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Dynamic Digital Twin Through VR
Enabled by Emalulate3D
LEJLA ERDAL & AMMAR GUBARTALLA
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
As Industry 4.0 technology is still evolving, research and implementation gaps due
to issues such as costs, security, and lack of domain expertise for enabling Digital
Twins and supportive technology need to be bridged. This thesis proposes a practi-
cal framework for enabling the connection between an Internet of Things platform
and Digital Twin-compliant software for constructing a Digital Twin based on the
ISO23247 standard. The simulation software provides cognitive support for the user,
immersing them in the Digital Twin through Virtual Reality. Connectivity with the
Internet of Things platform facilitates real-time bi-directional communication, col-
laboration, monitoring, and assistance. An adopted research methodology with a
foundation in empirical studies was used to support and validate the presented use
case based on an assembly line for a lab-scale drone factory. The results showcase
a Digital Twin with Virtual Reality functions of a real-world use case implemented
based on ISO 23347, in addition to potential business values related to the benefits
of Digital Twins enabled by virtual reality technology.

Keywords: Digital Twins, Virtual Reality, Internet of Things, ISO 23247, business
values.
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1
Introduction

This chapter introduces the master's thesis and illustrates the background of Digital
Twins and the correlating research gap, giving a brief description of the stakeholders
related to the development of the di�erent constituents of digital twins, the problem
statement with corresponding aim and research questions, together with the scope
of the project.

1.1 Background

In recent years, the interest in Industry 4.0 technology within manufacturing sys-
tems has signi�cantly increased. This is due to its capability to utilize big data in
real time, facilitating communication and connectivity between digital and physical
systems. This is imperative in today's rapidly changing markets, where increased
resilience, responsiveness and adaptiveness are critical to a company's chance for
success [1]. Technologies such as Digital Twins (DTs) are considered to be key en-
ablers of Industry 4.0, as they play a vital role in transforming traditional industries
by o�ering a real-time connected virtual representation of their real-world counter-
parts, enabling monitoring and remote control of manufacturing systems [7]. By
incorporating Virtual Reality (VR), the user is immersed in the digital tool and
can navigate and understand the environment, shifting the DT towards a more
user-oriented perspective [8]. While DTs o�er signi�cant bene�ts in manufacturing
systems and other industries, their value is not fully recognized in terms of reduced
time to market, improved manufacturing equipment performance, and improved
overall quality [6].

Studies have shown that there are still general concerns regarding the implemen-
tation of DT-related technology, such as Internet of Things (IoT) solutions. These
concerns include challenges with platform connections and hardware, the scarcity of
available domain expertise, obstacles in collecting and connecting data, costs, and
security and trust issues between companies. However, even though DTs and their
di�erent applications have been explored and discussed in numerous research pa-
pers, practical implementation, especially using standardized frameworks, remains
a signi�cant challenge [9].

To address some of the implementation challenges, Rockwell Automation provides
solutions for industrial automation and digital transformation, o�ering a wide range
of automation solutions and services to various industries such as aerospace, automo-
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1. Introduction

tive, food and many others. Rockwell's Emulate3D will be the primary software for
constructing and building the digital copy. It allows users to create virtual represen-
tations of the physical systems, enabling them to design, test, analyze and optimize
various manufacturing processes [10]. Using VR technology enhances competitive-
ness in a market with evolving technologies and increasing demand for sustainable
production, where companies are heavily investing in these technologies [11]. By
incorporating VR, the user is immersed in the digital tool and can navigate and
understand the environment, shifting the DT towards a more user-oriented perspec-
tive [8]. Furthermore, the technology provides the opportunity to transport plant
personnel to a virtual world where they can train on systems without consequences,
predict future performance, and simulate line changes [12]. The software integrates
with VR technology such as the HTC Vive headset with controllers, to provide re-
alistic simulation, as well as synchronizing with IoT platforms such as Thingworx
(PTC, Boston, USA) which will provide real-time connectivity.

To facilitate the usage of the DT software and the IoT solution, the lab-scale drone
factory at the SII Lab will serve as a testbed to demonstrate the creation of a digital
twin through VR. The Stena Industry Innovation Laboratory (SII-Lab) is a research
facility a�liated with Chalmers University of Technology, Gothenburg, Lindholman,
providing opportunities for the Swedish industry to test the digitalized production of
the future. The facility is dedicated to studying, analyzing, and evaluating various
technologies, including robots, arti�cial intelligence, digital twins, and advanced
computer networks [13].

1.2 Research Gap

Recent research has consisted mainly of general frameworks for DT applications
([14];[15]) and there is, therefore, a lack of case or domain-speci�c studies, as well as
insu�cient research regarding evaluation- or metric-based implementation of DTs
[9]. In support of standardisation in terms of DT application, ISO 23247 Digital
Twin Framework for Manufacturing has been developed, which regards overview and
general principles, reference architecture, digital representation, and information ex-
change [14]. The provided framework will aid in the construction of a real-time con-
nected DT, with the provided reference architecture and integration methodology.

Aside from the research gap, there also exists an implementation gap, as the asso-
ciated technology such as big data, machine learning and IoT is still evolving. For
instance, the collected data is often in di�erent formats, unstructured, or in some
cases not collected. Regarding machine learning algorithms, the lack of su�cient
data also a�ects the outcome, together with the lack of data scientists with the
proper domain knowledge. For IoT solutions, the sensors, connectivity platforms
and hardware are still under development which restricts DT implementation [9].
The lack of domain expertise that can interpret the data that is utilised for building
the digital twin, as well as the results produced from it, is especially noticed in small
and medium-sized enterprises (SMEs), in the combination of motivating the costs
for implementing DTs [14]. Another issue is rooted in security, as the data needs
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1. Introduction

to be handled properly, and in addition, companies in collaboration struggle with
trust issues towards each other [9]. As for DTs integrated with VR, the conventional
methods of showcasing the bene�ts of digital twins are often limited as they lack the
necessary tools to emulate and demonstrate complex details in a visually appealing
and user-friendly manner compared to VR [16].

1.3 Problem Statement

Although there are successful implementations of DT in both research academia
and industry, a fundamental challenge lies in establishing connectivity between the
virtual and physical systems. In this context, connectivity refers to the communi-
cation protocol enabling synchronous interaction between a virtual model and its
physical counterpart. The objective is to facilitate real-time control and movements
of physical entities while ensuring that the digital twin accurately replicates these
actions [17]. The problem is to address how this data connection operates between
the virtual model constructed by Emulate3D and the lab-scale drone factory ensur-
ing a connection capable of bidirectional data transfer. Furthermore, the thesis will
also showcase the bene�ts of DTs within a VR environment with the help of a use
case linked to the business values of DTs.

1.3.1 Aim

The �rst aim of this thesis project is to apply a framework and establish real-time
connectivity between the DT and the physical system, enabling the creation of a
DT. The focus is to achieve synchronization between the virtual model and the real
system allowing the digital twin to mirror the physical system in real-time. The
second aim is to showcase the bene�ts of DTs enabled by VR, providing real-time
interoperability and connectivity. Emulate3D will be used to build a digital copy
of the lab-scale drone factory at the SII lab at Chalmers University Lindholmen,
whereas Thingworx will serve as the IoT platform for this integration. The ex-
pected outcome is a methodology for constructing the real-time connectivity for
a VR dynamic DT, together with a case study demonstrating the business values
linked to the bene�ts of a DT enabled by VR.

1.3.2 Research Questions

This thesis posits that practical implementations of the DT concept using stan-
dardized frameworks can support scalable value creation, and the synchronization
strategy is one of the main elements of DT implementation. The synchronization
strategy regards an IoT platform, responsible for the simulation model's and real
system's real-time connectivity. Besides establishing connectivity between the IoT
platform and the DT software, the thesis aims to describe the potential business val-
ues linked to the bene�ts of implementing VR technology within the DT concept,
which will lead to the following research questions (RQ):

3



1. Introduction

ˆ RQ1: How to use DT standards to support the integration of simulation soft-
ware and an IoT platform establishing a real-time connectivity?

ˆ RQ2: What are the potential business values related to the bene�ts of DT
enabled by VR?

To answer these questions, the main objectives are to propose a practical example of
the real-time connectivity implementation supported by the ISO 23247 framework.
This example should be considered as an instance of DT implementation, not a
recommendation or a standard itself. The other main objective is to present the
bene�ts of DTs enabled through VR by linking them to business values. In order to
achieve these two objectives, the thesis will follow these speci�c objectives:

1. Develop an integrated DT reference architecture applying the ISO 23247 stan-
dard framework.

2. Development of VR integrated Simulation Model to represent a Lab Scale Real
System.

3. Propose an architecture to establish connectivity between a simulation model
and its real system.

4. Demonstrate the real-time connectivity of DTs through a proof-of-concept use
case.

5. Showcase potential business values of DT technology enabled by VR linked to
the bene�ts.

1.4 Scope

The time frame for this project is scheduled to run through a duration of 20 weeks
with a start in late January and a �nish in June 2024. To ensure that the project is
�nished in time, CAD �les will be provided for the VR software, and the base for
the virtual factory will be built beforehand.

The project is limited to only utilizing DTs through VR technology. This means
that no other types of DTs will be incorporated to evaluate and understand the data
gathered from the DT, where the focus will be on the capabilities o�ered by VR
technology. Detailed technical aspects of the proposed framework are outside of the
scope of the project as well, it will serve as an empirical study based on the facilities
provided by the SII-lab for similar use cases. To serve as a theoretical base for the
project, literature studies will be conducted throughout the entire process, to ensure
validity and to provide a link to the empirical studies with connections to research.

Moreover, only Emulate3D DT software and Thingworx's IoT platform will be im-
plemented and evaluated. The case study will regard the lab-scale drone factory,
while conclusions will regard further possible applications with the hopes of bridg-
ing the implementation gap for relevant industries. The application domain will
however only regard manufacturing processes.
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2
Theoretical Background

This chapter presents the theoretical background related to the thesis. A literature
review was conducted on several interconnected topics that form the foundation of
this project, supplemented by information gathered from software web pages. The
topics include the shift from Industry 4.0 to 5.0, DTs and their functions, encom-
passing bene�ts and various perspectives on implementation; the maturity index for
DTs; VR and simulation, covering relevant terms and applications; IoT systems, in-
cluding their components and con�gurations; the three pillars of sustainability; and
the business value of DTs. This literature review will facilitate the connection of
theory to practice, enabling the veri�cation and validation of the use cases through
methods rooted in research.

2.1 Digitalization

Digitalization is herein de�ned as: �The use of digital technologies to change a
business model and provide new revenue and value-producing opportunities; it is
the process of moving to a digital business� [18]. IoT platforms are key enablers
in transforming and developing digital production and smart factories, as these
platforms make it possible to connect the entire manufacturing process. The concept
of digitization involves utilizing information technologies to facilitate the integration
of emerging technologies, such as IoT and related services and tools, into various
processes. This integration aims to optimize the manufacturing industry, resulting
in more e�cient and �exible production systems [19].

2.1.1 Industrial Revolutions and Industry 4.0

The fourth industrial revolution also known as (Industrie 4.0 in German) originally
came from a project in high-tech strategy in Germany in 2011. It advanced the
concept of Cyber-Physical Systems (CPS) into Cyber-Physical Production Systems
(CPPS) [2]. It emerges following de�nitions of the �rst three industrial revolutions,
where all four revolutions can be seen in Figure 2.1.
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2. Theoretical Background

Figure 2.1: The four industrial revolutions.

The First Industrial Revolution marked the transition from manual production
to machines using steam power. The Second Industrial Revolution introduced
mass production techniques, including moving assembly lines, which signi�cantly
increased productivity and economic growth. The Third Industrial Revolution wit-
nessed the advancement of information and communication technologies (ICT), such
as the adoption of computer numerical control (CNC) and industrial robots, facili-
tating automated production processes [20]. Internationally, several countries have
introduced similar initiatives, for instance, Produktion 2030 (Sweden), Industria
4.0 (Italy) and Industrial Internet Consortium (USA). In summary, Industry 4.0,
initially perceived as mainly technology-driven, now has some considerations from
societal needs, such as sustainability and human-centricity are visible [2].

2.1.2 Maturity Index for Digital Twins

As more companies strive for industry 4.0 potential, they struggle with the transfor-
mation due to various factors a�ecting the organization such as company objectives,
the level of focus on the technology or issues with scaling up the implementation.
Industry 4.0 maturity index helps companies to determine which stage they are
currently at in their transformation into agile companies. It assesses them from
a technological, organisational and cultural perspective, focusing on the business
processes of manufacturing companies. As seen in Figure 2.2, the maturity index
comprises six developmental stages, each building upon the previous one. Each stage
describes the capabilities required to attain it and the resulting bene�ts and added
value to a company. the �rst two stages however are not within industry 4.0, yet
rather than focusing on establishing a foundation for industry 4.0 adoption [1].

6



2. Theoretical Background

Figure 2.2: Maturity index for manufacturing companies [1].

2.1.3 Shifting Towards Industry 5.0

While Industry 4.0 has been driven by remarkable technological advancements, there
are some considerations regarding sustainability, social needs, and human-centric
concerns that need to be addressed [2]. To tackle these challenges, the shift towards
Industry 5.0 began in 2017, and academic e�orts continuously pushed for the in-
troduction of the Fifth Industrial Revolution. In 2021, the European Commission
o�cially called for the Fifth Industrial Revolution, titled "Industry 5.0: Towards
a Sustainable, Human-centric, and Resilient European Industry" [3]. The adopted
Figure 2.3 illustrates the three interconnected core values: human-centric, sustain-
ability and resilience. In summary, Industry 4.0 is technology-driven, while Industry
5.0 is value-driven, and the former needs the latter for the sustainability aspects,
while the latter depends on the former for the technological advancements and so-
lutions [2].
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2. Theoretical Background

Figure 2.3: Core Values of Industry 5.0, adopted by [2]. [3]

The concept of Industry 5.0 aims to achieve societal goals beyond merely creat-
ing jobs and economic growth. It emphasizes industry and production within the
boundaries of our planet while prioritizing the well-being of workers at the centre
of manufacturing processes [3]. To integrate social and environmental pillars into
technological innovation, the focus must shift from individual technologies to a sys-
temic approach. As technology continues to develop, it fundamentally changes how
value is created, shared, and distributed. In this sense, these advancements align
with the values society prioritizes in the future. These shifts prompt the industry
to reconsider its place and responsibilities within society [21].

2.2 Digital Twins - Description, Perspectives, and
Potential Bene�ts

The concept of a DTs [22] serves as a dynamic mapping between physical objects
and simulation models, converging physical and cyber layers of a system. This
solution facilitates interconnection, interaction, control, and management on the
shop-�oor level, supporting the advancement of smart manufacturing practices [23].
One straightforward bene�t of DT is assessing systemic issues in complex systems,
which often emerge due to human interactions during operations [24]. Furthermore,
DT implementations e�ectively enable data-driven and smart manufacturing, setting
the foundation for the other Industry 4.0 technologies [25].

Figure 2.4 illustrates the three main components of DTs consisting of the DT, the
physical system and the IoT platform. The IoT platform collects real-time data
from the physical system via sensors and actuators. It manages and stores the data,
and then updates the DT in real-time. The DT processes the data, producing value
and insights, which can be used to manage the physical system in return [26].

8



2. Theoretical Background

Figure 2.4: Visual representation of digital twin processes and components.

The literature on DT presents work focusing on di�erent perspectives of its imple-
mentations, from the catalogue of system architecture patterns in DT design [27], to
the detailing of scope and structural design requirements for DTs [28]. The need led
to the development of the ISO 23247 standard for DTs, which addresses the inter-
disciplinary challenges of DT development providing a framework for manufacturing
DT implementations [29]. The ISO 23247 framework was also illustrated through
manufacturing cases, discussing the diversity of tools and integration needs for DT
[30].

A broad study on DT applications in the manufacturing �eld highlights their use in
process monitoring, life prediction, and asset management that demonstrate signi�-
cant operational e�ciencies [31]. Other practical cases of the ISO 23247 implemen-
tations are given in this section, where the framework has been applied to model
DTs for �exible manufacturing cells, emphasizing key features and product lifecycle
integration [32].

The main functions of DTs are supporting decision-making, enhancing visibility,
optimizing operations, and increasing resilience to disruptions [33]. Credibility chal-
lenges in manufacturing DTs lead to the need to emphasize the importance of ver-
i�cation, validation, and continuously maintaining credibility to ensure trust and
reliability [34]. The bene�ts of integrating immersive VR with DTs, such as im-
proved visualization and interaction, can be achieved while addressing challenges
such as complex VR design, better hardware controls, and communication strate-
gies [35]. These insights show the DTs' transformative potential across various sec-
tors, addressing challenges such as in unifying communication interfaces and lacking
e�cient modelling frameworks [36].
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2. Theoretical Background

2.2.1 Business Values of Digital Twins

Depending on a DT's purpose and the level of sophistication needed for deployment,
[26] propose two di�erent models for selecting appropriate technological capabilities,
called need pull and technology push. Need pull is applied when management strives
for a speci�c value or advantage for deploying a DT and is inherited from the im-
provement of work. The value evaluation regards what has been improved and its
perceived value, where the terminated value needs to be measurable, quanti�ed and
directly a�ected by the provided technology. For the value to be transferred, the
organisation's transformation is required as well, such as di�erent work�ows, data
management and methods for materials and equipment deliveries. Technology push
is related to a company's inspiration of deploying a DT without a necessary use case,
where the driver is connected to data and models together with performance. The
technological evaluation regards the available data, algorithms, models, software and
programming abilities within the company. As for the evaluation of performance,
characteristics such as minimal time for performing tasks, accuracy and the minimal
requirement of human e�ort are preferred.

For a successful implementation, a balance is needed between the available techno-
logical capabilities, and the potential value a DT can o�er a company, and it can
therefore vary between cases. An appropriate level needs to be selected in terms of
the complexity of the DT, and the value needs to be translated into a business model
for the top management to adopt. However, trade-o�s can occur if the targets are
con�icted, and companies can struggle with misinterpretation of value and perfor-
mance measures, in addition to setting up ambiguous targets that do not support
the deployment of a DT [26]. Aside from strategic performance and marketing dy-
namics being the focus of a DT, it can improve other metrics within manufacturing
such as key performance and e�ciency [6]. Tangible metrics such as those listed in
Table 4.2 can further motivate manufacturing companies to implement DTs, as es-
pecially Small to Medium-sized Enterprises (SMEs) experience di�culties regarding
e�cient, e�ective and correct implementation [37].
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Table 2.1: Business value categories for DTs and their potential, adapted from
Deloitte Insights report [6].

Category Potential
Quality

ˆ Improve overall quality
ˆ Early prediction and detection of quality trend de-

fects
ˆ Control quality escapes and ability to determine

when quality issue starts

Warranty cost and
services ˆ Understand current con�guration of equipment in

the �eld for e�cient service
ˆ Proactive and more accurate determination of

warranty and claims issues for reduction of overall
warranty cost and improvement of customer expe-
riences

Operations costs
ˆ Improvement of product design and engineering

change execution
ˆ Improvement of performance of manufacturing

equipment
ˆ Reduction of operations and process variability

Record retention and
serialization ˆ Creation of digital record of serialized parts and

raw materials for recall and warranty claims man-
agement

New product intro-
duction cost and lead
time

ˆ Reduction of time to market for new products
ˆ Reduction of overall costs for new product
ˆ Improved recognition of long-lead-time compo-

nents and impact on supply chain

Revenue growth op-
portunities ˆ Identi�cation of products ready for upgrade in the

�eld
ˆ Improvement of e�ciency and cost for servitiza-

tion
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2.3 Virtual Reality and Simulation

Simulation and VR are key technologies revolutionizing various industries, partic-
ularly for manufacturing optimization. Simulation involves creating a digital rep-
resentation of a system or process to analyze its behaviour or performance. It is
instrumental in optimizing production systems, as it allows for scenario testing and
decision-making based on predicted outcomes [38]. VR, on the other hand, refers to
an interactive computer-generated experience that simulates environments or situ-
ations, often using immersive technologies. In a literature review [39], with a focus
on the convergence of these concepts, it was noted that integrating VR technology
into DT applications can enhance visualization, interaction, and user experience. In
manufacturing optimization, VR can be used for real-time visualization of produc-
tion processes, enabling better decision-making. VR tools like HTC VIVE or Oculus
Rift described in the use case [40], can facilitate real-time optimization by stream-
ing high-resolution graphical representations of simulation models. Additionally,
this integration allows users to navigate a digital environment using these wearable
devices, accurately replicating the characteristics of the real-world counterpart at
all times [41].

Moreover, manufacturing companies can shorten their time-to-market (TTM) in
new product development (NPD) processes by incorporating VR [42]. Research and
applications involving VR have grown steadily across various sectors, including the
automotive and heavy machinery industries, largely due to the potential bene�ts it
o�ers [43], [44]. Although the value of VR and DTs is signi�cantly established in
theory, their widespread adoption is hindered. VR technology is highly complex,
often requiring high skills that many companies, particularly SMEs, do not possess
internally. Furthermore, using 3D modelling software or CAD tools can be extremely
time-consuming and challenging, and these factors can collectively deter companies
from adopting this technology [41].

2.4 IoT - Architecture Description

An IoT system enables connectivity between the physical system and the simula-
tion model with the help of connected devices such as sensors and actuators. The
collected data is stored and used by applications for di�erent purposes such as pre-
dictive maintenance, analysis, monitoring, control and optimization [45]. A company
can also choose between proprietary IoT solutions with built-in functionalities, or
create their own by using free open-source solutions [4].

The architecture used for describing the di�erent components is based on the IoT
reference architecture proposed by [4]. As seen in Figure 2.5, it comprises sensors,
actuators, the IoT platform, a communications network, an IoT gateway, applica-
tions, security, and management. The sensors capture information supplied to the
user, such as a sensor that detects the arrival of a pallet. This information controls
the system by using the actuators, which convert the command to a physical action
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based on a request from the IoT platform, such as a mechanical stopper that blocks
the pallet from moving past a speci�c point unless a request is made. Among in-
tegrating and managing devices such as sensors and actuators, IoT platforms also
enable user interaction, management of systems, data and security, data storage
and analytics, as well as allowing the usage of applications, which utilize the input
and output from devices to perform tasks and services. One or more middleware
components called IoT Gateways ensure that the IoT platform can communicate
with devices via common communication networks, data formats and data layer
protocols. As for data layer protocols, which are required to exchange data between
IoT platforms and devices, a common model is the client-server model. A client de-
vice can then directly send data to a server, which in turn performs the request by
providing a function or a service to the client. Security is handled with encrypting
combined with monitoring keys and certi�cates, whereas management regards tasks
such as system performance and con�guration, networks, fault management, and
service updates.

Figure 2.5: Adopted IoT architecture by [4]
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3
Methods for Research and

Implementation

The project aims to realize real-time connectivity between the simulation software
and the physical production system, with VR as a human-centric approach for better
interaction, accessibility and cognitive ergonomics. This integration allows design-
ing, testing, analyzing, and optimizing manufacturing processes in a virtual envi-
ronment. Traditional methods of demonstrating the bene�ts of DTs often fall short
as they lack the tools necessary to emulate and present complex details in a visu-
ally engaging and user-friendly manner. Moreover, a signi�cant challenge within
DT frameworks is establishing e�ective connectivity between virtual models and
physical systems. This connectivity involves setting up communication protocols
that enable synchronous interactions between a simulation model and its physical
counterpart, providing a necessity for the proposition of a framework for VR-based
DTs based on industrial standards. The following sections will introduce the research
methodology, literature review, description of the lab-scale drone factory, ISO 23247
reference architecture, VR integrated simulation solution, and the construction of
IoT architecture. All of the technological solutions are proposed in consultation
with industry experts.

3.1 Research Methodology

This section presents the methodology and the work procedure used in the thesis.
The research methodology for this project will be based on the adopted research
methodology by [27], together with the empirical study methodology by [46] to suit
the proposed use case and the theoretical structure of the project. The resulting
methodology can be seen in Figure 3.1.
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Figure 3.1: Adopted research methodology by authors.

A literature review was performed to get a basic understanding of the underlying
concepts that provide the foundation for a DT enabled by VR. With that knowl-
edge, research questions were established to guide the work together with speci�ed
objectives for clari�cation of the work process. During the domain analysis and
the deployment of the DT, continuous descriptive research was performed as new
concepts emerged. The DT software was explored with the support of tutorials and
software experts, while the construction of the IoT architecture was executed by an
industry expert. The di�erent processes of the assembly line in the lab-scale drone
factory were also studied for a better understanding of the physical system and to
gain domain expertise. A qualitative study was performed on the di�erent elements
of the IoT architecture for a fuller understanding of the subject, which resulted in
a use case design for real-time connectivity.

The use case was based on the ISO 23247 framework to provide an adaptable frame-
work, which can be implemented in di�erent types of use cases to encourage prac-
tical implementations. Together with the produced framework, a proof-of-concept
use case was designed, to prove that the behaviour of the simulation model mimics
the physical system. A table displaying potential business values connected to prac-
tical examples was composed, connecting potential business values to corresponding
bene�ts, as a human-centric approach to have better interaction, accessibility and
cognitive ergonomics. Following the stated research methodology, a discussion was
performed to evaluate the results, ending with conclusions and recommendations for
future work.
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3.2 Description of Lab-scale Drone Factory

The physical system described in this thesis is implemented at the SII lab in Lind-
holmen, Gothenburg, which serves as a platform for research, training, and the
demonstration of smart industrial production in the context of Industry 4.0 and
digital transformation. The lab-scale drone factory infrastructure includes a pro-
duction line designed for drone assembly, where pallets are used to transport the
drones on a conveyor belt. Figure 3.2 displays the real system positioned next to the
simulation model, where the conveyor belt connects six branch assembly stations,
including a bu�er, and an Autonomous Mobile Robot (AMR) transports �nished
products to a di�erent bu�er. Additionally, the lab employs in-house logistics to
manage the transformation of raw materials and products, both internally and ex-
ternally, through the main conveyor belt [37].

(a) SII Lab Real System (b) Emulate3d Virtual Model

Figure 3.2: Real and Virtual systems of the smart production system

The lab-scale drone factory is controlled by Programmable Logic Controllers (PLCs),
with I/O (Input/Output) units distributed across each station, which in this case
represents the sensors and actuators of the physical system. All sensors and actu-
ators utilised in stations 2-5 in the lab-scale drone factory are presented in Figure
3.3 [13].

Sensors are strategically placed at each station to detect the arrival of pallets,
whereas the pallets are equipped with RFID (Radio Frequency Identi�cation) tags
for identi�cation of products. Speci�cally, the docking station's I/O setup includes
two sensors for pallet sensing and another two for monitoring elevator transfers,
facilitating the vertical movement of pallets between the main conveyor and the
workstation. Additionally, there is a sensor dedicated to managing the queue stop,
as well as a sensor identifying the table height as the stations are adjustable to
provide an ergonomic environment for operators.
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Figure 3.3: Work station I/O Functions with sensors.

3.3 Adopted ISO 23247 Standard Framework For
Developing Digital Twins

In this section, the adopted framework for implementing a DT with real-time con-
nectivity is described, based on the ISO 23247 standard [30], to support the connec-
tivity between the physical system, the simulation model, and VR for human-centric
interaction. The framework comprises four main parts: (1) Overview and General
Principles, which de�ne the physical systems as Observable Manufacturing Elements
(OMEs) that need to be twinned; (2) Reference Architecture, which consists of four
main domains: OME Domain, Data Collection and Device Control Domain, Core
(DT) Domain, and User Domain; (3) Digital Representation, which describes the
basic information attributes for typical OMEs, including both static and dynamic
information; (4) Information Exchange, which outlines the technical requirements
for the exchange of information between entities within the framework. These com-
ponents provide guidelines for de�ning the scope and objectives, setting simulation
model requirements, implementing a generic reference architecture, and supporting
information synchronization between a DT and its physical counterpart [30].

3.4 Virtual Reality Integrated Simulation Solu-
tion

Emulate3D (Rockwell Automation, Milwaukee, USA) is a CAD software that was
utilised for constructing the simulation model of the lab-scale drone factory. The
software includes a library (Emulate3D Package Explorer) of built-in catalogues and
pre-modelled components that feature manufacturing equipment components such
as conveyors, robots, loads, stairs and walls. The drone product CAD �les were
imported and the aspects are automatically added. Together with functions such
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as sensors and buttons, the virtual model can be used for simulation, emulation or
demonstration, allowing users to test the connectivity in VR with the HTC VIVE
device to enable human-centric interaction.

Furthermore, the simulation software integrates with various communication proto-
cols to facilitate connectivity with IoT devices and platforms enabling real-time data
exchange and integration with IoT-enabled systems, with communication languages
such as Siemens, CODESYS, Allen Bradley, and OPC UA protocols. Using Tags
to represent the physical system's I/O points, Emulate3D's tags are de�ned in the
IO Browser, which displays currently loaded tags, their de�nition and binding, and
connects the tags to the controller via a Tag Server. To ensure the e�ectiveness of
the simulation, simple representations of physical objects should be implemented,
together with a reduction of unnecessary physical properties.

Additionally, the real system controlled by PLCs as mentioned in the previous sec-
tion, parallels the control of the simulation model via a function known as Flow
Control. This function allows the users to manage the entities of the simulation
model similarly to how the PLC allows the user to control the physical system. The
logic behind Flow Control can be implemented using various scripting languages or
through a function called Quick Logic in Emulate3D. Quick Logic simpli�es virtual
model control by allowing users to utilize pre-built functions with minimal coding,
simplifying the programming process and making it ideal for quickly implementing
logic control. In the Appendix, Figures A.9, A.1, A.6, A.5 and A.8 illustrate various
features of Emulate3D software. These include the quick logic window, catalogues,
IO browser, properties window, and other functionalities.

3.5 Construction of IoT Architecture

This thesis project primarily focuses on part two of the ISO 23247 standard to
support the conception of connectivity, as the excluded parts were completed be-
fore implementation. This section will explore the construction of IoT architecture
through a detailed examination of its key components. The architecture is typically
structured into several layers, each with distinct functions represented in two data
models.

3.5.1 IoT Platform and Description of Data Model Compo-
nents

The IoT platform Thingworx (PTC, Boston, USA), is a licensed enterprise solution
which enables connectivity using a modular approach for establishing the corre-
sponding data model to provide feasible scalability. Data is collected, stored and
visualized by using the Thingworx Foundation Server, and applications are built with
Things, Thing Templates and Thing Shapes, where an example of a data model is
conceptualised in Figure 3.4.
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Figure 3.4: Example of a data model and its components within Thingworx.

A Thing represents physical devices, products, systems, processes, assets and people,
which is then connected to the simulation model. It is based on a Thing Template
that determines a set of Properties (green) and Services (orange), providing the
possibility of duplicating Things without constructing them anew. The Thing Shape
describes the relations between items using Services, Properties, Events (blue), and
Subscriptions (purple), where Thing Templates can inherit Properties and business
logic. When a modi�cation occurs in a Thing Shape, the same modi�cation will
appear in the connected Thing Template and Thing, providing scalable maintenance
and updates to the IoT platform [5].

3.5.2 Data Model Development Steps

To replicate the simulation model in the IoT platform, a data model is constructed
following the three steps provided by [5] as seen in Figure 3.5. The �rst step eval-
uates the users' requirements, divided into functionality and information, where
functionality regards what the user needs to do. This translates to Services and
Subscriptions in the IoT platform, together with what data and Properties need
to be collected from the physical system. The second step evaluates what parts
of the physical system need to be connected, which translates to Things in Thing-
worx. The selection of Things is based on the previous users' requirements and is
aligned with available data and functionality. The recommended next step is to use
a Thing-Component matrix, where the Things are in the rows, and the components
in the columns, and the Things can be grouped into a Thing Template or Thing
Shape, which is done in the third step. The largest group will become the base for
a Thing Template, and depending if there is an overlap or not between the other
groups, they will form a base for a Thing Shape or a Thing Template.
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Figure 3.5: Three �rst steps related to the project for the construction of a data
model for an IoT platform [5].

3.5.3 Middleware Component

An important part of the IoT architecture in this thesis is a middleware called
Kepware, which is located between the IoT platform and the simulation software.
Due to its position in the operation network and not existing within devices, the
transferred data can be compromised and it becomes a security issue [47]. Kep-
ware's solution enables encrypted communication and a limited amount of tra�c
between the di�erent layers of �rewalls in the operations network. The setup en-
sures few openings in the pipelines within the �rewalls, limiting the access control
while facilitating remote management and con�guration of connected devices within
the factory's network. As OPC UA is an industry-standard communication proto-
col [48], and is compatible with Kepware, the middleware can also act as an OPC
UA server providing real-time and bi-directional communications between Kepware
and the simulation model. For the communication between Kepware and the real
system, CODESYS is utilised, which is an automation software for controlling and
providing access to PLCs [49]. It is directly connected to Kepware over Ethernet,
which is permissible as it is connected to a Local Network Area and will not a�ect
the security of communications.
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4
Results

In this section, results are presented following the completion of objectives with the
reference architecture based on ISO 23247, presentation of the VR simulation model,
description of the integration of IoT platform and simulation model, the connectivity
realised with the help of a proof-of-concept use case, and lastly a description of the
proven bene�ts related to a DT enabled by VR in addition to a table describing the
potential business value with correlating practical use case examples. In terms of
the focus of this proof-of-concept use case, is the operation phase in terms of the
lifecycle perspective. It could also easily be applied to the design phase as in virtual
commissioning, or for the maintenance phase, although implementing AI analysis
is bene�cial as it aids in evaluating machine health, for preventive maintenance for
instance, or exploration of what-if scenarios [37].

4.1 Reference Architecture Framework Instanti-
ated Based on ISO 23247

As a result, Figure 4.1 shows the instantiated functional view of ISO 23247 refer-
ence architecture for the lab-scale drone factory DT implementation. Each domain
comprises a logical group of tasks and functions performed by the functional entities
(FEs). The OMEs are the physical elements, where data are collected from sources
such as CAD �les, sensors, and PLCs. The core DT entity manages the simula-
tion modelling, VR modelling, connectivity, synchronization, interoperability, etc.
as described in section 3, where the lab-scale drone factory DT performs real-time
monitoring and PLC control. User interfaces provided by the user entity enable in-
teraction with the core entity, with VR controllers and the ThingWorx IoT platform
for instance, representing the user entity in this use case. The reference architecture
supports the development of DTs by displaying the elements vital for the integration
and showcasing the interconnectivity by only including parts relevant to this thesis.
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Figure 4.1: Functional view of the instantiated reference architecture (Shao et al.
2021)

4.2 Virtual Reality integrated Simulation Model

The VR functionality is embedded in the Emulate3D software to stream the virtual
system's human perspective, which is visualised in Figure 4.2. The functions are the
basis for further applications such as virtual operator training and commissioning.
The interactions are pre-edited in the desktop view, with pallets, drones, and kits
functioning as interactable, grabbable and with gravity physics properties. Then by
enabling the button in the VR scene and PLC control system of the physical world,
the virtual control is enabled and can be accessed directly from the virtual scene
with a headset. To ensure an e�ective working model, the following adapted best
practices are recommended [50]:

ˆ Scripting should focus on making the model correctly in response to PLC
signals

ˆ Graphically detailed modeled should be avoided if possible
ˆ If graphically detailed objects are needed, they should be placed in a layer

that can be switched o� to gain performance
ˆ Simple representations of model hardware are recommended to improve per-

formance
ˆ Use of physics should only be applied where required
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Figure 4.2: Human perspective in VR to control the DT system.

For real-time synchronisation, all sensors are connected with Tags to their data
model counterparts in the Kepware server. Figure 4.3 visualises the comparison of
Emulate3D's Flow Control (left) and the logic from the PLCs (right), where the
Flow Control was constructed to mimic the PLCs as much as possible. This ensures
that the simulation model and the physical system operate similarly, facilitating
a better understanding of the di�erent processes and the ability to troubleshoot
various processes.

(a) Flow control code (b) PLC code

Figure 4.3: Comparison of the Flow control in Emulate3D and PLC code.
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4.3 Deployed IoT architecture

To ensure real-time connectivity between the real system and simulation model,
data models need to be in place in the IoT platform with applied rules which are
needed for practical reasons, for example as in the control of available missions
for a docking station. The IoT platform can thus perform di�erent types of tasks
with a high level of complexity, such as the proposed future purposes in predictive
maintenance, analysis, monitoring, control and optimization. The provided data
models have been separated into two parts and simpli�ed to supply a foundation
for understanding the concept of the models related to the DT. All subscriptions,
properties, events and services are not included, nor the scripting, to facilitate more
explanatory models with a focus on the thought process behind them, rather than
complex and overly detailed models.

4.3.1 Data models for the Digital Twin and Requests

Both models have three components in common, which are the IndustrialThing
Shape, the RemoteThing Template, and the Asset Template, represented in Figure
4.4. The IndustrialThing provides connectivity between Thingworx and Kepware
with the aforementioned Application Key and the URL for the Thingworx Founda-
tion Server among other procedures. The RemoteThing is used to bind an industrial
tag to Thingworx, which will provide the IoT platform with data from the connected
sensors and actuators [51]. Its property, isConnected, veri�es the connection, and
lastConnection stores previous connections. The Asset Template holds a collection
of shared attributes used by several Things, and due to its position high up in the
IoT hierarchy, it can be easily accessed and distributed by other databases as well,
which is a common industry practice. The property isVirtual is set to true when a
panel is needed to synchronise with Emulate3D's buttons as in this case, whereas
the property and subscription assetID identi�es the di�erent applied attributes and
their respective structures.

(a) IndustrialThing Shape (b) RemoteThing Template (c) Asset Template

Figure 4.4: Example of a the common elements of the data models.
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The DT data model for the DT can be seen in Figure 4.5 and depicts the events
following Button2 being activated. The PanelThing models all Panels, whereas the
Thing Shape PanelTS has the property for Button2. This property is connected
to the queue stop sensor in the lab-scale drone factory as well as to a tag in Em-
ulate3D. The connectedTo property indicates which location/PLC it is connected
to, and when the button is pressed in one of the workstations the service setBut-
ton2true will be activated and the subscription button2changed will be set o�. The
OrchestrationThing will inherit this update and the service MissionRequest will be
activated.

Figure 4.5: Example of a data model for the digital twin.

The data model for requests is depicted in Figure 4.6 and shows how docking station
5 receives a mission request. The DockingStation template holds common values for
di�erent docking stations, whereas the DS5 Thing inherits these values. The status
of available missions is identi�ed in the avalableMissions property in the LocationTS
Thing Shape, and if the mission is available, the requested mission is run with the
help of the RunMissionX service. The OrchestrationThing will then perform the
requested mission with the help of the callMissionThing service.
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Figure 4.6: Example of a request data model.

4.3.2 Connectivity and Communication Protocols for Server
and Client

To connect the deployed IoT architecture to Kepware and subsequently to Emu-
late3D, Kepware's embedded OPC UA server is used to connect to the provided
OPC UA client in Emulate3D. This enables a client-server architecture while pro-
viding secure and easy data transfers, and in combination with the port number,
connects the client to the correct service in the server. Tags representing sensors
or actuators are created in the Kepware OPC UA server, which is then visible to
the client, and Emulate3D's tags can then be mapped to the OPC UA client's tags.
The client can read what is de�ned in the server, enabling it to read and write to
tags.

Figure 4.7 visualises the structure for communications between Kepware's OPC UA
server and Emulate3D's host client. The green arrows indicate the communications,
while the orange arrow represents how a request is made and transferred to the
physical system.
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Figure 4.7: Communication between the real system and simulation software.

As the real system serves as the master system, the simulation model initiates a
mission by placing a request. The request is sent through the Kepware server with
the help of the communication standard OPC UA. Consequently, the request is
delivered to Thingworx, which checks if the mission is available, and sends it to the
correct station in the real system through CODESYS, which has the PLCs directly
connected to the server. The real system returns the con�rmation to the simulation
model before executing the mission. However, with the selected con�gurations,
the communication between the IoT system and the simulation model results in
approximately a one-second latency.

4.4 Proof of Concept of Connectivity Between IoT
Platform and Digital Twin Software

The proof of concept use case is presented in Table 4.1, which describes the back-
ground for the use case, the objectives and a short description of the demonstrated
connectivity. The use case was designed to showcase that the behaviour of the
physical and VR simulation systems correspond when selecting a mission by press-
ing a push button. The table is based on ISO 23247, where the use case has been
identi�ed to have a Technology Readiness Level (TRL) of 7 on a scale of one to
nine. TRL 7 is de�ned as a "Technology prototype demonstrated in an operational
environment" according to [52], indicating that the technology is functioning in real
operating environments, and the technological performance is measured against rel-
evant requirements [53], which in this case is the level of synchronization accuracy
when comparing simulation model to the real system.
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Table 4.1: Proof of concept use case for connectivity.

ID SII lab Scale Drone Factory
Use case name Connectivity between IoT and simulation software
Application �eld Smart Manufacturing
Cycle
stage(s)/phase(s)
coverage

Production

Status TRL 7 Demonstration in representative environment
Scope Perform a real-time connectivity in DT
Initial
(Problem)
Situation

Within the domain of DT frameworks, a fundamental chal-
lenge lies in establishing connectivity between the virtual and
physical systems. In this context, connectivity refers to the
communication protocol enabling synchronous interaction be-
tween a virtual model and its physical counterpart. The goal
is to facilitate real-time control and movements of the phys-
ical entities while ensuring that the DT accurately replicates
these actions. The problem is to address how this data con-
nection operates simulation-based DT and the physical system
(lab-scale drone factory) ensuring a connection capable of bidi-
rectional data transfer.

Objectives Implement the real-time connectivity demonstrator in a phys-
ical system

Short descrip-
tion

To demonstrate the developed connectivity, missions from
PLCs have been virtually created in Emulate3D, represented
as push buttons. The logic mimics the real system's progres-
sions. The selected mission is Pass Docking Station, where the
user can place the request either in the simulation software, at
the IoT platform or directly with the HMI screens belonging
to the real system. The blocked drone pallet can then pass the
docking station, where the mission is replicated in the simula-
tion model in real time.

Stakeholders Manufacturing shop �oor personnel, management, researchers
Key technologies Automation, data analytics, simulation, VR, IoT

The selected mission for the use case will be to request the drone pallet to pass
a docking station. The sensor that hinders the passage will then be deactivated
and the pallet can proceed to the next station. To make this request, the user can
either use the HTC Vive headset and controllers to virtually make the request by
pressing a connected virtual push button, placing the request within Thingworx's
user interface, or directly communicating with the PLC through the HMI screen.
The objective is to ultimately have the simulated pallet mimic the behavior of the
physical pallet, in terms of both speed and position.

Furthermore, the proof-of-concept use case establishes a real-time connected DT
where communication and control are bi-directional, with future possible applica-
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tions such as remote control and monitoring with VR accessibility, which could be
potential architecture to support early fault detection, virtual commissioning, train-
ing operators, optimisation of production times and throughput, and AI-assisted
analysis. VR is integrated into the system by choosing the simulation software that
supplies both the PLC protocol and VR streaming function and has been regarded
as the key to making the VR-integrated DT successful.

4.5 Veri�cation and Validation of the Digital Twin

As a �nal step, the deployed DT is veri�ed in terms of the level of operability and
then validated by analysing if it has ful�lled its purpose [54], which in this case is
to have operative push buttons (both real and virtual) that can be used to control
both the simulation model and the real system. To verify the behaviour of the two
systems, several veri�cation methods were performed.

ˆ Depicted in Figure 4.8, the physical system, simulation model and a VR user
showcase the real-time connected models and how a user is experiencing the
virtual setting while the real system performs the same tasks as the simulation
model. A visual inspection of both virtual and real systems was conducted to
examine if the systems were synchronised and behaved similarly, as the virtual
conveyor belt starts and stops at the same time as the physical conveyor.

(a) Real system (b) Virtual model (c) VR-User

Figure 4.8: Visual inspection of synchronisation between virtual and real system.

ˆ In Figure 4.9, Kepware's OPC Quick Client can be seen, where the connected
tags of the DT are presented, where the relevant tags for the use case are Main-
ConveyorOnO� and MainConveyorOnO�Request. To verify the exchange of
data between the physical system and the simulation model, the values from
the tags representing the sensors and actuators were inspected for updates.
The connectivity was �rst tested by connecting the conveyor belt's actuator.
When the main conveyor is started, the OPC Quick Client's values were up-
dated to ones, meaning that the value is true and the connected actuator is
therefor active.
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