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Abstract: In recent years, companies have increased their focus on sustainability to achieve
environmental-friendly improvements, to manage pressures from society and regulations, and
to attract customers that appreciate sustainability efforts. While companies have mainly aimed
short-term/operational improvements, long-term improvements are difficult to reach. One of
the fundamental, strategical decision-making processes for a company is facility layout planning.
The layout of a facility can have a significant impact on daily operations. Aiming for the goal of
sustainability, a dynamic layout decision-making process can support in achieving it. However, the
technologies used currently enable only the design of a static layout due to the time-consuming
operations involved. In this paper, the introduction of emerging technologies such as 3D mapping,
Indoor Positioning System (IPS), Motion Capture System (MoCap), and Immersive Reality (IR) for
dynamic layout planning are assessed and discussed. The results obtained clearly demonstrate that
the usage of these technologies favor a reconfigurable layout, positively affecting all the three pillars
constituting the sustainability concept: the costs involved are reduced, social aspects are improved,
and the environment is safeguarded.

Keywords: facility layout planning; digitalization; 3D mapping; indoor positioning system; motion
capture system; immersive reality; performance analysis

1. Introduction

Facility layout planning has long been an essential component in the design of production systems.
The most significant development in providing a practical quantitative approach to layout problems
was the introduction of CRAFT in 1963 [1]. Prior to that, most approaches to the layout problem
were non-quantitative, providing a series of checklists to be used as part of the layout process (see,
e.g., [2]). CRAFT provided a means to heuristically solve the layout problem modeled as a quadratic
assignment problem with area constraints. As computer capability increased, it became feasible to use
more computationally intensive heuristic procedures and to consider both static and dynamic aspects
of a layout [3]. Recently, extensions, including the multi-floor facility layout problem [4] and the impact
of layout on the lifecycle of production systems [5], have been considered. Hosseini-Nasab et al. [6]
have presented a classification of facility layout problems that reflects recent research.

Although some of the most recent work in facility layout reflects the fact that more efficient
computational procedures continue to be developed and applied to the layout problem, more of the
recent work has reflected the changing nature of new production systems (see, e.g., [7]). Production
systems today are frequently designed to be reconfigurable and adaptable, and integrated into advanced
material handling systems. Often, they need to be flexible and scalable enough to be cost-effectively
modified in response to changing demand. All of these changes have resulted in the need to be able to
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incorporate emerging technologies, in particular, recent developments in sensor technology, to be able
to automatically collect data concerning a production system so that it can be effectively utilized in an
ongoing process of facility re-layout.

The increase in e-commerce has already significantly impacted warehousing, including both the
location and size of new warehouses and their internal layout and operation [8]. The most significant
technological development supporting this change has been the ever-increasing use of Kiva-type
mobile robots. These robots allow both the layout and operation of the warehouse to be dynamically
changed because the robots provide both material storage and transport that can be controlled via
software. Warehousing has always served as an excellent initial testbed for new technologies that
only later are incorporated into more general facility layouts. This is primarily due to the structured
environment of the warehouse and the fact that most of the storage locations in a warehouse do
not interact with each other. Traditionally, this has allowed the warehouse location problem to be
easily solved as a linear assignment problem as opposed to the more difficult quadratic assignment
problem used for the general facility layout problem. More recently, the ability to continuously track
mobile robots in a warehouse has allowed more dynamic procedures to be used to continually update
the layout (i.e., the location of the robot’s storing material) based on changing demand and supply
conditions; for example, the original Kiva robot system (now Amazon Robotics) uses multi-agent-
based control to continually re-layout a warehouse via a bidding procedure.

The theory and scientific contributions available in the literature concerning facility layout
planning have been developed and validated several times, and systematic layout planning procedures
were introduced many years ago. However, the majority of the research contributions have been
focused on the development of methodologies for optimal facility layout. Moreover, no research has
been carried out that considers the digitalization of these procedures so that a concurrent engineering
approach could be applied in order to make them more efficient and less time-consuming. Additionally,
while sustainability aspects of layout planning have not been investigated in the literature to date,
new digital technologies are demonstrating their potential benefits in improving sustainability in
industry. This paper is the first to envision how emerging digital technologies can be used to provide
the basis upon which dynamic procedures can be developed to create more general and sustainable
facility layouts.

This work shows for the first time how emerging digital technologies can support a concurrent
engineering approach in facility layout planning. Concurrent engineering is widely used in designing
and development of new products, where the different phases or stages of the design process run
simultaneously instead of sequentially. This is possible thanks to digital tools, such as CAD, CAM,
and simulation software. In the same way, the facility layout planning can be supported by emerging
technologies able to run simultaneously various phases of the process with more accurate information
available in digital format. This type of approach will become ever more critical as companies need to
almost continuously consider changes to their facility layout to best provide goods and services, the
demand for which is also changing at an ever faster pace. The problem of tracking the different layout
elements for the general layout problem is very complicated because the flows of material and people
in the general layout problem are inherently three-dimensional, necessitating a very complex sensing
task. In addition, spatial complexity influences the level of spatial detail upon which technologies
perform, affecting their function and effectiveness [9]. While it is thus too early to expect that emerging
technologies will be able to completely automate the general layout problem, the ability to sense the
environment and automatically store material and personnel flows will allow the most critical layout
elements to be dynamically reconsidered on an ongoing basis.

This represents a benchmark for the development of sustainable facilities, where sustainability has
to be considered as the combination of three pillars, namely environmental, social, and economic [10–12].
In a scenario where market needs and social desires change continuously, a company has thus to face
constant transformations to be continuously sustainable, especially in the production area, which is,
however, usually designed for medium/long-term periods due to the difficulties and time-consuming
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operations behind layout planning procedures. In this regard, the implementation of emerging
technologies can be beneficial, allowing faster and more frequent layout planning studies due to their
increased level of automation and accuracy. This topic is still underexplored, and the final contribution
of this paper is an overview of the possibilities provided by the new technologies with respect to the
layout planning from a sustainability perspective. Summarizing, the present paper wants to answer
the following research questions:

• What digital technologies can support facility layout planning?
• How can each technology be used and implemented in facility layout planning?
• What is the impact of emerging technologies on the three pillars of sustainability in facility

layout planning?

In the following section, the research starts with an overview of the layout planning procedures
in order to analyze the areas of improvement that digital technologies can impact. Then, a detailed
description and analysis of the emerging technologies that can be implemented is given in order to
answer the first research question. In Section 3, the research methodology highlights the pros of
the improvements achievable by implementing these technologies thanks to some examples of their
application in the Logistics 4.0 Lab at NTNU (Norway). In this section, it is also discussed how each
technology can be used and implemented, as asked by the second research question. The discussion
section, then, presents the enhanced sustainability achievable through the implementation of these
technologies with respect to the three pillars (environmental, social, and economic) in order to answer
the third research question, and finally, the conclusions section is reported.

2. Theoretical Background

2.1. Layout Planning

Facility layout planning is the arrangement of all equipment, machinery, and furnishings within a
building envelope after considering the various performance objectives. Thereby, the design process
can be divided into department, machine, and workstation levels (Table 1). While the layout of the
department level shows the location, shape, and size of each planning department, the machine
level represents and describes a more detailed layout in which the exact location of all equipment,
workbenches, and storage areas are within a department. On the workstation level, the detailed
arrangement of tools, bins, rigs, parts, etc., within a single workstation is expressed and shown.
All three levels need to be created, analyzed, and evaluated in order to achieve high performance and
sustainable goals.

Different procedures such as layout planning or systematic layout procedure, etc., and multi-objective
formulation of the facility layout problem have supported to define the optimal facility layout,
proposing the following five-step layout planning procedures (Figure 1) [13,14].
Step 1—Activities

The activities step consists of input data and identifying activity areas to create a foundation for
layout planning. The following five elements that should be examined include:

P—Product (What): The product element includes the raw materials, purchased parts, formed
or treated parts, the finished goods, and or service items supplied or processed This element is the
key factor that affects the composition and relationship of all facilities, equipment categories, and
material handling.

Q—Quantity (How much): The quantity element indicates the number of goods or services
produced, supplied, or used. All the information is provided by production statistics such as piece,
weight, volume, and price. This element affects the layout scale, equipment amount, handling
workload, and construction area.
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R—Route (How): The route element relates to the process, its equipment, its operations, and
its sequence. It affects the relationship among every work unit, material handling route, and
storage location.

S—Supporting service (With what): The supporting service element includes things such as
maintenance, machine repair, tool room, toilets, locker rooms, cafeteria, first aid, offices, and shipping
and receiving. The service department supports the production system and somehow reinforces
the production efficiency. The supporting service often uses more floor area than the producing
departments themselves.

T—Time (When): The element of time refers to when, how long, how often, how soon the products
will be produced. According to the time required, the amount of equipment, the required area, and the
number of staff can be estimated.

In addition to PQRST, analysis of the activities or activity areas included in the layout need to be
identified. An activity or activity area can also be referred to as equipment or departments.

Step 2—Relationships

The relationships step consists of the flow of materials, activity relationships, and the relationship
diagram. The goal of the material flow analysis is to find the most effective sequences of moving
materials through the system. Process or flow charts can be used to analyze the material movement
within the layout. A from-to chart can be used to show quantitative data such as distance and frequency
of movement between departments. Other than the flow of materials, qualitative relationships should
be considered for best practice. The activity relationship chart considers these qualitative factors by
showing the degree of importance of having each department located adjacent to each other. This
analysis is usually performed through stakeholder consultations. The relationship diagram takes the
information from the flow of materials analysis and or the activity relationship chart and turns it into a
graphic visualization of desired closeness among activity areas.

Step 3—Space

The space step considers the space requirements, space availability, and the space relationship
diagram. Thereby, the requirements are focused on the necessary production parameters such as staff,
equipment, and other factors from theoretical analysis. Space availability is about the actual facility
and where the different work units should be placed. The space relationship diagram is an extension of
the relationship chart in which the nodes are now represented as blocks proportional to the calculated
space of the departments. It is perhaps the single most effective aid to layout planning.

Step 4—Adjustments

The adjustments step includes modifications, limitations, and the alternative layouts. Regarding
modifications, certain factors that might affect the following implementation of the layout should
be considered. Such factors include site conditions and surroundings, building features, safety, and
personnel requirements. Limitations are factors that impose constraints on the planning. For each idea,
there is a set of practical limitations that must be weighed. One of the most important limitations is the
question of cost-saving and available investment money. After the modifications and limitations, the
planner should end up with about two to five alternative layout plans.

Step 5—Evaluation

Quantitative approaches of quadratic assignment problem, mixed integer programming, and
graph theory have supported to mathematical model the facility layout problem and find exact or
near-optimal solutions. The objectives functions have been translated into qualitative and quantitative
layout evaluation criteria, and the most common objectives have been [15]:

• Optimize capital investment (initial investment, installation fixed costs, start-up costs, annual
operating costs, maintenance costs, return on investment, payback period)
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• Optimize space utilization
• Optimize flow (materials, personnel, and information)
• Optimize handling (e.g., minimize the cost of materials handling)
• Optimize the use of equipment

According to [16], the most commonly used quantitative criterion for evaluating a manufacturing
facility layout is to minimize the materials handling cost, which is a quantitative factor. Qualitative
factors such as plant safety, the flexibility of layout for future design changes, noise, and aesthetics
have been considered in recent years more and more [17].

Table 1. Layout planning.

Pattern of
Procedures

Input Data Output Data
Department Level Machine Level Workstation Level

1. Activities:
PQRST Analysis

- P-Q Data Sheet
- Routing data
- Service requirements

- Operation process chart
- Flow process chart
- Multi-product process chart

- Bill of materials
- Precedence Diagram
- Operation process chart

List of
Activity
Areas

2. Relationships:
Flow of Materials
and Activity
Relationships

- Operation Process Chart
- Multi-product Process Chart
- From-To Chart
- Relationship Survey

- Line-feeding flow chart - Precedence Diagram Relationship
Diagram

3. Space: Space
Requirements and
Availability

- Survey of current space assigned
- Machinery and Equipment Area and
Features Sheet
- Office Layout Requirements Data
Space Requirements Converting form

- Machinery and Equipment
Area and Features Sheet
- Office Layout
Requirements Data

- Components and Tools
Area

Space
Relationship
Diagram

4. Adjustment:
Modifications and
Limitations

- Scaled and grid-lined templates of
activity areas

- Scaled equipment
templates
- Models and renderings
- Elevation drawings

- CAD prototype
- Physical mock-up

Alternative
Layouts

5. Evaluation
- Layout comparison based on cost,
space, flow, handling, use of
equipment and others

- Layout comparison based
on cost, space, flow,
handling, use of equipment
and others

- Layout comparison
based on cost, space,
flow, handling, use of
equipment and others

Selected
Layout
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2.2. Digital Technologies for Layout Planning

2.2.1. 3D Mapping

Three-dimensional (3D) modeling of an object or environment can be described as the process
of starting with data acquisition and ending with a 3D virtual model, visually interactive on a
computer [18]. While 3D modeling is often only seen as the process of converting a measured point
cloud into a triangulated network or textured surface, it should be seen more as a reconstruction
process of objects or the environment. In the past, 3D modeling of objects and the environment
has found great interest among researchers in the fields of graphic, vision, and photogrammetric.
The growing applicability of digital 3D models has made 3D modeling a crucial and fundamental
process in inspection, visualization, navigation, object identification, and classification. For instance,
detailed 3D visual models of indoor spaces, from walls and floors to objects and their configurations,
can provide extensive knowledge about the environments as well as rich textual information of people
living therein and how they interact with the environment. The used technologies for 3D modeling
allow contact-free sensing and can thereby acquire relative large-scale data with dense coverage of
comparably large areas. Three methods are commonly used to 3D scan and model Infrared scanners,
Photogrammetry, and LiDAR (Light Detection and Ranging).

Infrared scanners use infrared or structured light to scan an object. Structured light 3D scanning
devices identify distortions in light projected onto the surface and process the information to recreate
the object’s surface geometry. Photogrammetry, on the other hand, processes the information of several
photos of the same object with a minimum overlap of 40% and an angle variety of 5 to 10 degrees to
produce a 3D scan. Comparing and contrasting pixels across a group of photos, photogrammetry
matches, estimates, triangulates and evaluates the entire scenes. The photogrammetry method offers a
balanced solution between low costs and the resolution of scans. However, the method is depending
strongly on the light factor. Reflective surfaces and transparency, glossy, shiny, and surrounding blank
of details can strongly decrease the quality of scans.

The LiDAR method bounces laser light off an object or surface to measure distance and depth
to form a 3D scan. Thereby, the LiDAR pulses, on average, 400,000 every second and creates a point
cloud. The measurement system is often compound of three units: a laser measuring the distances and
range of an object or surface, a local reference point which often is GPS, and an initial measurement
unit to measure the pitch, roll, and heading of the laser device. One of the major advantages which
made the technology as well so popular is the easily dynamic usage and fast acquisition of results.
Even though the measuring system is fast-moving, a high density of information can be retrieved.

In production and operations management, the resulting information of the 3D scans have
been mainly used for quality control and applied in a large variety of industrial application areas
such as automotive manufacturing for car body deformation measurement, control of supplier parts,
monitoring and control of production machinery and processes [19]. The photogrammetric measuring
system has further supported to improve the finite element simulation. Verifying and comparing
measured data of stamped metal sheet parts by photogrammetry and the results of the simulation
have enhanced the springback analysis and critical strain distributions utilizing visioplasticity [20].
3D modeling has been applied more in the construction industry both for planning and control
purposes. The integration of Building Information Modeling has enabled real-time quality control to
identify early defects or deviations and, thus, supported reducing project time and cost overrun [21].
Recently, unmanned aerial vehicle and operations have supported to plan more efficiently. Inaccurate
information regarding the terrain in construction projects represents a major challenge. Precise and
most actual 3D models of the environment have enabled to plan and place working equipment to their
needs, and increased the cost-effectiveness of construction projects [22].
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2.2.2. Indoor Positioning System (IPS)

An indoor positioning system (IPS) is defined as a system that permits a mobile device to
determine its position, and that renders this position available for position-based services [23]. These
position-based services can bring benefits in several environments, such as hospitals, where the position
of the equipment needs to be known to efficiently use the medical resources, supermarkets, where the
customers want to know the fastest path to reach the desired products; and large museums, where
tourists are interested in knowing the location of the artworks they are interested in [24]. In the last
years, IPS has gained interest also in the industrial field [25]. Logistic processes are those that can
benefit the most from this system. In fact, due to the necessity of handling huge amount of products
with very short lead times, logistics has to eliminate all the inefficiencies, such as delays in the searching
of the required product in the warehouse, errors in the storage or in the picking of an item, and waste
of time during the traveling of carts and operators. As stated by Curran et al. [26], there are several
available techniques to identify in real-time the material’s location and flow within a warehouse
depending on the required performances, i.e., there is not a single best solution that is suitable for
each scenario. Therefore, in the last years, different types of IPSs have been introduced, depending on
the desired level of accuracy, coverage area, robustness, scalability, cost, and complexity [23]. They
can use one or several positioning techniques (i.e., triangulation, fingerprinting, proximity and vision
analysis [27,28], but the majority leverage on the triangulation method, where, once the coordinates X
and Y of the three reference elements are known, the position can be calculated by using either the
length or the directions of the radii [23].

However, the classification of these IPSs is usually not based on the positioning technique that is
used but whether they are network-based or not [29] or on the hardware requirements [30]. Another
classification can be based on the main medium used to determine the location, which includes infrared
(IR) signals, ultrasound waves, vision-based analysis, and radiofrequency.

Infrared positioning systems are one of the most common positioning systems since IR emitters
are small, light-weight, the system architecture is easy, and it performs positioning estimation in a very
accurate way (accuracy of several millimeters). However, it has some drawbacks. The main limitation
is related to the environment of use of this system, as it requires the absence of interferences and
obstacles. Nevertheless, this can also be an advantage; the impossibility of the IR beams to penetrate
the walls assure the possibility to limit the signal inside a specific room [31]. Other limitations are the
high cost of the hardware, the short-range signal transmission between devices, and the interference
from florescent light and sunlight [32].

Ultrasound positioning systems use ultrasound signals to measure the distance of a mobile target
from a fixed-point receiver. Despite its low cost, the diffusion of this IPS is hampered by low accuracy
(several centimeters), short-range (from 2 to 10 meters), and high susceptibility to noise sources.

Vision-based positioning systems are based on the use of fixed or mobile cameras that can cover a
large area. The tracked person and/or device do not need to wear or carry any device. Although the
cost is low, the low reliability in a dynamic changing environment, the high susceptibility to many
interference sources, and the difficulty in tracking several persons and/or devices have hampered
its use.

Radiofrequency position systems use radio waves, such as Wi-Fi, Radio Frequency Identification
(RFID), and Ultra-Wide Band (UWB). The first system based on Wi-Fi is quite often used to monitor the
movements of mobile devices due to its low cost. In fact, Wi-Fi is widely spread inside the buildings,
and thus extra software is not required. The accuracy is quite low (between 20 and 40 meters), but it
can be improved, increasing the number of access points and adding wireless routers [33]. The second
solution is based on RFID as a means of storing and retrieving data through radio waves to an RF
compatible integrated circuit [34]. This system can cover large distances and easily travel through walls
and human bodies. Moreover, RFID leverage on small and light tags. However, this system needs
several infrastructure components in the working area, and they suffer from multi-path distortion
of radio signals reflected by walls and obstacles [23]. Finally, UWB technology uses pulses with a
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very short duration (less than 1 ns) to overcome the limitation of the multi-path distortion of radio
signals affecting RFID systems. In addition, the use of multiple bands of frequencies simultaneously to
transmit its own signal, differently from RFID that uses just a single portion of the frequency spectrum,
overcome the RFID’s line-of-sight requirement and thus, increase the accuracy.

2.2.3. Motion Capture System (MoCap) and Immersive Reality (IR)

In the last fewyears, beginningwith the increase inglobalizationandmasscustomization, manufacturing
systems are facing continuous changes in order to satisfy the market requirements [35–37]. Flexible
production and assembly systems are, in fact, required in order to face unpredictable market changes,
characterized by a rapid variation of product demands and frequent introduction of new products.
In particular, there is the need to vary the layout and the configuration of these systems depending not
only on the product that has to be produced but also on the operator that will work in them, considering
the human diversity factors (gender, age, body measures, physical capabilities). In fact, particularly
in a scenario characterized by an aging workforce [38,39], the performance of production systems
is strongly connected to the operators’ performance, especially by the ergonomic conditions of the
workplace [40]. The occurrence of musculoskeletal disorders (MSDs) due to unnatural positions and
dangerous actions of the workers has been shown to have an extremely negative impact on company
productivity, product quality, and production costs [41]. Thus, to optimize the production systems,
minimization of operators’ fatigue and awkward postures is highly needed. In this perspective,
Battini et al. [42] developed a framework able to take into account both the technological variables
and the ergonomics evaluations to create a comprehensive analysis. Different ergonomic assessment
methods have been developed to evaluate awkward postures of operators, and the most common
are observational methods, such as OWAS, RULA, REBA, LUBA, OCRA, NIOSH, BORG SCALE and
Strain Index [43–45], where the worker’s behavior is observed and evaluated observing the operators
in the field or replaying videos. However, these methods are time-consuming, and the results are
questionable. In this perspective, recent studies have focused on the development of reliable and
fast real-time ergonomic assessment methods [43,46,47]. Among these, the inertial Motion Capture
System (MoCap) is of high interest. Inertial MoCap is a system where inertial measurement units
(IMUs) are placed on the body of the operator, and they interact with a personal computer, usually
through a Wi-Fi connection, sending the information about joint angles, body segment orientation,
and position, and it is preferable to the traditional optical sensors-based MoCap since it does not
need a camera and it is more precise in detecting movement [48]. Vignais et al. [46] first introduced
this system, placing the IMUs on the upper part of the body of an operator, evaluating the RULA in
real-time, and providing simultaneous feedbacks to improve the ergonomics in a case study. This
system has been further developed by [43], where a full-body suit with 17 inertial sensors has been
used to evaluate material handling activities in a warehouse. In this case, not only real-time ergonomic
evaluations were possible, but also real-time evaluations of the time and methods used to perform each
task. More recently, the inertial and optical MoCap have been integrated by [49] in a Motion Analysis
System (MAS). The MAS was evaluated in an industrial case study of a gearbox assembly process,
reporting that the newly-developed system was able to offer the most accurate representation of the
body postures and movements, overcoming the drawbacks of the optical MoCap (tracking occlusion)
and of the inertial MoCap (joint positional drift over recording time). However, all these systems
require the workstations to be built, at least as prototypes, implying high costs (i.e., production or
purchase costs of the prototypes, space usage costs, and staff costs).

It is thus clear that the need for understanding and defining earlier in the design process the
workstation characteristics to assure productivity and operator’s well-being. In this perspective, close
attention has been paid to virtual reality (VR), defined as a set of technologies that “allows the users
to interact, move, look at, and be immersed in a 3D environment” [50]. In fact, besides its use in
design, virtual prototyping, virtual assembly, and training [50–53], VR has recently been integrated
with ergonomic analyses [54,55]. A step further was made connecting VR with optical and inertial
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motion capture systems. Peruzzini et al. [56] combined an optical full-body MoCap with mixed reality
in the ergonomic assessment of a workstation in the pipe industry, and they reported that the quality of
the ergonomic assessment was highly improved compared to that obtained using Delmia V5-6R2016
desktop simulations, and it was much faster. The limitation of the presence of real objects in the mixed
reality and of the optical MoCap has been overcome in [57], where the VR-Ergo Log system has been
introduced. A head-mounted display (HMD) is used to immerse the operator in an environment
reproducing the reality under study, and the ergonomic analysis is carried out in real-time using
31 IMUs placed on a full body suit, including the hands, which guarantees the precision in the tracking
of movements.

3. Results

The emerging technologies reported in Section 2.2. provide the opportunity to digitalize and
improve the facility layout planning procedure. Due to their intrinsic characteristics and properties,
each technology is suitable for the implementation only in some levels of the layout (i.e., department,
machine, and workstation), and, in particular, only in some of the steps of the layout planning
procedure, as discussed here and summarized in Table 2. In the following we report the results
obtained from the application of these technologies in the Logistics4.0 Lab at NTNU (Norway).

Table 2. Emerging technologies in the layout planning.

Pattern of
Procedures Department Level Machine Level Workstation Level Form of Output

1. Activities

IPS:
- Real-time information

about Route and Quantity of
the products

IPS:
- Fast, easy and detailed
Operation process chart

- Real-time Flow process chart
- Real-time Line balance

MoCap and IR / IPS:
- Fast, easy and detailed
Operation process chart

List of Activity
Areas

2. Relationships

IPS:
- Fast, easy and detailed

Operation Process Chart and
From-To Chart

- Congestion phenomena
evaluation

IPS:
- Fast, easy and detailed

Relationship Chart
- Congestion phenomena

evaluation

IPS:
- Fast, easy and detailed

Spaghetti Chart

Data-Driven
Relationship

Diagram

3. Space

3D mapping:
-Fast, easy and detailed

Activity Areas and Features
Sheet

- Fast, easy and detailed
Survey of current space

assigned
- Connection/relations

between different Areas

3D mapping:
- Fast, easy and detailed

Activity Areas and Features
Sheet

- Fast, easy and detailed Survey
of machine’s position

- Connection/relations between
different Areas

- Position of movable
equipment

3D mapping:- Fast, easy
and detailed collection of
space info about existing
workstation to build 3D

model for virtual
mock-up

Digital 3D Space
Relationship

Diagram

4. Adjustment
3D mapping:

- Fast, easy and detailed
image of Block Layout

3D mapping:
- Fast, easy and detailed Layout

image
- Models and renderings

MoCap and IR:
Detailed Workstation

Simulations:
- Virtual prototype
- Virtual mock-up

- Real-time ergonomic
evaluations

Digital 3D
Alternative

Layouts

5. Evaluation - - - Selected Layouts

3D mapping technologies are particularly attractive for step 3 and step 4 of the layout planning
procedures at the department and machine levels, but also for workstation level, where information
about space and its utilization is needed (Table 2). The commonly used techniques to provide the
required information to perform step 3 and step 4 consist of 2D drawings manually made by the
analysts (Figure 2b). Specifically, the analyst has to measure the space assigned to a determined
area and/or the overall dimensions of the machines/equipment, leading to high consumption of time,
especially if precise information is needed, and this has to be carried out every time an update is
needed. By implementing 3D mapping technologies, these drawbacks can be easily overcome since
most of the work is carried out by the software processing the images, resulting in a high saving of
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time that facilitates constant updates of the layout. In such a way, more precise information is easily
obtained concerning the position of movable equipment (Figure 2a). Furthermore, a level of detail
including information about the connections/relationships between different areas and/or machines
that would have required extra time with 2D drawing is easily obtained with 3D technologies, also
providing immediate information about the position of the input and output of machines (Figure 2c).
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IPS are instead attractive for step 1 and particularly for step 2 of the layout planning
procedures at the three different levels (Table 2). In these two steps, information about the flow
of materials/components/products are needed and are commonly based on the development of flow
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charts made by analysts who observe the process flow for a long period of time. Although this
procedure is time-consuming, it lacks to provide fundamental information such as the occurrence of
congestion phenomena. IPS technologies providing data-driven material flow analysis, can overcome
this issue, specifying the location and the duration of such congestion phenomena, providing useful
information to improve the material flow of the system. In addition, IPS can provide the real flow of
the materials, not just their movement from A to B, but the real path covered by the material handling
systems transporting them (Figure 3). In addition, the standard production flow based on the bill of
materials or similar technique is improved considerably due to the capability of IPS technologies to
determine the real flow between machines (Figure 3a), including possible reworks or use of alternative
machines due to breakdown or unavailability. The result of IPS implementation in steps 1 and 2 is the
data-driven relationship diagram.
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Finally, the implementation of MoCap and IR improves the Adjustment phase (step 4) of the
workstation design. Usually, in the development of new workstations or in the improvement of
existing ones, companies build several physical mock-ups where different layouts are proposed, and the
interaction modalities of the operator with the workplace are evaluated. However, building physical
mock-ups is both time-consuming and labor-intensive. These drawbacks can be easily overcome by
the combination of MoCap and IR, where several workstation layouts can be virtually designed and
evaluated. The use of such a system, in fact, allows one to evaluate a workstation without the need to
build it physically in advance, by immersing the operator into the virtual environment (Figure 4a),
reducing thus the time spent in this phase. Moreover, it is possible to perform real-time ergonomic
evaluations thanks to the integration of a specific ergonomic assessment software with the motion
capture system (Figure 4b). Figure 5 shows the contribution of the new technologies on the five-step
layout planning procedures.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 18 
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4. Discussion

In recent years, companies are increasingly focusing on sustainability, not only from the narrow
point of view of the environment but also from a social and economic perspective. The layout planning
has so far represented one of the main limitations towards the achievement of this aim due to the static
nature of the current layouts. Nowadays, in fact, layouts are designed for medium/long periods due to
the related difficulties and time-consuming operations that hinder the achievement of dynamic layouts
that represent the main requirement to achieve sustainable companies.

The introduction of emerging technologies such as 3D mapping, IPS, MoCap, and IR is beneficial
for the transition from static layouts to dynamic layouts, and their impact on the three pillars constituting
the sustainability concept is given in the details below and summarized in Table 3.

Table 3. Impact of the new technologies on the three pillars of sustainability.

Economic Pillar Social Pillar Environmental Pillar

- Saved time and costs in all the
design procedures
- Reduced uncertainty and costly
errors due to wrong design
solution (no need to change
afterwards)
- Increased understanding and
better decision-making

- Better ergonomics, less fatigue
- Adaptable workstations also for
older workforce
- More added value activities for
the designers of layout, they do
not need to spend time in
collecting info and they increase
their knowledge about the systems
they are designing

- Use of the space efficient and so
less building of new facilities
- More compact means better use of
space, less transportation activities
- Optimal adaptable layout in case
of reconfigurable systems

3D mapping concurs to improve all the three pillars: the economic and the social ones by reducing
the time and the costs associated with the gathering of the information related to space availability
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and equipment position, thus allowing the allocation of both economic and human resources to more
added values activities, and by increasing the knowledge of the system under evaluation through the
determination of connections/relationships between different areas and/or machines; the impact of 3D
mapping on the environment is linked to the possibility to optimize the layout in a fast and easy way,
thus enabling the continuous and constant reconfiguration of the system under consideration that leads
to efficient use of the available space limiting the transportation activities and the need of new building
facilities. To accomplish this goal, the combination of 3D mapping with IPS is essential because,
by providing real-time and detailed information of the flow of material in the different levels (From-To
chart, Relationship chart and Spaghetti chart in the department, machine and workstation level,
respectively), it concurs to a better understanding of the system requirements and flaws, especially in
terms of congestion phenomena. Finally, the combination of MoCap and IR impacts particularly on the
economic and social pillars, and their benefits are notably evident in the workstation level where the
design of workstations can be optimized taking into consideration the operators’ needs, and extremely
reduced in terms of time and resources (economic and human) allocated to the related operations.
In fact, by virtualizing the conceptualization and development of the workstations, the realization
and assessment of different physical workstation mockups are no longer required, saving time and
money. The choice to virtualize the development and testing of the different mockup solutions also
impacts the environment since less material needs to be wasted to physically build the mockup, and
also less transportation is required. The decision-makers can thus base their alternatives evaluation
and final choice on the traditional Key Performance Indicators (KPIs), well-established and widely
used in the layout planning procedure. The main difference is that those KPIs are now estimated using
more accurate data and information about material flows, space requirements, space and equipment
constraints, and others.

The implementation of such technologies could be useful to industries that are continuously faced
with the need to redesign their layout due to the introduction of new products and/or the modification
of the throughput of the systems as a consequence of market changes. This is particularly relevant for
all the industries involved in the supply chain of products that are subjected to the variability of the
market. While the modification of the throughput mainly acts on the department and machine level of
the layout planning, the introduction of new products affects all the three levels. Companies are thus
required to understand whether implementing these technologies may be profitable, and to do so, the
need for some easily applicable cost models and/or decision support systems is arising. While the
development of such tools for the economic pillar is of easy conceptualization and formulation, it is
more difficult to correctly and coherently evaluate their impact on social and environmental pillars,
rendering it an aspect that needs to be investigated and solved to consider the potential of these
technologies for all the aspects. Finally, for the achievement of fully dynamic layouts, the introduction of
the new technologies should be accompanied by the integration of the new technologies with dedicated
systems and software that use the data from the new technologies as input for simulations to carry out
final adjustment and evaluations. In particular, the evaluations should concern all the three pillars and
be constantly updated by the collection of empirical data for further and continuous improvements.

5. Conclusions

In this paper, the introduction of the technologies of 3D mapping, IPS, MoCap, and IR in the layout
planning has been evaluated, with a special focus on their impact in the development of sustainable
facilities. In particular, the effects of the emerging technologies on the three pillars constituting the
sustainability concept, namely environmental, social, and economic, has been assessed, allowing the
following conclusions:

• All the technologies herein considered reduce the time efforts, error rates and costs involved in
the five-step layout planning procedures on the department, machine, and workstation level
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• MoCap and IR are particularly attractive considering the social pillar since they allow to pursue
a human-centered design of the workstation that improves the ergonomic of the workers and
reduces their fatigue

• An optimal and dynamic layout in both the department and machine level impact the environment
with a reduced need for new buildings and transportation activities

The introduction of new technologies is, thus, of great interest and worthy of further investigation
of its potential role in the development of sustainable facilities. Most importantly, the future integration
with dedicated software will allow constant monitoring of the sustainability performances of the
layout, permitting the development of fully dynamic layouts.

However, the function and effectiveness of these technologies and their spatial-dependent
applications (whether in the virtual or in the physical space) inevitably depends on the complexity
of the spatial data that are used in the applications. This is because the spatial complexity [9]
influences the level of spatial detail upon which technologies perform, and this aspect has to be further
analyzed. Finally, future research should investigate the research opportunities to develop and analyze
data-driven key performance indicators and to investigate their potential use in relation to the applied
technologies and industrial application (like process industry, discrete manufacturing, warehouses,
etc.).
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