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Abstract 
 

The Digital Twin is a rather young concept within the digitalization trend, promising cross-industry 

benefits such as usage-centric design, real-time optimization, and predictive and preventive analysis. 

In recent years, research on the Digital Twin concept has seen exponential growth, with applications 

from more and more fields. With this cross-industry growth emerge challenges of confusing 

terminologies, unclear development strategies, and a variety of different architectures. This 

uncertainty discourages Digital Twin developers and companies and hampers the potential of the 

Digital Twin concept. This dissertation aims to consolidate the Digital Twin development cycle by 

proposing a Digital Twin framework for deriving, designing, and describing Digital Twin applications 

across industries. The framework consists of three publications that address one step each. A 

stakeholder-centric methodology is proposed that supports developers in deriving promising Digital 

Twin use cases and evaluating their value, effort, and scalability. A reference architecture model 

guides developers in designing Digital Twin applications considering functionality, dependability, and 

life cycle aspects. The description of Digital Twin applications is advised by a Digital Twin application 

description model. The applicability of this dissertation’s framework is demonstrated through the 

example of a medical mechatronic product development case from the Siemens Healthineers 

Innovation Think Tank. Within this dissertation, the framework is allocated within Digital Twin 

development cycles, discussed with related literature, and its limitations and next steps are 

elaborated.   
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1 Introduction 
 

The following dissertation describes the development of the Digital Twin concept, how its loose 

definition and broad applicability result in confusion, mismanaged expectations, and unmet potential, 

and how universally applicable definitions, descriptions, development methodologies, and 

architectures can alleviate these challenges. The first subsection (1.1) introduces the Digital Twin 

concept with its history, definitions, application fields, application use cases, and potential business 

values. The second subsection (1.1.4) showcases the recent explosive growth of research on the Digital 

Twin concept, its spread to different industries, and its expected development. This development 

entails challenges to the success of the Digital Twin concept, which are introduced in subsection 1.2. 

These challenges build the foundation for this dissertation’s Digital Twin framework and its three 

constituting scientific publications, whose aims are presented in subsection 1.3. Digital Twin 

development cycles are described in subsection 1.4, and the allocation of this dissertation’s Digital 

Twin framework is explained before setting out the methodical approach of the included scientific 

publications in subsection 1.5. 

 

1.1 The Digital Twin concept 

As a result of digitalization across industries, technology trends have emerged, such as the Internet of 

Things (IoT), Artificial Intelligence (AI), Augmented and Virtual Reality (AR/VR), Cloud computing, and 

the Digital Twin concept. The latter, the Digital Twin concept, is rather young and has recently received 

increased interest from academia and the corporate field. The Digital Twin concept can be defined as 

follows. 

“The Digital Twin concept contains a physical entity and its virtual representation, which evolves 

with its physical counterpart through real-time connection and offers additional value.“ 

(Newrzella et al., 2021) [1] 

These physical-virtual interlinked entities can be, for example, a human being’s internet consumer 

behavior being tracked by browser cookies, with a model that creates a personalized virtual model of 

the consumer and provides personalized adverts to the human; a production process tracking 

individual dimensions of parts, calculating optimal part allocations in a virtual model, and feeding back 

improved production orders to the real-world production line; or an athlete’s fitness condition being 

tracked through wearable sensors, a virtual model estimating performance, and suggesting behavior 

modifications to the athlete for performance improvements.  

The concept promises time to market reduction, operational optimization, maintenance cost 

reduction, and user engagement increase, among others [2], [3]. The Digital Twin market is expected 

to be worth USD 15.66 Billion in 2023 [4] and USD 155.84 Billion in 2030 [5]. The COVID-19 pandemic 

has further accelerated the adoption of the Digital Twin concept, while such an exponential 
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development also comes with challenges such as mismanaged expectations. The framework proposed 

in this dissertation aims to alleviate the challenges and support and consolidate the positive trend of 

the Digital Twin concept.  

 

1.1.1. History 

The idea of creating a copy of a physical entity and using it for safe simulation and testing without 

interfering with the original entity can be dated back to 1970, when NASA built two space shuttles in 

its Apollo program [6], [7]. This concept proved helpful when the oxygen tanks of the Apollo 13 mission 

exploded in space. With the help of the grounded counterpart, an air purifier was developed that 

could be built with just the material and tools available to the astronauts in space. This solution got 

the astronauts safely back to earth. This example shows the potential of twinning an object. David 

Gelernter first described the idea of creating virtual twins of the real world in his book “Mirror Worlds” 

in 1992 [8]. In the book, he describes a potential future in which every detail in the real world has a 

real-time software twin connected to its physical twin. This concept enables the analysis and planning 

of every aspect of daily life and business. The informal introduction of the Digital Twin concept is 

credited to Michael Grieves in late 2002. In his lecture at the University of Michigan, he presented his 

product life cycle management (PLM) presentation about the “Conceptual Ideal for PLM” [9], [10], 

which he referred to as “Mirrored Spaces Model” in 2005 [11]. The concept visualized in Figure 1 

consists of three main parts, a physical entity in real space, a virtual entity in virtual space, and 

connections of data and information tying virtual and real entity together. A more detailed depiction 

can be found in Figure 3. 

 

 

Figure 1: Illustration from Newrzella et al. (2021) [1]: The Digital Twin concept, based on Grieves 

(2015) [10]  

 

In 2003, Främling et al. [12] proposed a similar concept, “an agent-based architecture where each 

product item has a corresponding ‘virtual counterpart’ or agent associated with it,” for handling 

product information along the entire life cycle of a product item. In 2006, Grieves called the concept 

“Information Mirror Model” [13] and highlighted the bidirectional communication between physical 

and virtual space and the possibility to create multiple virtual spaces for alternate option exploration 

[3]. In 2010, Grieves’ former NASA colleague John Vickers gave the concept its name “Digital Twin” in 
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the NASA roadmap [14], [15]. An overview of the name development is visualized in Figure 2. Soon 

after the NASA implemented the concept in its roadmap, the US Air Force started using the Digital 

Twin concept for the design, maintenance, and scenario prediction of their aircraft [16]–[18]. The 

“Airframe Digital Twin” was described as monitoring the structural integrity of aircrafts for the 

remaining life calculation, while the Digital Twin concept was also proposed for sustainable space 

exploration and future aerospace vehicles [3], [6]. 

 

 

Figure 2: Timeline of the Digital Twin concept, based on Singh et al. (2021) [3]. 

 

 

1.1.2. Definition 

Since its introduction, the term “Digital Twin” was not always, and its definition still is not commonly 

agreed on. Similar concepts with the same or partially identical characteristics as the Digital Twin 

concept have been introduced. The Digital Twin concept is also often described by different terms. 

Exemplary terms of the Digital Twin and similar concepts are device shadow [19], [20], mirrored 

system [20], [21], synchronized virtual prototype [20], virtual twin [22], virtual object [23], digital 

counterpart [24]–[27], digital surrogate [28], digital or virtual model [16], [25], [37], [29]–[36], hyper-

computational model [20], layout [38], doppelganger [39], clone [40], footprint [41], representation 

[42]–[45], software analogue [46], information constructs [47], [48], simulation [6], [49]–[53], product 

agent [12], [54], product avatar [24], [55], and avatar [56]. Some of these terms are commonly used 

in certain technology fields, but these terms have not caught wider public attention [57].  
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Figure 3: Illustration from Newrzella et al. (2021) [1]. The Digital Twin concept. 

 

Coming from a PLM and aviation background, the Digital Twin concept has always had strong ties to 

the product-centric aviation domain. Early definitions of the Digital Twin concept contained terms like 

“aircraft” [16], [18], [33], “airframe” [18], [32], and “vehicle” [6], [49], [50]. NASA first defined the 

“Digital Twin” in its 2010 roadmap as a multi-physics, multi-scale simulation of the as-built vehicle or 

system, incorporating high-fidelity modeling and simulation and situational awareness into a real-

time-mission-life virtual construct of the flying vehicle or system [15]. The concept quickly expanded 

to other application domains and the terms used in Digital Twin definitions shifted to “product” [7], 

[24], [35], [38], [44], [45], [48], [53], “object” [27], [38], [42], [43], [46], “entity” [27], [47], “asset” [34], 

[36], [40], [41], “device” [46], “machine” [31], [58], “system” [7], [25], [59], [26], [29], [37], [38], [41], 

[47], [52], [53], or “process” [27], [29], [35], [36], [38], [45], [58], [59]. Manufacturing is now a strong 

application domain for the Digital Twin concept, with the International Academy for Production 

Engineering CIRP defining the Digital Twin concept as follows. 

“The Digital Twin is a digital representation of an active unique product (real device, object, 

machine, service, or intangible asset) or unique product-service system (a system consisting of 

a product and a related service) that comprises its selected characteristics, properties, 

conditions, and behaviors by means of models, information, and data within a single or even 

across multiple life cycle phases.” 

(Stark and Damerau, 2019) [60] 

Other definitions exist and have been summarized in review articles [26], [27], [60]–[63]. An exemplary 

table of such an analysis is given in Table 1.  
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Table 1: Table from Liu et al. (2021) [61]: Digital Twin definitions in academic publications. 

 

 

With the Digital Twin concept being more and more applied to industries outside manufacturing, its 

definition also moved from industrial products to living entities such as humans and trees [43], [64], 

[65]. 

The Digital Twin concept can be applied over the entire life cycle, from cradle-to-grave of its physical 

entity, from creation to disposal in case of a product [16], [36], [44], [52]. Grieves and Vickers [48], 

however, defined the Digital Twin concept in such a way that the virtual entity can exist before its 

physical twin. A review found eleven papers in which the virtual entity precedes its physical twin [63]. 

Furthermore, the Digital Twin concept can support the safe decommissioning of its product during its 

disposal stage [3], [48], supporting the design and manufacturing of the next generation of products 

[66]. 

The Digital Twin concept differs from computer models (CAD/CAE) and simulations. A computer model 

can be part of a Digital Twin application but doesn’t have to [36]. The Digital Twin concept uses a real-

time or near real-time connection to its physical entity to represent its physical twin at any given point, 

monitoring and understanding its behavior and making predictions about its potential future. Wright 

and Davidson (2020) discuss the relationship between models and the Digital Twin concept in their 

article “How to tell the difference between a model and a digital twin” [67], where they call a Digital 
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Twin without a physical twin a model. A model is also used for the generic understanding or prediction 

of a physical entity, but it hardly accurately represents an entity’s status in real-time [3]. The missing 

real-time connection makes models static, so that they do not update until they receive new data from 

their physical twin [68]. The feedback loop from the virtual to the physical entity is another defining 

feature of the Digital Twin concept compared to a simulation or model. Kritzinger et al. (2018) [47] 

differentiate between a “Digital Model”, without real-time connection, a “Digital Shadow”, with 

unidirectional data connection from the physical to the virtual entity, and a “Digital Twin”, with 

bidirectional communication between physical and virtual entity. Liu et al. (2020) [61] found more 

than half of the reviewed Digital Twin articles describing digital models or shadows rather than Digital 

Twin applications. Many organizations use the term “Digital Twin” interchangeably with the terms 

simulation or modeling, due to the unclear definition of the Digital Twin concept. The multitude of 

varying definitions of the Digital Twin concept in the literature makes many applications fall under the 

term “Digital Twin”. The loose usage of the term creates confusion among practitioners and hampers 

the potential it has across industries. 

In this dissertation, the definition by Newrzella et al. (2021) [1] mentioned at the beginning of this 

chapter is used. Furthermore, the capitalized spelling “Digital Twin” is utilized universally, as 

capitalization is used for other concepts. In other research, “Digital Twin” often only refers to the 

virtual entity, forgetting the connection to a physical entity. In this dissertation, the term “Digital Twin 

concept” is used which includes the three main parts described in Figure 3. The term “Digital Twin” is 

only used for the virtual entity when necessary or when the referenced paper uses it accordingly. A 

“Digital Twin application” applies the Digital Twin concept to a specific use case. 

 

1.1.3. Applications 

Digital Twin applications are anticipated and studied across industries (see Figure 4). Besides the 

manufacturing and aviation industries, applications are developed, for example, in Healthcare [65], 

[69]–[73], Construction [74]–[77], the Oil and Gas Industry [78]–[82], and Logistics [83]–[86]. Further 

application fields mentioned by Qi et al. (2019) [87] are agriculture, the automobile industry, city 

planning, shipbuilding, and the energy sector. The scientific publications included in this dissertation 

use validation examples from various industries to demonstrate the cross-industry applicability of the 

framework. 

 



7 
 

 

Figure 4: Illustration from Qi et al. (2019) [87]. Different Digital Twin application fields. 

 

Digital Twin applications across industries enable their physical entity to provide additional 

capabilities. A virtual entity can capture, organize, analyze, model, and simulate scenarios in and 

around its physical entity through real-time or near real-time connection with its physical entity. With 

these enabling capabilities, specific value-adding use cases have to be driven. Liu et al. (2021) [61] 

describe use cases along the product life cycle (see Figure 5). Parrott and Warshaw (2017) [88] 

advocate broad Digital Twin use cases along life cycles to drive business value. They categorize Digital 

Twin business values into six categories: Quality, warranty cost and services, operations cost, record 

retention and serialization, new product introduction cost and lead time, and revenue growth 

opportunities. The validation examples used in the scientific publications of this dissertation showcase 

a selection of potential business values across industries. 
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Figure 5: Illustration from Liu et al. (2021) [61]. Industrial applications of the Digital Twin concept in 

different life cycle phases. 

 

Table 2: Digital Twin business values from Parrott & Warshaw (2017) [88] 

Category of 

business value 
Potential specific business values 

Quality 

• Improving overall quality 

• Predicting and detecting quality trend defects sooner 

• Controlling quality escapes and being able to determine when the 

quality issue started 

Warranty cost and 

services 

• Understanding the current configuration of equipment in the field to 

be able to service more efficiently 

• Proactively and more accurately determining warranty and claims 

issues to reduce overall warranty cost and improve customer 

experiences 

Operations cost 

• Improving product design and engineering change execution 

• Improving the performance of manufacturing equipment 

• Reducing operations and process variability 

Record retention 

and serialization 

• Creating a digital record of serialized parts and raw materials to 

better manage recalls and warranty claims and meet mandated 

tracking requirements 

New product 

introduction cost 

and lead time 

• Reducing the time to market for a new product 

• Reducing the overall cost of producing a new product 

• Better recognizing long-lead-time components and their impact on 

the supply chain 

Revenue growth 

opportunities 

• Identifying products in the field that are ready for an upgrade 

• Improving efficiency and cost to service a product 

 

This chapter shows that the Digital Twin concept is a rather young member of the digitalization trend. 

The term “Digital Twin” consolidated over time, but its definition has still not found consensus. 
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Nevertheless, Digital Twin applications promise business values across industries when applied to the 

right use cases and enabled by the right technologies. 

 

1.1.4. Research development and outlook 

At the first mention of the Digital Twin concept, the technology was not yet capable of enabling it. In 

the following decade, advances were made in technology fields such as communication, computation, 

and sensors, which made the Digital Twin concept technically feasible [41], [89]. This development 

resulted in a sharp increase in Digital Twin research, a trend described by Tao et al. (2019) [89] (see 

Figure 6) and analyzed by Liu et al. (2020) [61] (see Table 3). 

 

 

Figure 6: Illustration from Tao et al. (2019) [89], © 2019 IEEE. Development trend of Digital Twin 

research. 

 

Table 3: Table from Liu et al. (2021) [61]. Amount of search results on Digital Twin in different 

databases. 

 

 

As shown in the research of Liu et al. (2020) [61] in Figure 7, the research on Digital Twin was first 

dominated by conceptual articles. With time, the proportion of paradigm & framework and ultimately 

the application research increased greatly. Applications of the Digital Twin concept exist in numerous 

fields [27], [80], [90]. The concept's origin can be attributed to the manufacturing industry, specifically 
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aerospace [78]. The manufacturing industry offers great scaling potential, and aerospace/aviation 

contains capital-intensive projects. Both industries provide bigger leverage than other industries for 

riskier investments, such as early Digital Twin applications. Early research was, therefore, dominated 

by the manufacturing and aviation industry, as depicted in Figure 8. By now, Digital Twin application 

research also exists in many other industries. 

 

 

Figure 7: Illustration from Liu et al. (2021) [61]. Content type of Digital Twin literatures. 

 

 

Figure 8: Illustration from Barricelli et al. (2019) [27]. Depiction of Digital Twin application articles 

along a timeline, colored according to their application domain. Barricelli et al. searched for “digital 

twin artificial intelligence” and “digital twin model” on Google Scholar in July 2019 and from there 

snowballed further articles. 
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Besides the explosive growth in the scientific field since 2017 [61], various corporations such as 

Siemens [91], GE [92], and PTC [93] have initiated research and product development on Digital Twin 

[1]. In 2018, the International Data Corporation (IDC) forecasted 30% improvements in manufacturing 

cycle times of critical processes for companies investing in Digital Twin applications [94]. In August 

2018, Gartner published a report surveying 599 companies [95]. 62% of the Internet of Things (IoT) 

using companies were in the process or planning to implement the Digital Twin concept, and 13% 

were already utilizing it. A report from Research and Markets in 2017 forecasted that the global Digital 

Twin market will be worth USD 15.66 Billion by 2023, at a CAGR of 37.87% [4], while Grand View 

Research expects the market to be worth USD 155.84 Billion in 2030 [5]. Gartner identified the Digital 

Twin concept as one of the top 10 Strategic Technology Trends of 2017, 2018, and 2019 [96]–[98].  

The Digital Twin is a promising concept that has received great interest from academia and the 

corporate field in recent years. It can be applied in numerous industries and promises high investment 

returns. Nevertheless, its loose definition and broad applicability challenge its prevalence and 

expectations. 
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1.2 Motivation  

In this section, the underlying motives for this dissertation are introduced. Based on the previous 

development of the field, challenges are described, which form the overall goal of this dissertation 

and build the foundation for the individual aims of the included scientific papers. 

Campos-Ferreira et al. (2019) [99] see the Digital Twin concept at its peak of inflated expectations on 

the Gartner technology hype cycle in 2019 (see Figure 9). They expected it to fall into the trough of 

disillusionment in the years after. 

 

 

Figure 9: Illustration from Newrzella et al. (2021) [1]. Gartner Hype Cycle and the Digital Twin concept, 

based on Campos-Ferreira et al. (2019) [99]. 

 

Indications for this were already reported by Zborowski (2018) [14] in his article in 2018, where a client 

found the Digital Twin concept too confusing because it has a different meaning to every person using 

it. Instead, he suggested to “talk about the functionality of what you’re providing and not ‘digital 

twin.’” [14] Several other researchers have also mentioned this dilemma [100]–[106].  

The presented research into scientific activities shows that numerous application scenarios are already 

discussed, but commercial applications and business cases are still rare. Tao et al. (2019) mention in 

their article “Make more digital twins” [107] the difficulty of assembling a team of multi-discipline 

specialists to build a precise Digital Twin as one of the main reasons for large companies such as 

Siemens or GE to develop Digital Twins, while smaller firms fall short. 

Many benefits of Digital Twin applications are anticipated across industries. However, it is still difficult 

to estimate the value and effort involved and to determine Digital Twin use cases to start 

implementation with [88], [108]. This challenge creates uncertainty around the development of Digital 

Twin applications and further hampers its potential. 
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Furthermore, with the dissemination of the Digital Twin concept across industries, various applications 

are proposed, and numerous Digital Twin architectures describe specific applications differently. The 

Internet of Things (IoT) field has been structured through, among other things, the development of a 

universal reference architecture model. The field of Digital Twin still lacks standardization and 

common understanding, which contributes to the perceived confusion around the Digital Twin 

concept. 

Even though the Digital Twin concept has received increased attention in academia and industry in 

recent years and the technology enablers are now available on the market, the commercial 

implementation of Digital Twin applications still presents a challenge. This dissertation aims to 

consolidate the field of Digital Twin by providing models and methodologies that address the 

challenges of deriving, designing, and describing Digital Twin use cases. The three included scientific 

papers contribute to this goal by addressing a specific need each. 
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1.3 Aims 

This section describes the aims of this dissertation and of each scientific paper included in this 

dissertation. 

 

This dissertation aims to consolidate the Digital Twin development cycle by introducing a Digital Twin 

framework for deriving, designing, and describing Digital Twin applications across industries. This is 

achieved through the contributions of the three entailing scientific publications. 

 

“5-Dimension Cross-Industry Digital Twin Applications Model and Analysis of Digital Twin Classification 

Terms and Models” (2.1) 

The first publication analyzed Digital Twin terms and models and derived main characteristics by which 

to describe Digital Twin applications across industries. 

 

“Methodology for Digital Twin Use Cases: Definition, Prioritization, and Implementation” (2.2) 

The second publication proposed a methodology for deriving and evaluating Digital Twin use cases, 

independent of the application domain. 

 

“Three-dimension Digital Twin Reference Architecture Model for Functionality, Dependability, and Life 

Cycle Development across Industries” (2.3) 

The third publication proposed a Digital Twin reference architecture model that considers 

functionality, dependability, and life cycle aspect when designing and visualizing Digital Twin 

applications across industries. 
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1.4 Related literature 

Besides the related literature of the individual papers, there are Digital Twin methodologies describing 

the overall Digital Twin development cycle. In this section, these Digital Twin life cycles are described, 

and this dissertation’s Digital Twin framework is allocated within them. 

Parrott and Warshaw (2017) [88] propose a six-step Digital Twin development cycle to start and scale 

up Digital Twin application development (see Figure 10). The cycle consists of the steps imagine, 

identify, pilot, industrialize, scale, and monitor. In the imagine step, process opportunities for the 

Digital Twin concept are imagined and assessed. The most suitable Digital Twin use cases are 

determined in the identify step. Following, early value-creating Digital Twin applications are piloted in 

the pilot stage. Once success is demonstrated, the Digital Twin development and deployment process 

can be industrialized using established tools in the industrialize step. A successful Digital Twin 

application can be scaled to adjacent and interconnected processes in the scale step. Finally, in the 

monitor step, Digital Twin solutions should be monitored, and changes implemented accordingly to 

ensure value delivery. 

 

 

Figure 10: Illustration from Newrzella et al. (2022) [109], based on Parrott and Warshaw (2017) [88]. 

The Deloitte Digital Twin development cycle. 

 

Moyne et al. (2020) [110] introduce a high-level view of a common Digital Twin life cycle (see Figure 

11). The life cycle can be broken down into two halves, the off-line (data at rest) development and the 

on-line (data in motion) deployment and maintenance. The first half consists of the steps envision, 

design, develop, verify, and validate. Historical data, analytics, and expert knowledge are used to 

understand the application environment, determine the feasibility of Digital Twin use cases, develop 

promising use cases into applications, and verify and validate them. The second half contains the steps 

deploy, use, evaluate, and maintain. The verified Digital Twin application is integrated into the existing 

system and continuously used and evaluated until maintenance is required. 
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Figure 11: Illustration from Moyne et al. (2020) [110]. Digital Twin life cycle. 

 

The Systems Development Life Cycle (SDLC) is commonly used in systems and software engineering to 

plan, create, test, and deploy an information system [111] and is also referred to in some Digital Twin 

development methodologies [112]. The SDLC can be applied to hardware and software projects as 

well as a mix of both. Numerous versions of the SDLC exist. The life cycle version discussed here 

consists of the six stages plan, analyze, design, develop, implement, and maintain. In the planning 

stage, the project manager plans for the upcoming project by defining the problem and its scope, for 

example. Requirements, stakeholder needs, and other project details are gathered, and ideas are 

derived and evaluated in the analysis stage. In the design stage, the details for the development are 

outlined and prepared. The actual development, such as the assembly and coding, takes place in the 

development stage, while when finished, it is implemented in the implementation stage. Maintenance 

of the project matter while in operation is taken care of at the end of the SDLC. The cycle can be 

reiterated for further updates or upgrades of the project matter. 

 

 

Figure 12: A six-stage version of the Systems Development Life Cycle (SDLC). 
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The Digital Twin framework described within this dissertation focuses on the initial stages of the Digital 

Twin development cycle. The aim is to derive the most promising use cases, design an architecture 

and communicate its concept to involved stakeholders. This process allocates the framework in the 

imagine and identify stages of Parrott and Warshaw (2017) [88], in the envision and design stages of 

Moyne et al. (2020) [110], and in the plan, analyze, and design stages of the SDLC. 
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1.5 Methods 

At the beginning of the research period, general literature research on Digital Twin research and 

challenges was conducted. Strings containing “Digital Twin” in general and together with “Buildings,” 

“Construction,” “Healthcare,” “Logistics,” “Manufacturing,” “Oil,” “Gas,” “Power,” “Product 

Development,” “Product Life Cycle,” and “Vehicle” were searched. Google Scholar was chosen to avoid 

bias in favor of any specific scientific publisher, as recommended by Wohlin (2014) [113]. No time 

range was specified as the research field of Digital Twin is still rather young. The initial search was 

performed over six months, from October 2020 to March 2021, so only research published before 

March 2021 was considered. From the results, the Digital Twin concept and application research 

containing a physical entity was selected. More than 140 articles were analyzed, and the addressed 

and mentioned open challenges were noted. This analysis identified three open challenges that could 

be addressed within the scope and with the resources of this doctoral research. The three included 

research publications’ aims were derived from this initial literature research. 

During the initial literature research, besides the challenges, Digital Twin definitions, history, 

characteristics, classification dimensions, application examples, implementation structures, 

architectures, and market development research were recorded. This review was used to describe the 

Digital Twin research background in the first publication (2.1). In parallel to identifying the challenge 

of confusing Digital Twin descriptions, numerous Digital Twin terms were found and clustered into 

groups of similar descriptive characteristics (see chapter 2.1). The research also revealed main 

elements and characteristics of Digital Twin applications, which were derived based on prevalence 

and the authors’ reputation in the field. Out of this analysis, five main characteristics for Digital Twin 

application descriptions were derived. Their applicability was validated by applying the description 

model to existing Digital Twin research from the fields of sports, transportation, construction, and 

manufacturing and showcasing how it facilitates understanding of Digital Twin applications. 

To address the challenge of a missing Digital Twin use case development and prioritization 

methodology, literature research was conducted on the strings of words “Digital Twin,” together with 

“development,” “methodology,” “method,” and “prioritization.” No time range was specified for the 

search performed in September 2021. Google Scholar did not show results that suffice the 

requirements of deriving and evaluating Digital Twin use cases. Searches of “use case prioritization” 

and “use case evaluation” resulted in three methodologies that could be applied in a limited form to 

Digital Twin use cases. These methodologies and known methodologies from manufacturing and 

innovation fields were analyzed for their applicability to Digital Twin use cases. The Digital Twin use 

case methodology described in chapter 2.2 was developed through a combination of aspects of these 

different methodologies. The Digital Twin use case methodology was tested and continuously 

improved within the theses of Schoueri (2021) [114], Castellanos (2022) [115], and Schwarz (2022) 

[116] (see appendix A). The Digital Twin use case development, and evaluation of a product from 

Siemens Healthineers was anonymized and used in parts as a validation example to showcase the 

applicability of the proposed methodology. 
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Based on the initial literature research on Digital Twin architectures and literature research conducted 

by Schoueri (2021) [114], additional literature research was performed on Google Scholar with the 

search terms “Digital Twin” together with “architecture,” “framework,” and “model.” More than 15 

Digital Twin architectures were found. An analysis of the architectures identified two major 

dimensions considered in existing architectures: functionality and dependability. After excluding 

architectures that were too application-driven and did not follow a universal, cross-industry structure, 

14 architectures were considered in the functionality dimension and six architectures in the 

dependability dimension. An analysis of commonly referenced architectures from the fields of Cyber-

physical systems (CPS) and the IoT identified a focus on dependability aspects in CPS and the additional 

aspect of the life cycle in IoT. Other research has often mentioned the life cycle aspect as a core 

element of Digital Twin applications. It has been added to the other two dimensions to form the three-

dimension Digital Twin reference architecture model described in chapter 2.3. The architecture model 

was validated by applying it to examples based on existing research and concepts from the fields of 

mechatronic products, healthcare, construction, transportation, astronautics, and the energy sector. 
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2 Publications 
 

The following section presents the scientific papers included in this dissertation. All papers aim to 

consolidate the field of Digital Twin by each addressing one of the challenges described in chapter 1.2. 

The first paper considers the loose definition of Digital Twin and the often-vague description of Digital 

Twin applications by analyzing Digital Twin terms and models and proposing a universal Digital Twin 

definition and five characteristics to describe Digital Twin applications effectively (2.1). The second 

paper addresses the lack of a Digital Twin use case development and prioritization methodology that 

gives practitioners guidance on where to best start development of Digital Twin applications. A two-

step methodology is proposed that derives impactful use cases based on stakeholder feedback and 

evaluates promising Digital Twin use cases considering stakeholder value-add, effort, and scaling 

potential (2.2). Finally, in the third paper, the numerous different Digital Twin architectures are 

consolidated into one cross-industry reference architecture model that addresses functionality, 

dependability, and life cycle aspects for designing and visualizing Digital Twin applications.  
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2.1 5-Dimension Cross-Industry Digital Twin Applications Model and Analysis of Digital Twin 

Classification Terms and Models 

 

Authors: S. R. Newrzella, D. W. Franklin, and S. Haider 

 

Abstract: A Digital Twin is an auspicious cross-industry concept in the era of digitalization, which 

promises a wide range of benefits such as efficiency improvements, predictions of future 

opportunities and challenges, and respective recommendations. At present, a variety of definitions 

and terms exist, causing increasing confusion among practitioners and users. Here we address this 

need for consolidation with a holistic view of the Digital Twin concept across industries. We analyze 

classification models and Digital Twin terms in academia and industry in order to propose a 5-

dimension cross-industry Digital Twin applications model. This model, based on the core three-part 

Digital Twin concept introduced by Grieves in 2002, enables ease of understanding and cross-industry 

classification and development of applications within the concept of the Digital Twin. The proposed 

model consists of the dimensions scope of the physical entity, feature(s) of the physical entity, form 

of communication, scope of the virtual entity, and user-specific outcome/value created. 

 

Contribution: I conducted an extensive literature review, clustered the findings, and acquired 

information on Digital Twin terms and models. I derived Digital Twin applications' main elements and 

characteristics and developed the proposed model. I wrote the original manuscript under the 

advisement of Prof. Sultan Haider and revised it with the assistance of Prof. Dr. David Franklin. 
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2.2 Methodology for Digital Twin Use Cases: Definition, Prioritization, and Implementation 

 

Authors: S. R. Newrzella, D. W. Franklin, and S. Haider 

 

Abstract: The cross-industry concept of Digital Twin promises numerous benefits in areas such as 

product customization and predictive maintenance, but many companies often struggle to determine 

a starting point. Digital Twin use cases are abundant, but efforts and stakeholder benefits are difficult 

to estimate when developing and implementing Digital Twin applications. This paper proposes a 

management approach to Digital Twin use case prioritization suitable for planning Digital Twin 

applications at an early phase of development. Considering stakeholder satisfaction, infrastructure 

scalability, and effort for implementation and maintenance, we present a methodology to determine 

the most impactful Digital Twin use cases requiring low effort and high scalability. Tools and related 

methods from the fields of software development, innovation, process engineering, and product 

development are described, and the methodology is discussed with regard to these and other research 

works. An example from mechatronic product development at Siemens Healthineers Innovation Think 

Tank validates the approach. 

 

Contribution: I researched existing methodologies, developed the first draft of the proposed 

methodology, and improved it with the feedback of Schoueri (2021) [114], Castellanos (2022) [115], 

and Schwarz (2022) [116] (supervised theses see Appendix A). I provided the validation of the 

methodology by collating and anonymizing examples from the theses of Schoueri (2021) [114] and 

Castellanos (2022) [115]. I drafted the original manuscript under the advisement of Prof. Sultan 

Haider, revised it with the assistance of Prof. Dr. David Franklin, and designed all figures and tables. 
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2.3 Three-dimension Digital Twin Reference Architecture Model for Functionality, 

Dependability, and Life Cycle Development across Industries 

 

Authors: S. R. Newrzella, D. W. Franklin, and S. Haider 

 

Abstract: The Digital Twin concept promises numerous applications across industries and across its 

physical twin's entire life cycle. Although numerous architectures have been proposed to develop and 

describe the setup of Digital Twin applications, current Digital Twin architectures do not address the 

versatile cross-industry character of the Digital Twin concept, its safety, security, and privacy aspects, 

and are often use case-specific and inflexible. We propose a three-dimensional Digital Twin reference 

architecture model for application across industries, considering functionality, dependability, and life 

cycle aspects. Our model provides practitioners a common platform to develop and discuss Digital 

Twin applications of different complexities, and dependability aspects along varying life cycles and 

independent of the industry. We validate and showcase its applicability on examples from the fields 

of mechatronic products, healthcare, construction, transportation, astronautics, and the energy 

sector. We compare our reference architecture model to existing architectures, discuss its advantages 

and limitations, and position the model within previous literature. 

 

Contribution: Based on the initial research of Schoueri (2021) [114], I researched additional Digital 

Twin architectures and structured and analyzed them all. I developed the proposed reference 

architecture model and validated its applicability on applications from Mahmeen et al. (2022) [117], 

Schoueri (2021) [114], and further research examples. I wrote the original manuscript under the 

advisement of Prof. Sultan Haider, revised it with the assistance of Prof. Dr. David Franklin, and 

designed all tables and figures. 
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3 Results 
 

This chapter describes the results of this dissertation. The outcome is a framework of models and 

methodologies that links the individual scientific papers together and gives a practitioner in the field 

of Digital Twin a guideline for effective analysis and design of Digital Twin applications. The framework 

supports the practitioner in deriving, designing, and describing Digital Twin use cases, as introduced 

in chapter 1.2. A schematic of the framework is visualized in Figure 13. 

 

 

Figure 13: Illustration based on Newrzella et al. (2022) [118]. Schematic of this dissertation's Digital 

Twin framework 

 

The methodology proposed in the second paper (2.2) guides the practitioner in deriving and evaluating 

Digital Twin use cases. Starting from a workflow or process that the physical entity of a Digital Twin is 

following, the practitioner follows the UCMEA method. They identify stakeholder needs and 

opportunities and develop and rate use cases for these. Promising Digital Twin use cases are entered 

into the House-of-DT, where data sources in and around the physical entity are evaluated based on 
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their ability to address the selected Digital Twin use cases. The output of this methodology is a 

selection of promising data sources and prioritization of use cases based on value, effort, and 

scalability. 

The use cases and data sources of choice are then brought into the design stage of the architecture 

model of the third paper (2.3). Through the reference architecture model, the practitioner divides the 

Digital Twin use case into specific functional building blocks and determines their dependability 

aspects. The allocation of building blocks along the physical entity’s life cycle is considered as well as 

communication between them. This cross-industry architecture model allows universal discussion and 

visualization of Digital Twin applications within interdisciplinary teams and stakeholders. 

Along the entire process of deriving and designing Digital Twin applications, they must be described 

to the people involved. The first paper's model (2.1) can be used to describe a Digital Twin application 

to other practitioners, users, and customers. It allows the practitioner to describe the main elements 

of a Digital Twin application required for understanding it without using the confusing term “Digital 

Twin.” 

The framework consolidates the Digital Twin concept and gives developers from any field a guideline 

for developing Digital Twin applications. The applicability of the individual models and methodology 

was presented in the respective scientific publications. An application for the entire framework is 

described in the following chapter. 
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4 Validation Case Study 
 

This chapter presents a validation example developed at the Siemens Healthineers Innovation Think 

Tank. The validation example consists of a Digital Twin application development of a radiography 

device. The Digital Twin environment was analyzed, and use cases were derived using the Digital Twin 

use case development methodology (2.2). A selected use case was designed and visualized using the 

Digital Twin reference architecture model (2.3). The resulting Digital Twin application is described by 

applying the Digital Twin applications model (2.1). Finally, the resulting Digital Twin proof-of-concept 

is described. 

 

4.1 Digital Twin use case development and evaluation (2.2) 

A medical radiography device uses x-ray techniques to visualize internal body parts [119]. Radiography 

devices are commonly found in hospitals. To derive Digital Twin use cases of a medical radiography 

device, radiography workflows in hospitals were analyzed by inquiring the database of hospital visits 

and surveys conducted by the Siemens Healthineers Innovation Think Tank across the world over the 

last years. This inquiry resulted in various identified needs and opportunities from stakeholders 

around the radiography device along its clinical workflow. These rated needs and opportunities were 

combined with a rating of currently implemented solutions. Promising needs and opportunities for 

Digital Twin use cases were identified by calculating their need/opportunity score. Only Digital Twin 

use cases were ideated for the needs and opportunities in this case study. Their stakeholders’ 

satisfaction ratings were estimated, and their use case impact score was calculated. The outcome is a 

rating of potential Digital Twin use cases that address needs and opportunities from stakeholders 

along the workflow of a medical radiography device. The overall UCMEA table is visualized in Figure 

14. 

A selection of promising Digital Twin use cases was further evaluated in the House-of-DT in Figure 15. 

The use cases’ minimum need information frequency was determined, and data sources from and 

around the device were investigated. Besides the existing data sources, potential future data sources 

were ideated and added to the data source input section in the House-of-DT in Figure 15. All data 

sources are blurred due to confidentiality reasons. Following, the data sources were rated by their 

ability to hold informational value for the respective use cases (see the center matrix in Figure 15). 

The data sources’ potential to scale and effort for data source implementation and data collection was 

estimated, and the total data source rating was calculated. In the use case evaluation part on the right 

side of the House-of-DT, data sources were selected for each use case. After checking the data sources’ 

ability to provide the information frequency required by each use case, each data source selection's 

average detectability and scalability score was determined. Setup considerations were made for each 

use case and their data source selection, and their efforts for integration and maintenance were 

estimated. Concluding, the use case applicability score of each use case was calculated. 
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Figure 14: Illustration from Schoueri (2021) [114]. UCMEA applied to the workflow of a radiography 

device. Only Digital Twin use cases were considered. 
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Figure 15: Illustration from Schoueri (2021) [114]. House-of-DT applied to selected Digital Twin use 

cases from the UCMEA. Data sources are blurred due to confidentiality reasons. 
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This value proposition was presented to the product manager of x-ray products at the mechatronic 

products location of Siemens Healthineers in Kemnath, Germany, and is considered in the future 

product portfolio. The Digital Twin of a radiography device’s telescopic lift column cable for predictive 

maintenance was selected as a proof of concept. The following development is based on a model of 

an autonomous radiography device at the Siemens Healthineers Innovation Think Tank Mechatronic 

Products location, described by Mahmeen et al. (2022) [117], and enhanced by a Digital Twin 

application described by Schoueri (2021) [114]. 

 

4.2 Digital Twin architecture (2.3) 

The Digital Twin use case of a radiography device’s telescopic lift column cable for predictive 

maintenance was applied to the radiography model mentioned above. It was visualized and described 

as a validation example in the third paper (2.3). The cross-life cycle Digital Twin application was 

showcased in the three-dimensional model seen in Figure 16. 

 

 

Figure 16: Illustration from Newrzella et al. (2022) [118]. Digital Twin architecture model representing 

the Digital Twin use case of a radiography device's telescopic lift column cable for predictive 

maintenance. Infrastructure from Mahmeen et al. (2022) [117] is added, and fictive elements in the 

development & manufacturing, and maintenance life cycle stage are shown. 

 

A 2D section view with details of the sub-elements and communication is presented in Figure 17. The 

radiography model works under the Robot Operating System (ROS), using the Gazebo Simulator for 

the 3D room simulation and Moveit! for the motion planning of the ceiling-mounted telescopic arm 
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(see Figure 18). ROS is located in the room data storage (data management and information element 

on the room level in Figure 17). It serves as a transfer point for the telescopic arm location data. In the 

integration element on the device level, data from the model’s motors is communicated to a local 

Arduino controller, which sends it to the room-level room data storage via USB. A ROS node 

preprocesses the lift position data by extracting the vertical lift coordinate and samples it so that the 

information is only passed on when the movement stops or a change of direction occurs. Another local 

ROS node fetches this information with the device ID, date, and time. It transmits it to the Azure cloud 

storage (data management and information element on the cloud level in Figure 17). On the Azure 

cloud, the state table holding the current state is updated with the latest vertical position. The latest 

positions are also added to the time series table on the cloud. The histogram table collects the 

information on cable sections that were stressed through the latest movement. The computing is 

handled on the cloud computing element, and the Service graphical user interface (GUI) visualizes the 

handled information to service technicians through Power BI (decision & user interfacing element on 

the cloud level, see Figure 19).  

 

Figure 17: Illustration from Newrzella et al. (2022) [118]. 2D section view of the Digital Twin predictive 

maintenance application example in the "Operation" life cycle stage. Elements from the radiography 

model not actively used by the Digital Twin application are made semi-transparent. 

 

The technical description of the Digital Twin application followed the Digital Twin reference 

architecture model proposed in the third publication (2.3) and was visualized in Figure 16 and Figure 

17. To convey the essential elements of the Digital Twin application to stakeholders involved, a shorter 

description is required. 
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4.3 Digital Twin application description model (2.1) 

The validation example described in this chapter can be summarized using the Digital Twin application 

description model (2.1). The application is a Digital Twin of a radiography device’s telescopic arm’s 

lifting cable’s condition using near real-time motor encoder data in a rule-based histogram model to 

suggest maintenance interventions to service technicians. The description highlights the essential 

elements for an initial understanding of the application. More detailed descriptions can follow using 

the architecture model (2.3). 

 

4.4 Digital Twin proof-of-concept 

The Digital Twin use case described before was derived using the Digital Twin use case development 

and evaluation methodology (2.2). The application was designed, and its details were described with 

the help of the Digital Twin architecture (2.3). Its essential elements were summarized and described 

using the Digital Twin application description model (2.1). 

A proof-of-concept of the Digital Twin application was developed at the Siemens Healthineers 

Innovation Think Tank Mechatronic Products location in Kemnath, Germany. The prototype’s physical 

entity consists of the telescopic arm of the radiography model shown in Figure 18. 

 

 

Figure 18: Illustration from Domínguez (2021) [120]. The radiography model's ceiling-mounted 

telescopic arm. 

 

The GUI (Figure 19) presents the current vertical position of the model’s telescopic arm (bottom left), 

the positions over time (bottom right), and a histogram visualization of the cable sections under 

bending stress (top left). A rule-based algorithm determines the need for maintenance based on the 
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cable sections' bending cycles and presents its conclusion to the service technician on the GUI in the 

top right. 

 

 

Figure 19: Illustration from Schoueri (2021) [114]. Power BI dashboard of the Digital Twin application 

of the radiography model's ceiling-mounted telescopic arm (decision & user interfacing element). 

 

This proof-of-concept served as a decision proposition to showcase the potential applicability of the 

Digital Twin application and convince corporate decision makers of the need and feasibility to further 

develop the application into a series product. When writing this dissertation, the use case is 

undergoing a business case calculation and analysis of real device data. 
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5 Discussion 
 

This chapter discusses the Digital Twin framework proposed in this dissertation. A summary of the key 

elements of this dissertation’s framework is followed by a discussion of the contributions of the 

framework and its constituents. The practical implications for Digital Twin developers applying the 

Digital Twin framework are described, the framework's limitations are discussed, and future steps are 

outlined. 

 

5.1 Summary 

This dissertation aimed to consolidate the Digital Twin concept by proposing a cross-industry 

framework that supports deriving, designing, and describing Digital Twin applications. This was 

achieved through three contributions: (1) a methodology for deriving and evaluating Digital Twin use 

cases (2.2), (2) a reference architecture model for designing and visualizing Digital Twin applications 

(2.3), and (3) a model supporting the effective description of Digital Twin applications (2.1). 

 

5.2 Contributions 

Holistic Digital Twin development cycles ([88], [110]) guide developers through the overall process of 

Digital Twin application development but fail to provide concrete methods for the execution of the 

specific steps or stages. Methods and models have been proposed to address this research gap and 

improve existing approaches. Research often focuses on the development, verification, and validation 

stage, with a focus on the manufacturing domain [14], [82], [121]–[123]. This dissertation’s framework 

aims to facilitate the early stages of the Digital Twin development cycle (see chapter 1.4), focusing on 

cross-industry applications. The individual parts of this dissertation’s framework have already been 

discussed and compared to similar approaches in detail in the respective scientific publications (see 

chapter 2). Their main contributions are summarized here. 

So far, no other methodology for deriving and evaluating Digital Twin use cases (2.2) independent of 

the application domain exists. Methods from other fields were combined to address Digital Twin 

applications' versatile and data-centric character across industries. This approach allows an early 

prioritization of Digital Twin use cases for design and development, considering stakeholder value, 

effort, and scalability aspects. 

An analysis of Digital Twin applications and architectures across industries identified three major 

dimensions along which Digital Twin architectures are commonly designed: Functionality, 

dependability, and life cycle. To the author's knowledge, combining these three aspects into one cross-

industry Digital Twin reference architecture model (2.3) has not yet been proposed elsewhere. The 
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reference architecture model allows a flexible combination of functional elements on application-

specific dependability levels and along individual life cycle stages of the physical entity. 

The Digital Twin application description model (2.1) is guided by the three main elements of the Digital 

Twin concept introduced by Grieves in 2002 [9] and allows the description and classification of Digital 

Twin applications across industries. This design and the description following the logical chain from 

the physical entity to the virtual entity to the value-receiving stakeholder enable an easy 

understanding of the essential elements of Digital Twin applications, which other models fall short of. 

The overall framework stands out through its continuous guiding of the early stages in the Digital Twin 

development cycle, namely the imagine and identify stages of Parrott and Warshaw (2017) [88], the 

envision and design stages of Moyne et al. (2020) [110], and the plan, analyze, and design stages of 

the SDLC. The framework has been specifically developed to enable application across industries, 

providing concrete methods and examples for its application. 

 

5.3 Practical implications 

The framework guides developers at the early stages of the Digital Twin development cycle to find the 

most cost-effective and scalable use cases, designing them accordingly, considering functionality, 

dependability, and life cycle aspects, and convincing stakeholders of its setup and value-add through 

clear communication. This early strategic orientation reduces the long-term effort and costs of the 

overall development of Digital Twin applications. This helps smaller firms develop Digital Twin 

applications, as the uncertainty in effort and value estimation affects smaller firms more than bigger 

corporations, which already have a disadvantage in Digital Twin development, as described by Tao 

and Qi (2019) [107]. Furthermore, the framework's cross-industry character enables industries with 

few Digital Twin applications and best practices to learn from more dominant industries in Digital Twin 

research, such as the manufacturing industry, that are applying the framework. The cross-industry 

examples in the individual publications support this aspect and encourage a cross-industry exchange 

of ideas and best practices. 

 

5.4 Limitations 

As showcased in chapter 1.4, this dissertation’s framework supports the early stages in the Digital 

Twin development cycle. The described industrial use case is currently in a predevelopment stage and 

further development and system integration are still pending. Therefore, the framework’s ability to 

transition well into the subsequent development stages has not yet been investigated. Aspects 

facilitating further development of Digital Twin applications might therefore not be considered 

sufficiently in the current version of the framework. 
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The framework was developed from the viewpoint of a product developer in the field of engineering. 

Therefore, the methods and models considered during the development come from engineering and 

adjacent fields such as innovation. These methods are already well known within the engineering 

product development field, which is why their adapted integration in the Digital Twin framework 

facilitates the understanding, acceptability, and ultimately adoptability of the framework in the Digital 

Twin development process in this field. This aspect supports the Digital Twin development efforts in 

engineering but fails to address the same initiative in other fields.  

The methodology and models proposed in this dissertation’s framework were developed iteratively 

by considering industrial best practices while working on innovation projects at the Siemens 

Healthineers Innovation Think Tank Mechatronic Products location. This approach is driven by 

practitioners’ likelihood of adoption of the framework but lacks an objective evaluation of alternative 

solutions. An alternative development approach could have been to define goals for each identified 

challenge. A goal could have been, for example, a development methodology that supports 

developers in finding the Digital Twin use cases that generate the highest value add for the customer 

at the lowest required effort. For each goal, uncorrelated criteria would have to be created to quantify 

the attainment of these goals. Criteria could have been, for example, the rate of successful 

identification of high-value-low-effort use cases and the average resources required for a method’s 

execution. Various new and existing methods and models that could address the goals could be 

scouted and evaluated along the set criteria. This evaluation could be done theoretically or better by 

applying the methods and models to the same industrial example and measuring their performance. 

The criteria would be weighed depending on their importance. The methods and models leaving the 

evaluation with the highest rating could be considered the most suitable for addressing the goal and 

would therefore be considered in the proposed solution to the challenge. 

The framework was not developed with the preceding approach, but its efficiency compared to 

alternative approaches could still be evaluated after the framework’s development. The effectiveness 

of the framework and its methodologies and models was validated on development examples from 

the Siemens Healthineers Innovation Think Tank and case studies from existing Digital Twin research. 

This validation shows that the framework achieves its intended purpose. Nevertheless, an evaluation 

based on efficiency metrics compared to common alternative approaches is still pending. Therefore, 

testing the framework and its constituents to whether they are better than alternative approaches is 

still an open task. Potential testing approaches are discussed in the “Outlook” section. 

The framework’s cross-industry applicability has been validated on two industrial innovation projects 

in the field of medical mechatronics and theoretical case studies from other fields. The framework has 

been formed by the experiences from the two industrial projects but industrial validation in other 

fields is still an open task. The framework might, therefore, have been improved for application in an 

engineering innovation field, but it might still show weaknesses in other fields that could have been 

discovered when applying the framework to industrial projects in those fields. 
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5.5 Outlook 

In this section, future directions for research resulting from this dissertation are presented. Some 

directions arose from ongoing implementation projects, others from discussed limitations. 

The industrial use case presented in this dissertation is further developed. The framework will show 

strengths and weaknesses in the following development stages, which can be analyzed and used to 

improve this dissertation’s framework further. Existing development, verification, and validation 

methodologies [14], [82], [123] can be applied, and the framework can be extended to support further 

steps in the Digital Twin development cycle. 

As discussed in the limitations section, industrial use case validation from outside the medical 

mechatronics field has not been conducted yet. Future work can apply this framework to industrial 

projects in other fields and analyze the framework’s effectiveness and its acceptability with 

practitioners from this field. The framework can be further improved with every industrial validation 

to strengthen its cross-industry character. 

The framework and its constituents have not yet been quantitatively compared to alternative 

methodologies and models. This evaluation can be the subject of future work. The methodology and 

models included in this dissertation’s framework can be tested as follows. 

The methodology for deriving and evaluating Digital Twin use cases (2.2) is often replaced by expert 

gut feeling and business case assessment of single use cases. An efficiency evaluation could compare 

both approaches based on their ability to work out valuable Digital Twin use cases and develop them 

into scalable applications. A comparison of long-term effort and value-add between both approaches 

could identify the more efficient one, as conducted by Newrzella (2019) [124] in the field of Machine 

Learning in a manufacturing environment. 

The cross-industry Digital Twin reference architecture model (2.3) is often replaced by alternative 

architectures or models from other fields. The purpose of all architectures is to include as many 

aspects necessary for developing Digital Twin applications as possible while keeping the complexity 

considerably low for ease of understanding. An analysis of Digital Twin application development 

projects in different industries could compare applications using the proposed Digital Twin reference 

architecture model with applications using alternative architectures. Developers could be questioned 

about the ability of the architectures to address their development needs, the architectures’ perceived 

complexity, and ease of understanding. 

Digital Twin applications are commonly described based on the outstanding characteristics of an 

individual Digital Twin application to highlight certain features. Classification models determine a set 

number of characteristics. These models and the Digital Twin application description model (2.1) aim 

to facilitate the understanding and classification of Digital Twin applications across industries. The 

better and quicker someone understands the general idea of a Digital Twin application and can 

compare it to other applications using a certain model, the better that model is suited for description 
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and classification. Interviewees could be confronted with different models’ Digital Twin application 

descriptions, and the interviewees’ ability to understand and classify Digital Twin applications could 

be evaluated. This would identify the most suitable model for cross-industry Digital Twin application 

description. 

 

 

Concluding the discussion section, it can be said that the overall framework supports deriving, 

designing, and describing Digital Twin applications. The main contributions of the framework, when 

compared to similar approaches, lay in its flexible cross-industry character. This structured approach 

allows developers in different domains to strategically plan their Digital Twin portfolio by reducing 

uncertainty in value and effort estimation, designing for scalability, dependability, and life cycle 

aspects, and getting stakeholders on board. Limitations in partial bias and efficiency comparison of 

the framework’s constituents were discussed, and future steps were outlined. 
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6 Conclusion 

 

This dissertation aims to consolidate the Digital Twin concept by proposing a cross-industry framework 

that assists developers in deriving, designing, and describing Digital Twin applications. This was 

accomplished through the three constituents of the framework: (1) a methodology for deriving and 

prioritizing Digital Twin use cases, (2) a reference architecture model for designing and visualizing 

Digital Twin applications, and (3) a model for effectively describing Digital Twin applications. Within 

this dissertation, the Digital Twin concept was introduced through its history, definitions, fields of 

application, and business values. The research development and outlook were outlined, and the 

concept’s challenges as this dissertation’s motivation, the resulting aims, and the included scientific 

publications were described. The framework was allocated in related research, and its development 

methods were outlined. Early in the Digital Twin development cycle, the framework provides a 

strategic orientation to developers by reducing uncertainty and increasing the likelihood of 

sustainable Digital Twin applications. The methodology and models included in the framework were 

derived from an engineering background and, therefore, the framework might be biased towards 

Digital Twin applications in that domain. Furthermore, a comparison of the framework with alternative 

methods and models has not yet been conducted, which should be addressed in future work. 

Nevertheless, the framework’s flexible cross-industry character intends to enable more streamlined 

Digital Twin application development across industries. To better understand the framework's impact, 

future work could investigate the measurable effect of its application. 
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