system which
is able to accurately and robustly recognize a target object
among a cluster of objects. These objects are placed in front
of the robot, which picks up the object and places it in a
designated location with a two-finger gripper (or a suction
cup) and completes the task fast enough to satisfy realis-
tic real-time constraints in a factory warehouse. This system
integrates a set of state-of-the-art techniques in computer
vision, deep learning, and trajectory optimization to cre-
ate a library of skills that can be composed to perform a
variety of robotic tasks. Although, the authors mentioned
future research should investigate more flexible ways to pro-
gram the robotic arm to perform tasks that require tight
coordination of various types.

Several picking optimization methods were presented.
Although, current technology for pick-and-place tasks
is still insufficient to meet the demand for low-cost
automation. So, the question is what is the most efficient and
accurate method of picking the ordered items from SKUs
for online orders? Huang and Mok [68] presented a group
order picking method, to reduce the picking, sorting, and
packaging time. This paper contributes to making decisions
on the design and the control of order picking systems at the
tactical or operational level.

Table 12 presents a historical overview of the most
important and relevant papers that proposed or ana-
lyzed picking optimization methods that could help to
develop a more flexible warehouse. The table shows the
paper published, year of publication, and the method pro-
posed/discussed.
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Table 12 A historical overview of the most important publications related to picking optimization method in papers categorized by management
solutions

Year Title/author Method proposed/discussed

2012 A control-oriented model for manual-pick warehouses. /
[9]

This work proposed a control-oriented model which can be
used for online monitoring, scheduling, and rescheduling
of activities by using simulation. The model proposed in
this work is low-cost, modular, and scalable, and it is built
online by associating a Petri net module to each active task.

2013 Job-shop scheduling approach to order-picking problem. /
[48]

This work proposed an order picking method considering
the situation that workers attempt to pick the same product
at the same time on the same shelf. Results showed that the
proposed method improved worker scheduling compared
with rule-based scheduling.

2014 A decision-support system for the design and management
of warehousing systems. / [27]

This work presented a decision support system for the
design, management, and control of warehousing systems.
The proposed system can simulate the logistics and
material handling performances of a warehousing system.

2015 A picking strategy for circular conveyor tracking. / [30] This work presented an approach for a circular conveyor
that was applied to a robotic work cell integrated with a
computer vision system and a rotating feeder. The method
is based on suited motion profiles that allow the robot to
correctly reach, follow, and pick the parts moving on a
rotating bowl. Hence, the robot is able to pick parts from
the circular feeder without the need of stopping its rotation.

2017 Human Intention Recognition in Flexible Robotized
Warehouses Based on Markov Decision Processes. / [4]

This work presented an algorithm for human intention
recognition in flexible robotized warehouses in order to
operate efficiently and safely and demonstrated that the
proposed framework predicts human warehouse worker’s
desires intuitively.

2018 Mixed model assembly line scheduling approach to order
picking problem in online supermarkets./ [51]

This work presented a group order picking method, to
reduce the picking, sorting, and packaging time. This paper
contributes to make decisions on the design and the control
of order picking systems at the tactical or operational level.

2018 A Case Study of Cyber-Physical System Design:
Autonomous Pick-and-Place Robot. / [68]

This work described the design and implementation of
an autonomous pick-and-place system which is able to
accurately and robustly recognize a target object among
a cluster of objects that are placed in front of the robot,
pick up the object and place it in a designated location and
complete the task fast enough to satisfy realistic real-time
constraints in a factory warehouse. This system integrates
a set of state-of-the-art techniques in computer vision, deep
learning, and trajectory optimization to create a library of
skills that can be composed to perform a variety of robotic
tasks.

5.3.4 Simulation solutions

The main challenges in designing a warehouse are the
need for flexibility, modularity, and adaptability. The use of
simulation to warehouse designing, for fast static capacity
calculations, allows a systematic design of the design
process and the identification of bottlenecks. Moreover,
the use of simulation solutions can detect, anticipate, and
eliminate problems that may occur in the storage process.
Recently, companies begin to use digital factory concepts
to accelerate the designing process and to eliminate the risk
of wrong design [6]. Digital factory consists of digitizing,
modeling, simulating, and emulating a system. It is used

to understand the processes and to find out solutions for
possible bottlenecks. Also, digital factory can be used
for the optimization of real warehouse systems. It helps
managers to make responsible decisions based on the
capture of real status or expected status of the system.
Moreover, this technology can increase quality and accuracy
of management decisions and decrease time to adopt to new
situations with more significant potential for cost savings.

Bučková et al. [6] discussed how digital factories could
impact and contribute to design warehouses. It concluded
that this technology could allow managers to make smart
decisions readapting the system to attend dynamic market
demands in a shorter period. Moreover, the paper described
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the benefits of using digital factory steps in warehouse
designing. Among the benefits, there is the capacity (i) to
create a conceptual model, (ii) to determine warehouse’s
specifications as capacity and handling units, (iii) to create
and evaluate a model, (iv) to plan and optimize operations,
and (v) to redesign existing processes.

The enabling technologies from Industry 4.0, as well as
Internet of Things, big data analytic, cloud computing, and
cyber-physical systems started to be adopted and studied
to enhance the e-commerce logistics in terms of system
level, operational level, and decision-making enabling real-
time decisions. Kaihara and Yao [18] proposed an integrated
system which executes actual control of a real system
and simulation of a virtual system interactively based on
the cyber-physical systems concept for these dynamically
changing environments. Simulations are executed, and
future fluctuations are forecasted. Based on simulation
results, scheduling parameters and scheduling methods are
modified to respond to future situations and optimize the
system.

Zúñiga et al. [16] presented a literature review of
Industry 4.0 enabling technologies allied to simulations

for optimization and to the lean concept. These emerg-
ing technologies, combined with simulation systems for
optimization are a powerful tool to reduce time, increase
productivity, and adapt systems according to the dynamic
market.

Table 13 presents a historical overview of the most
critical and relevant papers that contributed to analyzing
the use of simulations to optimize warehouses. The table
shows the paper published, year of publication, and method
proposed/discussed.

6 Flexible automated warehouse framework

According to the reviewed literature, a flexible warehouse
should (i) increase productivity, (ii) enhance flexibility and
space utilization to accommodate the growth in SKUs, (iii)
have higher throughput and faster deliveries. Therefore,
automation is necessary to achieve these factors. However,
fixed mechanized and automated systems are unable to
adapt to changes in product mix and market demand. To
meet the demands, warehouse technology must be flexible

Table 13 A historical overview of the most important publications related to simulations in papers categorized by management solutions

Year Title/author Technology proposed/discussed

2008 Simulation and Re-Engineering of Truck Assembly Line. /
[119]

This work presented four simulation models applied in a job-
shop system in order to compare the system performances
indicators for each model. The paper showed simulations can
be used to improve system’s performance. The models were
developed using ARENA version 7.1 while Microsoft Excel
was used for statistical analysis.

2012 A new approach on CPS-based scheduling and WIP
control in process industries. / [18]

This research proposed a virtual and real integrated system,
which executes actual control of the real system and
simulation of a virtual system interactively based on the cyber-
physical systems concept for these dynamically changing
environments. Results showed this integrated system can
rapid respond to future situations and optimize process.

2015 Automated warehouse systems: a cyber-physical system
perspective. / [79]

The authors presented a flexible, modular, and distributed
control architecture for automated warehouse systems using a
cyber-physical system perspective. Results showed these tasks
can manage, optimize, and execute handling sequences in a
modular way.

2017 E-commerce logistics in supply chain management Imple-
mentations and future perspective in furniture industry. /
[17]

This study presented supporting techniques for e-commerce
logistics and highlighted the challenges, opportunities, and
future perspectives.

2017 Impact of digital factory tools on designing of warehouses.
/ [6]

This work discussed how digital factories and other technolo-
gies can impact and contribute on the design of warehouses.
As a result, managers can make smart decisions to readapt the
system to attend dynamic market demands in a shorter period
of time.

2017 Integrating simulation-based optimization, lean, and the
concepts of industry. / [16]

The paper presented a literature review of Industry 4.0
enabling technologies allied to simulations for optimization
and to the lean concept. These emerging technologies
combined with simulation systems for optimization are a
powerful tool to reduce time, increase productivity and adapt
systems according to the dynamic market.
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Table 14 A framework of a
flexible automated warehouse
based on reviewed papers

Construct Element

Automated equipment Automated storage: AS/RS, AS/RR mini-loads, carousels, and vertical lifts

Robotics: palletizing, picking, or packing solutions

Transportation: conveyor system and automatic guided vehicles (AGVs)

Data collection technologies Labeling technologies : barcode scanners and RFID scanners

Picking technologies: pick-by-light, pick-by-voice and put-to-light

Management solutions Software solutions: WMS, WCS, and WES

Routing of AGVs and conveyors

Picking optimization

Simulation solutions

by rapidly responding to challenges as continued growth in
omni-channel fulfillment, new competitive threats, shorter
delivery cycles or unexpected advance in technology. A
flexible automated warehouse needs to use automation
solutions that are easy-to-deploy and modular and include
the embedded intelligence required to take advantage of
machine learning and other developments.

The reviewed literature points out that the critical point to
achieve a flexible automated warehouse is the combination
of automated equipment, data collection technologies, and
management solutions. This system needs to be able to
collect data, increase visibility into operations, improve
coordination and communication across systems, and adapt
to changes in real time. New technologies have been created
and tested in warehouses based on the manager’s knowledge
and experience; however, few studies have been made
to validate its effectiveness in the system. Based on the
literature review, Table 14 presents a framework of a flexible
automated warehouse.

The framework presented in Table 14 shows the tech-
nologies found in the literature review that should enhance
flexibility in an automated process in a warehouse, in order
to increase productivity and efficiency and to attend market
trends. The review shows that the use of unique technologies
cannot characterize a flexible automated warehouse. Hence,
the combination of technologies mentioned is necessary to
represent a flexible automated warehouse.

The purpose of the framework is to describe technologies
that can be applied in a warehouse to obtain a flexible
automated warehouse. Managers can adopt the automated
technologies options presented by the framework according
to the actual automation level of the warehouse, investment
capacity, and competitors’ initiatives. The framework
supports managers to assertively decide about technologies
that may be applied in the warehouse to enhance flexibility
in warehouses, based on the real or expected automation
level in the warehouse. Hence, technological options
adopted by the warehouse managers can impact and
collaborate with the design and operation processes.

In addition, the framework can be used to help upcoming
research in the construction of a conceptual model for
a flexible automated warehouse capable of adapting
according to dynamic market changes. Moreover, the
framework can also describe a research agenda for testing
different simulations scenarios to evaluate the effectiveness
of the technologies proposed in the framework. Also, the
framework can help upcoming researchers to apply a more
realistic model of the framework using real data related to
the technologies discussed, exploring protocols integrations
among technologies.

7 Conclusion

This paper presents a comprehensive literature review of
recent papers about flexible automation applied in ware-
houses. One hundred thirteen published papers between
January 2008 and September 2018 were selected, reviewed,
categorized, and analyzed to find the future directions and
opportunities of research in flexible automated warehouses.

The gaps in the literature are identified and discussed to
clarify future research opportunities for authors. Although
predicting what any warehouse will look like in the future
as technology continues to advance is very unlikely, it is
possible to anticipate the requirements those warehouses
will need to meet to adapt to the new market conditions
caused by the e-commerce, just-in-time philosophy, product
customization, and omni-channel.

Finally, based on the reviewed literature, the main
contribution of this study is an innovative framework of
a flexible automated warehouse to guide future researches
on the construction of a conceptual model. The proposed
framework exposes the idea that the critical point to achieve
flexibility in an automated warehouse is the combination
of automated equipment, data collection technologies, and
management solutions. Although new technologies have
been created and tested in warehouses, few studies have
been made to validate its effectiveness in the system. For
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future research, it is recommended to add material handling
equipment as a keyword for the review, due to the frequency
that this term is presented in the papers reviewed.
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2. Jovane F, Koren Y, Boër CR (2003) Present and future of flexible
automation: towards new paradigms. CIRP Ann Manuf Technol
52(2):543–560

3. Casado F, Losada DP, Santana-Alonso A et al (2017) Pose
estimation and object tracking using 2d images. Procedia Manuf
11:63–71
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