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Abstract. Sustainable industry is a part of The European Green Deal, which
aims to achieve the EU’s climate and environmental goals based on the circular
economy. Digital twins are important technologies for realizing industry 4.0
and related sectors. In this paper, we looked at building the DTs for manufactur-
ing, healthcare and construction industrial sectors in Industry 4.0 architecture to
realize a sustainable industry.
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1 Introduction

Industry 4.0 brings the potential for increased flexibility and efficiency, cost reduc-
tion, and increased competitive advantage. Current trends towards Industry 5.0 [1]
introduce a complementary view, targeting a sustainable, human-centric, and resilient
industry. The notion of Industry 5.0 represents an even more comprehensive strategy
on science, technology and innovation aiming for all industries more sustainable
while providing effective responses to the economic, technological, and societal rising
challenges.

Digital Twins (DTs) describe the effortless integration of data between a physical
and virtual object in either direction [2]. Digital Twin is at the forefront of the Indus-
try 4.0/5.0 revolution facilitated through advanced data analytics and the Internet of
Things (loT) connectivity. 10T's data rich environment, coupled with data analytics,
provides an essential resource for various problems on the digital-physical interface
including but not limited to predictive maintenance and fault detection. In the paper,
the initial focus is on manufacturing, healthcare, and construction (addressing e.g.,
sustainable manufacturing and anomaly detection in patient care) and to look at a
potential Industry 4.0 architecture to support sustainable industry through DT tech-
nologies.

Manufacturers track, monitor and simulate manufacturing and related processes to
save time, reduce costs, become disruption resilient and environmentally friendly [3].
Digital Twins, providing these capabilities, thus have a significant potential for im-
pact within this field [4].



In healthcare and wellbeing (wearable) 10T devices are cheaper and easier to im-
plement than ever before. Based upon this Digital twins of a human, giving real-time
analysis of vital signs are now possible. A Digital Twin is used for monitoring and
planning treatment and follow up after surgery [5, 6].

The construction industry can benefit from Digital Twins by applying them in the
development of smart buildings/shopfloors or structures but also as an ongoing real-
time prediction and monitoring tool [7, 8]. The use of the Digital Twins and data ana-
Iytics provides greater quality of Building Information Modelling and predictive
maintenance.

A decentralized network comprised of a multitude of ecosystems still yet to be
connected and integrated to enable a wide range of applications that contribute to
sustainable industry. Building DTs for smart manufacturing, healthcare, and intelli-
gent construction is a necessary step for realizing such sustainable industry. In this
paper, we review related DT technologies in manufacturing, healthcare and construc-
tion industry in Section 2. Section 3 discusses the sustainable industry’s objectives
and requirements. Section 4 details the architectural solution combining existing im-
plementational architecture. At last, Section 5 rounds up the paper with the conclu-
sions.

2 Digital Twins in Manufacturing, Healthcare, and
Construction Industry

Nowadays, the DT paradigm is becoming more and more permeating in many re-
search domains such as manufacturing, healthcare and construction industry. Since
DT concept was proposed, manufacturing has stood out as one of the most promising
application fields, attracting substantial attention from both academia and industry.
Although there is no unified definition of DT yet, it is well-accept that a DT has to be
made by three components: physical entity, virtual entity and their connections [9,
10]. As counterpart of a physical entity, a virtual entity could receive real-time run-
ning data of physical entity, analyze it and provide predictive results through simula-
tion that can support decision making. Accordingly, the performance of physical enti-
ty could be improved or optimized.

It is clear that bidirectional communication between physical entity and virtual en-
tity is essential to implement a real DT [9]. As a result, Tao et al. proposed that a
complete DT should be defined in five dimensions: physical part, virtual part, connec-
tion, data, and service [11]. Meanwhile, they listed 9 types of services provided by
DT in another work [12]. The researches on DT in manufacturing could be exempli-
fied in different scales, such as equipment [13, 14], workstation [15, 16], production
line [17] and production system [18], in terms of these five dimensions as well.

In order to make the CNC machine tool intelligent, Luo et al. [13] applied DT on
CNC machine tool to optimize its running mode, reduce its sudden failure probability
and improve its stability. Liu et al. [14] investigated the connection modeling and data
modeling of CNC machine tool in cyber-physical production system. Two popular
information modeling and data exchanging standards for industrial equipment, OPC



UA and MTConnect, are successfully applied for digital twins of CNC machine tools.
Havard et al. applied DT for the design of human robot collaborative assembly work-
station [15].

The ergonomic assessment and safety issue simulation of DT are used to optimize
workstation design and regularize the human workers’ behavior. Soderberg et al. [16]
did an attempt to develop the DT of a sheet metal part assembly line. Their DT can
not only use data from individuals to perform real time in-line individual adjustments,
but also use data from batches of parts to make adjustment batch wise.

Zhang et al. [17] used DT to optimize the design of hollow glass production line.
Benefitting from the powerful simulation of DT, the running information of produc-
tion line such as the order delivery time, production takt time and production load can
be calculated for its iterative optimization.

Fan et al. emphasized the digital twin visualization of flexible manufacturing sys-
tem [18]. The visualization method of high-value information, for instance, life cycle
planning, design, debugging and service stages, was investigated to achieve a light-
weight architecture without compromising its functions. As a large amount of work
on DT applications in manufacturing exists, the review on the selected literature just
provided a systematic view due to space limitation. More details can be found in Ref.
[4, 19].

As part of a rise in use of personal health monitoring devices in the form of mobile
applications or build-in sensors, which can actively monitor real-time user’s vital
health parameters, DT technology is being explored to develop fast, accurate and
economical solutions to address the massive strain on existing healthcare resources
caused by rapid population growth as well as aging populations. Croati et al. present a
new healthcare system by integrating DTs with agents and Multi-Agent Systems
(MAS) technologies [5]. A preliminary version of a system prototype was developed
according to the designed conceptual model and a trauma management process was
selected as a case study to evaluate the proposed model. Unfortunately, the paper does
not present results that demonstrate the efficiency of the proposed model.

Liu et al. propose a cloud-based healthcare system based on the concept of DT [6].
The patient information, sensed data along with patient symptoms are described by
the proposed DT framework to provide real-time monitoring and enabling a personal-
ized healthcare plan with the overall goal of supporting self-management of elderly
patients. The results show that a virtual replica of a patient could be an optimal solu-
tion for improving healthcare operations.

Rivera et al. present a DT driven model for personalized medical treatments [20],
where machine learning and DT serve to track the health status of patients continu-
ously and to allow for virtual evaluation of medical treatments. The definition of in-
ternal structures of DT to support precision medicine techniques were elaborated but
the system work has not been evaluated in a real case scenario.

Elayan et al. present an intelligent context-aware healthcare system using a pro-
posed (and implemented) DT and loT framework was proposed to improve healthcare
operations [21]. In this framework, a machine learning enabled electrocardiogram
(ECG) heart rhythms classifier model was built to diagnose heart disease. The results



show that the implemented DT framework with prediction model successfully detects
a particular heart condition with quite high accuracy.

Digital twins are broadly applicable, not only in health, but in all kinds of applica-
tion areas including the construction industry. In the construction industry DT tech-
nology has the potential to drive transformation and modernization leading to in-
creased sustainability. Opoku et al. review 22 publications about DT application in
the construction industry [7]. The paper provides an overview of the origin, evolution
of the concept and industrial applications of DT in the construction industry. It shows
that most of the investigated DT applications in the construction industry focused on
the design and engineering phase while ignoring the demolition and recovery phases
of projects.

Lin and Cheungh propose an advanced monitoring and control system using DT
enabled Building Information Modelling (BIM) for underground garage environment
management [22]. This paper establishes a real time active model using the combina-
tion of BIM and 10Ts technologies to provide efficient information during the design
of the project. The results show that the designers can make informed decisions by
having a complete digital footprint of the project through DT.

Sacks et al. present a data-centric mode of construction management system built
on existing concepts of Al and DT [8]. The paper extends the existing understanding
of DTs in the construction industry by applying conceptual analysis to derive the four-
core information and control concepts to define future development of DT construc-
tion systems for the design and construction phases of buildings and infrastructure
facilities.

Lu et al. describe a semi-automatic geometric DT system they developed based on
images and CAD drawings for facilitating building operation and maintenance man-
agement [23]. The paper elaborates on the methodological framework of the proposed
semi-automatic geometric DT approach and an office building was employed as a
case study to evaluate the proposed system. The results show that DT-assisted opera-
tions and maintenance are an effective approach in the operations phase of the build-

ing.

3 Sustainable Industry

Sustainable industry is a part of The European Green Deal, which aims to achieve the
EU’s climate and environmental goals based on the circular economy [25]. Sustaina-
bility and tackling energy and resource issues (from production to installation, from
use and maintenance to disposal or recycling) should be placed at the heart of the
combined digital and green transitions early on.

Digital twins are important technologies for realizing industry 4.0 and related sec-
tors. Different DTs can be used for simulating products, materials, and production
processes respectively. Another kind of Digital twin is a virtual model of the factory
including all elements, i.e., machines, products, and humans, that can be used to simu-
late the plant operation for improvement or decision making.



Furthermore, the use of industrial data to establish data-based services has potential
for further innovation. Digital twins enable sustainable industry where collected in-
dustrial data is expected to help improving productivity, flexibility, and resource effi-
ciency through big data for predictive maintenance and fast production system recon-
figuration [26].

When a digital twin is used as a virtual model of the factory, it is a model that
transvers all parts of the production chain. Such a digital twin can be used to design
for disassembly, remanufacturing, and recycling applied in the production life cycle
management. In the production life cycle management, lean and green management
for resource efficiency can be simulated by using digital twin technologies. A digital
twin that connects with a supply chain management, reverse logistics can be designed
and evaluated with key performance indicators for the circular economy.

3.1 Objectives and problem descriptions

In an increasingly digitized world, the physical and digital domains are increasingly
intersecting. Digital Twins, originating in NASA, provide a powerful tool that cap-
tures this intersection by providing digital representations of physical objects or pro-
cesses. Not only do Digital Twins provide an interface for the digital world to interact
with the physical world, their nature as a digital model of the physical allows for the
Digital Twins to be used in ways, for example for simulation, that the physical twin
could not.

As the needs of the various cyber physical systems of our modern world are di-
verse, the form, shape and capabilities of Digital Twins are diverse too, but all are
based upon common ingredients: Modeling the physical object to a required fidelity;
mediate digital interactions with its physical counterpart; data analytics to maintain
consistency with the real-world counterpart; statistics and Al to allow predictions to
be made about the future or hidden properties of the physical twin; simulation tech-
nology to make predictions on constellations of twinned pairs.

The paper brings together four different types of DTs as well as the even broader
application areas. Digital twins, in their nature interdisciplinary, combine various
fields of understanding and research. Depending on the purpose of the Digital Twins,
different aspects of domain knowledge as well as modeling and simulation approach-
es is needed.

Some examples of potential technical fields or strategic application domains [22,
27]:

¢ Digital twins for sustainable manufacturing simulation and real-time interaction
with cyber-physical systems

Al assisted training and assistance systems for optimal factory operation
Management systems for lifecycle monitoring and operations

ICT architectures, platforms and standards for industry and logistics 4.0
High-performance manufacturing systems

Sustainable, secure and resilient interconnection of all stakeholders and systems
Cyber-physical production and logistics systems



In short, digital twins can support value creation in different sustainability dimen-
sions. Using digital twins and industrial data generates new business models and new
product-services for organizations. Digital twins can be used to improve resource
efficiency in a sustainable-oriented decentralized organization through simulation and
optimizations. Different digital twins for closed-loop product life cycles and industry
symbiosis create value networks. Sustainable production process using digital twins
can provide increased sustainability, flexibility, and resiliency. Finally, digital twins
could also realize training and competence developments of sustainable industries'
needs.

4 Architecture

Digital twins are used in the context of a broader industrial ecosystem with supporting
IT architecture. Such an architecture is ideally based upon a firm, existing basis, such
as provided by FIWARE. FIWARE is an open-source framework for Industry 4.0 as
well as  a service ecosystem composed of various components, described as Gener-
ic Enablers (GEs) [28]. The GEs can range from different loT/smart devices, compo-
nents, and services to big data analysis components for the development of different
application solutions. Interoperability and modularity are the key aspects that the
FIWARE platform promotes and supports. This offers the industries the ability to
easily develop and integrate smart solution for different needs and processes with GE
components in a modular manner [28]. In this work, FIWARE is thus adopted for
several reasons such as flexibility, interoperability, supporting big data analytics, and
by supporting open and industrial standard data model allowing the ease integration
of different 10T smart devices, systems.

Based on the objectives identified in Section 3.1, digital twins can be implemented
for single elements within an organization or multiple digital twins can work together
within one organization for optimizing sustainable production processes. Moreover,
different digital twins for closed-look product life cycles, and industry symbiosis
enable the creation of value networks. Thus, based upon FIWARE, Fig. 1 shows the
architecture for DTs for sustainable industries. The proposed architecture can support
digital twins within one organization with collected industrial data from different
machines, 10Ts, etc. as well as support digital twins of crossing different organiza-
tions for creating value networks from industry symbiosis.

On the basis of our previous work [29, 30], the architecture is organized in three
levels: resource, process and application levels. Sensors, 10Ts, items of shopfloor and
legacy systems are located at the resource level. Different adapters for sensors, 10Ts
and machines are collected and managed at the middleware and data modules of the
process level. The process level also includes big data analytics and processing en-
gines as well as the FIWARE context broker. The FIWARE context broker provides
the communication mechanism with different adapters and the related data sources
and storage required for the platform. Our previous work on predictive maintenance
provides predictive modules i.e., RUL, predicative maintenance scheduling module,



and alert rules module are included at the process level as well. The application level,
the predictive maintenance related analysis and monitoring services are supported.

From a common basis and point of synergy, the four different digital twin applica-
tion areas enhance and bring together our existing expertise [25]. The four digital
twins will be developed in the applications level. One manufacturing digital twin will
demonstrate improving resource efficiency in a sustainable-oriented decentralized
organization. One manufacturing digital twin will extend value networks, i.e., hori-
zontal logistic and production process integration. We explore the visualization and
monitoring of manufacturing processes to enhance sustainability and resilience of
production and supply chains through digital twin technologies.

One digital twin for lean predictive planning provides shopfloor construction plan-
ning capabilities. We explore Building Information Management, an enabler of in-
formation delivery and visualization platform that integrates the stakeholders in the
supply chain. Given that it has the potential to provide a virtual replica of the physical
facility and facilitate vital product information, it naturally serves as a Digital Twin
platform, a vital source of information for the proposed project to improve the con-
struction processes from the lean perspective. The digitization of the construction will
make the process efficient and effective while retaining the flexibility inherent to this
lean approach.

Fig. 1. Architecture for Supporting Sustainable Industry
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The digital twin for treatment plan enables the improved provision of treatment plans
after surgery. We will explore with a biotechnology Ltd. and an obstetrics and gyne-




cology hospital the synergy effect of cutting-edge IT technologies, medical and hu-
man factors to create a customized treatment plan to improve patients’ quality of life
and recovery after surgery (through customized treatment plans and simulation of
options). The four mentioned digital twins share some data collection, data manage-
ment and some data analysis modules in the proposed architecture.

5 Conclusion

The digital twin for treatment plan enables the improved provision of treatment plans
after surgery. We will explore with a biotechnology Ltd. and an obstetrics and gyne-
cology hospital the synergy effect of cutting-edge IT technologies, medical and hu-
man factors to create a customized treatment plan to improve patients’ quality of life
and recovery after surgery (through customized treatment plans and simulation of
options). The four mentioned digital twins share some data collection, data manage-
ment and some data analysis modules in the proposed architecture.

Based upon cross-disciplines research carried on within the work, the individual
DTs cross application domains will be implemented to provide a wide impact
through:

¢ Providing demonstrations for Digital Twin technology for four areas, i.e. building
plans, manufacturing, supply chain, and medical treatment.

e Working with real-world cases and individual organizations, sharing the technolo-
gies across and developing shared platforms.

e Disseminate to and extend our work with local authorities and businesses.

¢ Evaluate Digital Twin public health impact in working environments.

¢ Plans with local hospitals and a public health team providers to develop and evalu-
ate Digital Twins for patient treatments and recovery.
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