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Editorial 
Technological advancement continues to drive innovation across industries from software 
engineering and industrial automation to healthcare. These studies exemplify how critical 
thinking, strategic design, and computational technologies converge to address modern 
challenges in quality assurance, operational safety, and medical diagnostics. By drawing from 
structured methodologies and harnessing the power of digital tools, these works lay the 
foundation for future-ready systems that prioritize reliability, accessibility, and intelligent 
performance. 

Ensuring the integrity and quality of software is an indispensable task in the software 
development life cycle (SDLC). This study examines the intricate dynamics of software testing 
through a qualitative lens, guided by Structuration theory. By analyzing the social and 
organizational structures in�luencing testing practices, it identi�ies �ive key insights: the centrality 
of testing for software quality, the importance of communication and collaboration among project 
stakeholders, the in�luence of power hierarchies on decision-making, the necessity of adherence 
to standards and processes, and the legitimization of the testing role within teams. The study 
demonstrates that software testing is not merely a technical activity but a socially embedded 
process requiring structural support, clear role recognition, and collaborative governance to 
ensure defect-free and requirement-aligned products [1]. 

Precision in nuclear power infrastructure is paramount, especially in maintenance tasks involving 
inaccessible or hazardous environments. This paper presents the creation of a digital twin for a 
robotic inspection system designed to assess pipe wall thickness within turbine buildings. 
Utilizing Process Simulate software, the system integrates mobile, robotic, and service units to 
achieve automated ultrasound-based inspections. The research details the virtual commissioning 
process and the design innovations of the robotic arm’s end-effector, enabling �lexible, 
interpolated movement around complex geometries. Through laboratory prototyping and 
simulation, the system's operability across diverse con�igurations is validated, emphasizing the 
digital twin’s value in improving commissioning accuracy, safety, and ef�iciency in industrial 
robotics applications [2]. 

Peripheral artery disease (PAD), a widespread vascular condition, demands timely and accurate 
diagnosis for effective treatment. This paper introduces the DECODE platform, a cloud-based 
diagnostic tool that combines machine learning, 2D/3D visualization, and data warehousing for 
non-invasive PAD evaluation. The system enables artery segmentation, reconstruction, and drug-
coated balloon simulation within a scalable infrastructure, supporting clinicians with actionable 
insights. Notably, the multiplanar and 3D rendering modules achieve high performance scores, 
validating the platform’s technical robustness and clinical utility. The DECODE system rede�ines 
PAD diagnostics by enhancing accessibility, improving decision-making accuracy, and setting a 
precedent for the integration of digital health solutions in vascular medicine [3]. 

These studies represent distinct but complementary perspectives on how technological systems 
are transforming essential sectors. From ensuring software quality and industrial safety to 
revolutionizing healthcare diagnostics, they underscore the value of combining technical 
innovation with strategic insight. As digital systems grow more interconnected and intelligent, 
the lessons and models presented here provide essential blueprints for the development of 
reliable, scalable, and human-centric solutions in an increasingly complex world. 
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ABSTRACT: Developing software is a huge job, which is why digital product teams rely on the software 
development life cycle (SDLC). SDLC is a critical framework for digital product teams, and software testing 
is its most vital component. Testing evaluates software components to identify properties of interest, detect 
defects, and ensure alignment with requirements. If not optimized, testing can be costly, and its omission or 
inadequate execution can lead to software failures, compromising business operations and reputation. This 
study explores the challenges of software testing, adopting an interpretivist approach with semi-structured 
data collection and analysis guided by Structuration theory's duality of structure. The key findings are: (1) 
Software testing is crucial for delivering quality products and services, ensuring that software meets client 
requirements and is free from defects. (2) Effective communication and collaboration among agents, 
including software testers, developers, and project managers, are vital for successful software testing 
outcomes. (3) Power dynamics and decision-making processes significantly impact software testing 
outcomes, with project managers' decisions often dominating software testers' work. (4) Adhering to 
organizational processes and standards is essential for ensuring quality software delivery, preventing 
software testing from being bypassed or done hastily. (5) Legitimization of software testing practices is 
necessary for instilling social attachment and control among software testers, recognizing the importance of 
their role in delivering quality software. These findings highlight the significance of software testing in 
ensuring software quality and business continuity, emphasizing the need for effective communication, 
collaboration, and organizational processes to support software testers in their critical role. 

KEYWORDS: Structuration Theory, Software testing, Software development, Software implementation, Software 
Development Life Cycle (SDLC), Information Systems 

 

1. Introduction  

In recent years, software testing has gained prominence 
in the software development industry [1]. Organisations 
of all sizes rely on software to deliver services and 
enhance productivity [2]. SDLC is a widely used 
methodology that outlines the stages of software 
development, from initiation to implementation [3]. 
Within SDLC, software testing is a critical phase that 
ensures software reliability and adds value to 
organisations [4]. A significant portion of software 
development budgets is allocated to testing [2]. Software 
testing encompasses various technical and non-technical 
sections, including specification, design, implementation, 
maintenance, and management issues [2]. Testing verifies 

that software meets organizational objectives and 
identifies errors or failures [5].  

However, challenges like time constraints and 
regression testing hinder effective software testing [6]. 
This qualitative study employs structuration theory to 
analyze data and identify factors affecting software 
testing in organisations. The dynamics between social 
structures and human agency play an important role in 
shaping the adoption, use, and impact of information 
systems within organisations [7] [8]. Structuration Theory 
(ST), developed by Anthony Giddens, offers a valuable 
lens for examining these dynamics [7]. Despite its 
potential, ST has been underutilized in IS research [9], [10]. 
This study aims to address this gap by applying ST to 
explore the interplay between social structures and 
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human agency in the context of IS implementation [11]. 
Specifically, this research seeks to understand how social 
structures influence human agency and vice versa [12], 
and how this interplay affects IS outcomes [13]. By 
examining these dynamics, this study contributes to a 
deeper understanding of the complex factors that shape 
IS success and failure [14]. The paper is organized into 
five sections: literature review, research methodology, 
data analysis, findings, and conclusion. 

2. Literature Review 

This section covers existing literature in the following 
key areas of the study: (i) software development, (ii) 
Software testing, (iii) Software implementation, and (iv) 
Structuration theory. 

2.1. The role of Software Testing 

Software testing plays an essential role in ensuring the 
quality, consistency, and security of software products [4]. 
As software becomes increasingly pervasive in society, 
the significance of software testing cannot be overstated 
[15]. According to [16], software testing is a critical 
process that detects defects and ensures software meets 
user requirements. Effective software testing strategies 
enable organisations to identify and mitigate potential 
risks, reducing the likelihood of software failures and 
minimising their impact [17]. 

Any product that is created must be tested before it can 
be released to the general public for use or consumption. 
Same applies to any software that is developed by 
organisations to carry out their day-to-day duties. 
Software testing is the approach that guarantees that 
quality products are distributed to consumers, which in 
turn uplifts customer satisfaction and trust. The aim of 
software testing is to identify defects and issues in the 
software development process so that they can be fixed 
prior to its release. According to [18], it is vital to test 
software as it helps to verify its quality and reliability 
particularly in modern software development processes, 
where very sophisticated software is continuously 
released faster and quicker.  

Even though software testing is important, its 
activities are usually ignored even by big organisations 
when executing significant software projects as they are 
often regarded unlikeable, time wasting as well as tedious 
when compared to more innovative and fulfilling 
activities such as software design or coding [19]. In [18], 
the authors defines software testing as “the process of 
evaluating software to ensure that it meets its originally 
specified requirements and revealing faults and defects 

that may affect the code”. It verifies that the software 
meets the functional, performance, design as well as the 
implementation requirements identified in the functional 
requirement specification. 

The primary intent of software testing is to guarantee 
that software functions as expected, meets user 
requirements, and is reliable, maintainable, and secure 
[20]. Software testing involves various activities, 
including test planning, test case development, test 
execution, and test reporting [21]. These activities 
guarantees that software is thoroughly vetted and meet 
the required standards before deployment [22]. 

Moreover, software testing is the fundamental 
component of the software development lifecycle, 
complementing activities such as system analysis, design, 
coding, and implementation [23]. Integrating software 
testing into the software development process, 
organisations can identify and report defects early, 
minimizing the overall cost and time needed for software 
development [24]. 

In conclusion, software testing is the important part 
of software development, guaranteeing that software 
meets the user requirements, are reliable, maintainable, 
and secure. By adopting effective software testing 
strategies, organisations can mitigate potential risks, 
reduce software failures, and release quality software 
products that meet the growing needs of society [25]. 
Lately, organisations, are focusing on software quality, 
and they are identifying broad requirements, such as 
more software functions, quicker response speed, as well 
as reliable and safe operation [26]. Software testing can be 
conducted in two main forms, either manually or 
automated. According to [27], manual testing can be time 
consuming, resource intensive and make testers not to 
discover some defects hence there are automation tools in 
place to enable both automation and performance 
engineers to record and rerun the test cases which could 
be tested manually by a software tester. Automated 
testing reduces the cost and time for testing software, it 
increases testing coverage by executing more test cases 
faster and eliminates human errors (humans gets tired 
when doing repetitive tasks and make errors) increased 
software reliability, user satisfaction and reduces the 
amount manual work that needs to be conducted by 
software testers. According to [27], tools for automating 
software testing enable software testers to consistently 
perform testing in less time and can frequently reuse them 
to retest the software. Automated testing decreases the 
volume of manual work, increases high coverage by 
executing additional test cases and reducing human 
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errors remarkably when humans are tired after several 
repeats [28]. In [29] further alluded that software testing 
is not performed only to detect defects but to assist 
software developers to notice the mistakes they made, 
provide tips on how to resolve those mistakes and also to 
ensure that the software performs as specified in the 
requirement specification. 

2.2. System Development Life Cycle 

Software development is a systematic process used to 
create software products that meet specific requirements 
and enable agents in a social system to achieve particular 
goals [25]. Organisations adopt software development 
strategies to manage software activities effectively and 
ensure alignment with business objectives [30]. 
According to [24] software development strategy refers to 
the approach organisations employ to develop the 
software. Software development encompasses various 
activities, including system analysis, design, coding, and 
testing [31]. Organisations consider the development of 
software as crucial for achieving business objectives and 
goals [25]. In [16], the author emphasizes the vital role of 
software in social systems, highlighting the need for 
extensive research, to understand, enhance, and support 
in software development.  

2.3. Software Testing 

Software testing is a crucial method that ensures 
software functions as expected, without defects or issues 
[4]. According to [16], software testing evaluates software 
quality and identifies areas for improvement. The 
primary goal of testing software is to discover defects and 
guarantee it meets user requirements [17]. However, it is 
essential to take into cognizance both functional and non-
functional requirements during testing. Failure to do so 
may negative impact the quality of software [21]. For 
instance, the Gauteng online registration system failed to 
handle user load, despite functional testing [15]. Software 
testing tools enable testers to conduct both functional and 
non-functional testing, including performance testing, 
which determines software behavior under various 
conditions [20]. Automation tools enhance testing 
efficiency, reliability, and repeatability, reducing human 
error [20]. The ultimate goal of software testing is to 
deliver high-quality software, ensuring business 
confidence in the tested product [25]. Following testing, 
software implementation ensues, aiming to deploy the 
software for use. 

The importance of software testing in the software 
development process cannot be overstated [4]. Software 
testing is crucial for ensuring the delivery of high-quality 

software products that meet user requirements and are 
reliable [17]. According to [16], software testing plays a 
vital role in identifying and fixing defects, errors, and 
bugs in the software, thereby reducing the likelihood of 
software failures and minimizing their impact. 

Moreover, software testing helps save time and money 
by detecting defects early in the development process [24]. 
This is supported by [24], who argues that testing is an 
essential component of the software development 
lifecycle, complementing activities such as system 
analysis, design, coding, and implementation. 
Furthermore, software testing improves user experience 
by ensuring that the software meets user requirements 
[25]. It also enhances security by identifying security 
vulnerabilities and ensuring that the software is secure 
and protected against threats [15]. 

There are two main common types of software testing 
namely, black box and white box. The main of intent of 
black box testing is to test the behaviour of the software 
whereas white box testing focuses on testing the internal 
operation of the software. Black box testing also referred 
to as functional testing is a process whereby the software 
is tested without the knowledge of the internal workings 
of the software [32]. It is a method that enables the test 
engineer to design the test cases based on the information 
from the specification and does not allow the test engineer 
access to source code of the software [33] With black box, 
the test engineer is not required to have programming 
knowledge.  

On the other hand, white box testing also referred to 
glass box testing/structural testing is a method that 
enables the test engineer/tester to design the test cases 
based on the information derived from source code [34]. 
The tester is required to have programming background 
with this type of testing as they are granted access to the 
source code. Grey box testing is a third method whereby 
the tester has limited knowledge about the internal 
workings of the software and has the knowledge of 
fundamental aspects of the software [35]. 

In addition, software testing supports continuous 
improvement by providing feedback for refinement and 
enhancement of the software [20]. This is critical for 
building trust with customers, stakeholders, and users, 
enhancing the organization's reputation [22]. In 
conclusion, software testing is essential for delivering 
high-quality software products that meet user 
requirements, are reliable, and provide a positive user 
experience [21]. By prioritizing software testing, 
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organisations can reduce risks, save time and money, and 
build trust with their customers. 

2.4. Software Implementation 

All software follows a particular lifecycle prior to its 
completion, from development to deployment, 
irrespective of the methodology employed (agile or 
traditional methodology), depending on the requirement 
[3]. Software implementation refers to the process of 
making software available for operation [1]. The term 
implementation is used interchangeably, but in the 
context of this study, it means making software 
operational. In the SDLC, implementation refers to 
applying system requirements, or actual coding [33]. 
Others describe it as constructing or building software 
[21], or making it available for use after development [7]. 
Software implementation occurs after quality assurance 
accompanied by various tests, including user acceptance 
testing [22]. Quality assurance is a challenging factor 
during implementation [1]. Top management approval is 
also crucial for successful implementation, as they must 
approve software before it is implemented or changed [7]. 

Software implementation poses several challenges 
that can hinder its success. One of the primary challenges 
is ensuring quality assurance, as inadequate testing can 
lead to software failures and errors [1]. Additionally, 
resistance to change from end-users can also pose a 
significant challenge, as they may be reluctant to adopt 
new software and processes [7]. Furthermore, the 
implementation of software needs substantial resources, 
including time, money, and personnel, which can be a 
challenge for organisations with limited budgets [33]. 
Moreover, integrating new software with existing 
systems and infrastructure can also be a complex 
challenge [23]. In [33], finally, top management approval 
and support are crucial for successful implementation, 
and lack of commitment from leadership can lead to 
implementation failure [22]. 

In conclusion, software testing and implementation 
are critical components of the SDLC. Effective software 
testing ensures that software meets user requirements, is 
reliable, and provides a positive user experience. 
However, software implementation poses several 
challenges, including quality assurance, resistance to 
change, resource constraints, integration with existing 
systems, and top management approval. To overcome 
these challenges, organisations must prioritize software 
testing and implementation, adopt effective software 
development methodologies, and ensure stakeholder 
commitment. By doing so, organisations can deliver high-

quality software products that meet user needs and drive 
business success. 

2.5. Structuration Theory 

The selection of an appropriate theory to underpin a 
study is critically important because it assists in 
determining the outcomes of the study [11]. Structuration 
theory (ST) was developed by [8], it is a sociology theory 
but has also gained popularity in the information system 
(IS) field where it has been borrowed to analyse data [36]. 
The theory takes a stance that social action cannot be 
explained in detail through structure or agency alone, but 
it appreciates the actors operating within the context of 
rules shaped by social structures but act in a biddable 
manner that these structures reinforced. In [37], the 
authors defines ST “as the reproduction of social 
structures through human actions. Social structures and 
human actions are viewed as two aspects of the same 
whole, instead of seeing human actions happening 
outside of the constraints of social structure”. According 
to [38], ST puts an emphasis on agency and structure, 
their duality within a social system which implies that the 
agent/agency entails technical such as technology and 
non-technical such as human entities. The structure is the 
rules and resource in structuration. In [39], the authors 
further states that ST focuses on how events and social 
systems are produced and reproduced over a period of 
time and space. In [40], the researchers alluded that 
human agency as well as social structure cannot be 
treated as separate ideas but are two ways of regarding 
social action and is termed as duality of structure. 
Structure is the recurrent patterned arrangements which 
influence or limit the choices and opportunities available. 
Whilst agency is the capacity of individuals to act 
independently and to make their own free choices [36]. ST 
is divided into structure, modality and interaction 
whereby the modality provides interaction between 
structure and interaction [37]. 

 

Figure 1: Dimensions of the duality of structure [26] 

 Both the social structures as well as the human 
actions are treated as two aspects of the same whole 
within the duality of structure [8]. In [40] and [41], the 
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authors emphasizes Giddens' claim that social 
phenomena emantes from both social structure and 
agency, not just one or the other. Figure 1 illustrates the 
dimensions of the duality of structure [8]. In IS research, 
various theories are used, including social theories [11]. IS 
researchers have borrowed b social theories, such as 
Actor-Network Theory (ANT), Activity Theory (AT), and 
Structuration Theory (ST) to underpin their studies [8]. 

This underscores the importance of software testing 
in ensuring that developed software meets requirements 
and is reliable, maintainable, and secure [4]. The SDLC 
comprises a sequence of connected methods from 
planning to system testing, ensures consistency and 
produces well-developed software [20]. As software 
becomes increasingly prevalent in society, the call for 
reliable, maintainable, and secure software requirements 
continues to grow [15]. 

 
3. Research Methodology 

Qualitative approach was adopted for this study to 
gain an in-depth understanding of software testing in 
organisations from the participants' perspective [42]. 
Qualitative methods, as noted by [43], are subjective in 
nature, focusing on beliefs and encounters rather than 
statistical figures. A case study was used, which is usually 
employed in qualitative research [44]. This design allows 
for an in-depth examination of a phenomenon within its 
real-life setting [44]. The case study organization, Setlamo 
Technologies (a pseudonym), is a public sector 
organization operating in South Africa, with a dedicated 
software testing team. Semi-structured interviews were 
used to collect data, offering flexibility and allowing for 
clarifications during the interviews [45].  Therefore, this 
approach allows for in-depth examination without 
deviating from the research's core focus [46]. Fourteen 
participants were interviewed until saturation was 
reached [47].  

The data was transcribed and analyzed using 
Structuration theory as a lens, focusing on the duality of 
structure [8]. The vertical approach was adopted, and an 
interpretivist approach was employed to analyze the 
findings [47]. The interpretive paradigm was used to 
subjectively interpret the findings [11]. 

This study adopted a qualitative case study approach, 
utilizing semi-structured interviews, to explore software 
testing practices in-depth [44]. This methodology is best 
suited for examining complex phenomena, such as 
software testing, in real-life settings [42]. Semi-structured 
interviews provide flexibility to explore topics in-depth, 
allowing participants to share experiences and opinions 

in their own words [45]. The case study method enables a 
comprehensive understanding of the organization, 
including social structures, human agency, and 
technology interactions [8]. This approach allows for a 
detailed examination of software testing practices, 
processes, and contextual factors, making it the most 
appropriate methodology for this study [48]. Moreover, 
identifying influential factors and potential adopters, as 
well as understanding their decision-making processes, is 
crucial for a thorough understanding of the subject [49]. 

4. Data Analysis 

For the purpose of data analysis, participants and 
organisations were labeled. Fourteen employees from 
Setlamo Technologies participated in the research. The 
referencing standard is exemplified as ST01, 7:17-20, 
indicating organization ST, participant 01, page number 
7, and line numbers 17 to 20. 

i. Setlamo Technologies: Participants ST01 to ST14 

At Setlamo Technologies, agents and structures were 
involved in software testing. These agents and structures 
were from the IT department. The agents comprised both 
technical and non-technical individuals. The structure 
entailed the rules and resources utilized in software 
testing. All participants shared similar interest for 
realizing organisational objectives through software 
testing and utilization. 

4.1. Structuration Theory 

According to [33], Structuration Theory (ST) 
encompasses agents (agency) and structures. Agents can 
be technical or non-technical, while structures consist of 
rules and resources involved in software testing activities 
within the organisation. The researchers identified agents 
followed by structures. 

4.2. Agents (Agency) 

Agency refers to an organisation comprising technical 
and non-technical agents, where some apply 
knowledge/conscious (human) and others lack 
knowledge capability [50]. Agency can also be associated 
to individuals or group of abilities within a particular 
environment. In the case of this study individuals are 
those who are involved in the SDLC such as software 
developers, software testers and others. They have 
particular skills to enable them to perform their duties. 
Therefore, these individuals can collaborate and apply 
their various skills to deliver a working solution within 
the organization (environment). An agent can be 
understood as anything with the potential to make a 
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difference in a social structure [51]. The research 
identified technical agents, including software testing 
tools such as Rational Quality Manager and Meter, as well 
as SAP, Oracle, and the environment comprising 
development, testing, and production. Additionally, 
technical agents included the Integrated Financial 
Management System (IFMS) and International Software 
Testing Qualifications Board (ISTQB) training. 

Non-technical agents included software test analysts, 
project managers, business analysts, functional support 
personnel, software developers, and individuals involved 
in software development methodology, either Agile or 
traditional. Furthermore, non-technical agents comprised 
individuals responsible for software testing standards, 
implementation policies, and the change management 
committee. Documentation, including functional 
requirements, test cases, and test results, as well as the test 
lab, were also identified as non-technical agents. 

4.3. Structure 

The structure refers to the protocol followed to 
accomplish the tasks assigned to individuals within the 
team. Every individual has to take responsibility to 
delivering their tasks on scheduled time. Continuous 
reporting is necessary especial when an individual is 
struggling to perform what is assigned to them. These 
enables others to chip in and assist so that the project can 
be delivered on a promised time. Agents utilize structures 
to create and recreate social activities [34]. In the context 
of Structuration Theory, structure refers to rules and 
resources. Rules comprise regulations and policies 
guiding software testing activities, including the change 
management process and implementation policy. 
Resources encompass material and non-material objects 
used to carry out actions In this research, resources 
included software test analysts, project managers, 
business analysts, functional support personnel, software 
developers, software development methodology, 
software testing standards, implementation policies, 
change management committee, documentation 
(functional requirement, test cases, test results, test plan), 
and test lab [52]. 

4.4. Duality of Structure 

4.4.1. Signification 

Organisations develop or enhance existing software to 
render services, sell products, and conduct day-to-day 
activities. This software must be rigorously tested prior to 
implementation to eliminate defects. Failure to do so may 
result in losing existing clients and failing to attract 

potential clients. One participant emphasized that 
"Testers uncover and eliminate things that we designers and 
analysts have overlooked when we were planning" (ST_06, 
17:647-648). Software testing ensures business continuity 
and quality, as highlighted by a functional support 
personnel: "We want to deliver a quality and functional 
software that meets the user requirements" (ST_11, 27:1041). 
Interpretive Scheme (Stock of Knowledge) 

It was vital for other employees within the 
organization to understand the significance of software 
testing. However, employees from other departments 
perceived software testing as a waste of time and a delay 
in implementation. This lack of understanding developed 
a negative perception towards software testing. One 
participant noted that "People who are not involved in 
software testing think that software testing is not important" 
(ST_01, 06:215). Consequently, only the software testing 
team comprehended the value of software testing, as 
stated by a software tester: "Maybe do some roadshow and 
explain to them what exactly testing entails in order for them to 
get a broader picture of what testing is" (ST_03, 08:312-313). 

Even a software developer expressed uncertainty 
about the role of software testing: "I do have an idea but I 
don't really know what they do...let's say after unit testing I 
know that we hand over the software to them...they already have 
some test cases, test scripts or whatever...mostly they will be 
verifying characters and send the results to me" (ST_13, 
29:1142-1144). This lack of understanding created 
animosity between non-technical agents (project team 
members). 

4.4.2. Communication 

Effective communication was crucial among project 
team members to deliver quality software. Both 
functional and non-functional requirements were 
communicated through the functional requirements 
specifications. Verbal communication among team 
members and updates to the functional requirement 
specification ensured clarity. A software tester 
emphasized that "Others felt that by verifying software we 
are judging that they did not do their work properly...especially 
when a tester logs a defect against the developer...they will 
argue with you and even fight with you verbally" (ST_03, 08-
09:316-319). 

Software testers relied on the functional requirement 
specifications to verify the validity of the developed 
software. The developed software needed to correspond 
with the specified documents to deliver quality software. 
Therefore, within this organization, requirements were 
communicated through documentation, such as business 
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requirements, functional specifications, and technical 
requirement specifications: "All the user requirements are 
documented, and the user requirement specification is signed off 
prior to development" (ST_05, 12:472-473). 

4.4.3. Power 

Solid decisions needed to be made regarding software 
development, testing, and implementation. The change 
management committee held the power to decide 
whether software development was necessary. They 
relied on testing results from the software testing team to 
decide whether software was ready for implementation. 
A functional support personnel stated that "We have a 
change management department where they actually decide 
whether the change is needed or not" (ST_07, 18:674-675). 

Other employees within the organization exercised 
their power to influence project prioritization. This power 
was influenced by the position (facility) individuals 
occupied within the organization, such as the CIO. When 
the CIO committed to a project, it dominated other 
projects and received high priority. A test analyst noted 
that "The CIO committed to that project, and they drilled down 
to the testing team, and the project was really regarded as 
important, and it had to undergo testing" (ST_08, 21:797-799). 

4.4.4. Facility 

The change management committee exercised power 
over the agency (software development team) based on 
the facility (authority) granted to them by the 
organization. They made decisions about what needed to 
be developed, tested, and implemented. Consequently, 
they relied on software testing results to decide whether 
software was implemented or not: "We have a change 
management department where they actually decide whether 
the change is needed or not" (ST_07, 18:674-675). 

On the other hand, project managers had the tendency 
to decide on behalf of the software testing team. As a 
result, project managers dominated other teams, such as 
the software testing team, by imposing timelines without 
consulting the team. A software tester noted that 
"Unrealistic schedules from the project team...because if the 
project is not scheduled properly, it puts testing under 
pressure...for example, testing could be allocated three months 
for conducting all the testing, which makes it difficult for the 
testing team to meet timelines" (ST_08, 20:781-783). 

4.4.5. Sanction 

The organisation had processes in place that needed to 
be followed to implement software. However, instances 
occurred where these processes were bypassed by some 

employees, becoming a norm for many projects. 
Consequently, many software failures occurred in 
production. A participant stated that "Processes are not 
followed at all, and management is doing nothing about the 
situation" (ST_05, 14:545). 

According to the organisation's regulations, software 
should be developed, tested, and then implemented. This 
regulation should be the norm for the agency (software 
development team). However, the change management 
committee needed testing results to decide whether to 
implement software. 

4.4.6. Norm 

Adhering to standards, procedures, and policies 
became a norm for employees within the organization. 
However, instances occurred where project managers 
prepared project schedules and made estimations 
without consulting the testing team. Also, project 
managers promised to deliver software to business within 
a particular duration that was not agreed upon with the 
software testing team. As a result, the software testing 
team was pressed to complete testing within a short 
period, leading to working overtime and even coming in 
on weekends to finish their work. Such working 
conditions negatively impacted software quality, as a 
tired software tester was more likely to make mistakes. 

The relationship between software testers and 
software developers was strained due to logged defects. 
Software developers felt that software testers were not 
recognizing their hard work. Some software was 
implemented without being tested and was tested in 
production because scheduled timelines were not met. 
The test manager asserted that "Quality will be impacted, 
and as a result, you are likely to produce production issues when 
you deploy any application or system that didn't follow a proper 
process" (ST_14, 34:1317-1318). 

As a result, it became a norm not to follow proper 
processes when testing software within the organization. 
Therefore, it was management's responsibility to enforce 
standards, procedures, and policies. The software testing 
team complained to their test manager, who alerted 
management about processes not being followed by other 
members of the software development team. However, 
nothing seemed to be changing. Thus, one software test 
analyst angrily stated that "Processes are not followed at all, 
and management is doing nothing about the situation" (ST_05, 
14:545). 

It was vital for employees to follow organizational 
processes to deliver quality software. Consequently, 
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Setlamo Technologies' clients would be satisfied with 
what was delivered to them. One participant stressed that 
"It is important to make sure that processes are followed because, 
in that case, testing will not be bypassed" (ST_04, 11:427-428). 

4.4.7. Legitimation 

Irrespective of either right or wrong, a norm is 
legitimized. Thus, it is important to do things properly 
within the organization. If nothing is done about it, then 
the organization would fail to achieve its goals, and the 
client would be unhappy with the quality of software 
delivered. Therefore, some agents in the organization 
legitimize software testing practices by accepting it as the 
norm. These agents understood that once software is 
developed, it needs to be tested to ensure it meets client 
requirements. A software tester noted that "Testing is a 
crucial part of the software development life cycle...you cannot 
just develop and implement without testing" (ST_02, 07:263-
264). This legitimation of software testing practices is 
essential for the organization to deliver quality software 
to its clients. However, some agents within the 
organization did not legitimize software testing practices, 
leading to software testing being bypassed or not being 
done properly. 

4.4.8. Domination 

The power dynamics within the organization led to 
domination by some agents over others. Project managers 
dominated software testers by imposing timelines 
without consulting them. This domination led to software 
testing being done hastily, resulting in poor quality 
software being delivered to clients. A software tester 
stated that "Project managers promise to deliver software to 
the business within a particular duration that was not agreed 
upon with the testing team" (ST_08, 20:781-783). 

4.4.9. Signification 

Software testing signified quality software delivery to 
clients. It ensured that software met client requirements 
and was free from defects [28]. A software tester 
emphasized that "Testing ensures that the software meets the 
requirements...it ensures that the software is functional and 
works as expected" (ST_06, 17:647-648). However, some 
agents within the organization did not signify software 
testing, leading to poor quality software being delivered 
to clients. 

4.5. Software Testing in the SDLC: A Structuration Theory 
Perspective  

At Setlamo Technologies, software testing is a critical 
component of the Software Development Life Cycle 

(SDLC). Our research identified agents (technical and 
non-technical) and structures (rules and resources) 
involved in software testing [29]. Technical agents 
included testing tools and methodologies, while non-
technical agents comprised project managers, business 
analysts, and software developers. 

4.6. Current SDLC Market Trends 

• Agile methodologies emphasize collaboration and 
communication among agents. 

• DevOps practices integrate testing into the 
development process. 

• Continuous Testing and Continuous 
Integration/Continuous Deployment (CI/CD) 
pipelines automate testing processes. 

• Artificial Intelligence (AI) and Machine Learning (ML) 
enhance testing efficiency and effectiveness.  

Agile methods vary in their ways, but they share a 
common aim which is to enable their teams swiftly 
respond to change [53]. In [54] stated that when 
modifications are expensive to adjust to later in the project, 
the capability to respond quicker to modification 
minimizes the project risks and their budgets [55]. In [56] 
alluded that while agile methods are efficient, huge, and 
complex software products often needs methodical 
discipline with the obligatory process to guarantee 
success. On the other hand, DevOps was introduced 
around 2007 and 2008 after software development 
communities realized the fatal dysfunction within the 
software development landscape. There was a disconnect 
between those who develop the software and those who 
implement and maintain the software. According to [62] 
often in the software deployment, employees who are 
involved in the development of software are not 
necessarily the ones who are involved in the 
implementation, hence the disconnect is encountered. 
DevOps approach assists in delivering value faster and 
uninterruptedly, minimizing challenges because of 
miscommunication between team members as well as 
fast-tracking problem resolution [57]. In [58], alluded that 
DevOps is an organisational shift which substitute 
distributed siloed groups executing tasks separately with 
cross-functional teams which work on continuous 
operational feature deliveries. In simple terms DevOps is 
a culture shift which provides collaboration amongst 
development, quality assurance and operations. In [59] 
the authors highlighted that while continuous integration 
(CI) combines work-in-progress numerous times a day, 
continuous deployment (CD) focuses on to possible 
release values to consumers faster and capably by 
employing automation as much as possible. Artificial 
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Intelligence (AI) and Machine Learning (ML) are not just 
a buzzword in the digital era but the best way of doing 
things. Gone are those times of doing things in a 
traditional manner. AI makes provision for countless 
improved results on a bigger scale and more complex 
neural networks, packed with many layers deep learning 
and much progress can be ascribed to bigger data sets and 
large-scale learning/training on graphic processing unit 
[60]. Computers are taught to emulate humans through 
performing complex tasks which used to be historically 
performed by humans such as reasoning, making decisions 
or solving problems. Whilst ML which is a subset of AI 
which is used to learn from large data sets. It enables 
computers to learn from data without being explicitly 
programmed [61]. DL on the other hand enables 
computers to learn complex concepts through creating 
them out of simpler ones [62]. It uses neural networks to 
process data like humans. 

Our research highlights the importance of software 
testing in the SDLC, emphasizing the need for effective 
communication, collaboration, and process adherence. As 
the SDLC market continues to evolve, organisations must 
prioritize software testing to deliver high-quality 
products and services. By embracing current trends and 
best practices, organisations can optimize their software 
testing processes and stay competitive in the market. 

5. Findings 

Poor management and lack of process compliance 
were significant factors contributing to poor quality 
software at Setlamo Technologies. The organisation's 
failure to enforce processes, policies, standards, and 
procedures led to software testing being treated as an 
afterthought, resulting in poor quality software. This lack 
of emphasis on software testing also led to a culture of 
neglect, where software testing was seen as a mere 
formality rather than a critical aspect of software 
development. 

The software testing team faced unrealistic timelines, 
and their concerns were ignored by management, leading 
to frustration and high turnover rates. This highlights the 
need for management to prioritize software testing and 
provide adequate resources and support to the testing 
team. Non-compliance to processes was a norm, with 
some employees bypassing the change management 
committee and implementing software without testing. 
This lack of compliance led to poor quality software, 
reputational damage, and loss of customers. It also 
suggests a lack of accountability and a culture of siloed 

work, where individuals prioritize their own goals over 
the organization's overall objectives. 

Furthermore, a lack of software testing knowledge 
among employees contributed to the undervaluing of 
software testing, leading to frustration among software 
testers and a high turnover rate. This highlights the need 
for training and education programs to ensure that all 
employees understand the importance and benefits of 
software testing. Furthermore, a lack of software testing 
knowledge among employees contributed to the 
undervaluing of software testing, leading to frustration 
among software testers and a high turnover rate. This 
highlights the need for training and education programs 
to ensure that all employees understand the importance 
and benefits of software testing. 

The disconnect between project stakeholders, 
including project managers, software developers, and 
testers, also hindered effective software development and 
testing. This suggests a need for improved 
communication, collaboration, and integration among 
stakeholders to ensure that software development and 
testing are aligned with organizational goals. 

To address these issues, management must enforce 
processes, policies, standards, and procedures, and 
ensure that all employees understand the value of 
software testing. Additionally, stakeholders must work 
collaboratively to deliver good quality software, and 
management must address non-compliance and 
knowledge gaps to prevent poor quality software. This 
may involve implementing quality control measures, 
providing training and education programs, and 
fostering a culture of collaboration and accountability. 

 

Figure 2: Factors affecting the quality of software at Setlamo Technologies 
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6. Summary 

In summary, the study reveals significant challenges 
in software testing practices at Setlamo Technologies, 
including: 

6.1. Poor Management and Lack of Adherence to Processes, 
Policies, and Standards  

Poor management and lack of adherence to 
established processes, policies, and standards were 
significant contributors to the software quality issues at 
Mmuso Technologies. The absence of effective leadership 
and clear goals led to a lack of direction and focus among 
team members. Furthermore, the failure to enforce 
processes, policies, and standards resulted in a culture of 
non-compliance, where employees bypassed established 
procedures, leading to inconsistent and poor-quality 
software development. 

6.2. Non-Compliance to Processes, Leading to Untested 
Software Implementation  

Non-compliance to processes led to untested software 
implementation, which significantly impacted software 
quality. The lack of adherence to established processes 
resulted in software being implemented without proper 
testing, leading to errors, bugs, and defects. This not only 
affected the software's performance but also 
compromised its reliability and security. The failure to 
follow established testing processes led to a lack of 
confidence in the software's quality, ultimately affecting 
customer satisfaction. 

6.3. Poor Quality Software, Resulting from Inadequate Testing 
and Lack of Cooperation among Stakeholders  

Poor quality software was a direct result of inadequate 
testing and lack of cooperation among stakeholders. 
Insufficient testing led to undetected errors, bugs, and 
defects, while the lack of cooperation among stakeholders 
hindered effective communication, collaboration, and 
coordination. This resulted in software that failed to meet 
customer requirements, was unreliable, and lacked 
security. The absence of a collaborative environment led 
to a lack of accountability, further exacerbating software 
quality issues. 

6.4. Lack of Software Testing Knowledge among Employees, 
Leading to Frustration and Undervaluation of Testing 

The lack of software testing knowledge among 
employees led to frustration and undervaluation of 
testing. Employees without proper training and 
understanding of testing principles and methodologies 
struggled to effectively test software, leading to 

inadequate testing and poor software quality. The 
undervaluation of testing resulted in a lack of resources, 
support, and recognition for testing efforts, further 
demotivating employees and perpetuating software 
quality issues. 

6.5. Disconnect Between Project Stakeholders, Causing Process 
Non-Compliance and Poor Software Quality 

The disconnect between project stakeholders led to 
process non-compliance and poor software quality. Poor 
communication, collaboration, and coordination among 
stakeholders resulted in a lack of understanding of project 
requirements, leading to non-compliance with 
established processes. This, in turn, led to poor software 
quality, as stakeholders worked in silos, prioritizing 
individual goals over project objectives. The absence of a 
unified approach led to a lack of accountability, further 
exacerbating software quality issues. These challenges 
lead to reputational damage, customer loss, and 
decreased trust in the organization. To address these 
issues, the organization must: 

1. Enforce processes, policies, and standards. 
2. Educate employees on software testing's value. 
3. Foster cooperation and communication among 

stakeholders. 
4. Address knowledge gaps and provide training. 
5. Encourage a culture of quality and testing. 

By addressing these challenges, Setlamo Technologies can 
improve software quality, increase customer satisfaction, 
and maintain a competitive edge in the industry. 

6.6. Key Findings: 

Software testing is crucial for delivering quality 
products and services, ensuring that software meets client 
requirements and is free from defects. 

1. Effective communication and collaboration among 
agents, including software testers, developers, and 
project managers, are vital for successful software 
testing outcomes. 

2. Power dynamics and decision-making processes 
significantly impact software testing outcomes, with 
project managers' decisions often dominating 
software testers' work. 

3. Adhering to organizational processes and standards is 
essential for ensuring quality software delivery, 
preventing software testing from being bypassed or 
done hastily. 

4. Legitimization of software testing practices is 
necessary for instilling a sense of belonging and 
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control among software testers, recognizing the 
importance of their role in delivering quality software. 

7. Recommendations 

1. Establish clear communication channels and 
collaboration frameworks to facilitate effective 
interaction among agents involved in software testing. 

2. Empower software testers by involving them in 
decision-making processes and providing autonomy 
in their work to ensure quality software delivery. 

3. Develop and enforce organizational processes and 
standards that prioritize software testing, preventing 
domination by project managers' decisions. 

4. Provide training and resources to software testers to 
enhance their skills and knowledge, legitimizing their 
role in delivering quality software. 

5. Conduct regular assessments and evaluations to 
identify areas for improvement in software testing 
practices, ensuring continuous quality improvement. 

8. Conclusion 

In conclusion, this study highlights the critical role of 
software testing in delivering quality products and 
services, emphasizing the need for effective 
communication, collaboration, and empowerment of 
software testers. The findings underscore the impact of 
power dynamics and decision-making processes on 
software testing outcomes, stressing the importance of 
adhering to organizational processes and standards. By 
implementing the recommended measures, organisations 
can legitimize software testing practices, foster a sense of 
belonging and control among software testers, and 
ultimately ensure the delivery of high-quality software 
that meets client requirements. Moreover, this study 
demonstrates that addressing the challenges in software 
testing practices can have far-reaching benefits, including: 

• Enhanced software development life cycle 
• Improved customer satisfaction 
• Increased trust and reputation 
• Better decision-making processes 
• Empowered software testers 
• Competitive edge in the industry 

By prioritizing software testing and addressing the 
identified challenges, organisations can unlock these 
benefits and deliver high-quality software products and 
services that meet the evolving needs of their clients. 
Ultimately, this study contributes to the growing body of 
knowledge on software testing practices, emphasizing the 
need for a collaborative, empowered, and process-driven 
approach to software testing. 
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ABSTRACT: This paper presents the development of the digital twin of an advanced industrial robotic 
system for pipe wall thickness inspection in the turbine building of nuclear power plants. The robotic 
inspection system consists of 3 units, the first being the mobile unit, the second a robotic unit for 
automatic pipe wall thickness measurement using the ultrasound technique, and the third unit for 
power supply, communication and auxiliary services. To develop the advanced robotic inspection 
system, a prototype was built in the laboratory to study different situations and geometric 
configurations that may arise in the field (turbine building). With Process Simulate software version 
16.1.2, the digital twin of the prototype was developed including industrial robot, metal platform and 
pipe sections. This paper presents the results for the virtual commissioning of the wall thickness 
measurement of a vertical pipe section and the novel design of the End-Effector of the industrial robot. 
Therefore, technical discussions are made on the requirements to deal from the design to the functional 
requirements of developing the end-effector, digital twin and the creation of a commissioning method 
for industrial robots. The analyses and insights from virtual commissioning made it possible to verify 
that the robot could access any part of the pipe surface through interpolated movements with spatial 
coordinates of the robotic arm along its sides. 

KEYWORDS: Digital Twin, Ultrasound Measurement, Pipe Wall Thickness, Virtual Commissioning, 
Process Simulate 

 

1. Introduction  

Complex industrial facilities such as nuclear power 
plants require pipe wall thickness inspection for safe and 
reliable operation. These pipes, submitted to high pressure 
and temperature, connect the steam generators, turbine, 
condenser, and may undergo thickness reduction due to 
corrosion and erosion [1]-[3]. The inspection environment 
is hot and humid (50oC and 100 % relative humidity). The 
field space has complicated geometry and access to 
inspection locations, the pipes have diameters varying 
from 50 cm to 65 cm, and are positioned in horizontal, 
vertical, or inclined directions. During plant panned 
shutdown, the inspections may include tens of thousands 
measurement points of wall thickness [4], [5]. 

Traditional inspection systems are usually rigid and 
require intense human action to circumvent field 
unforeseen scenarios to make wall thickness 

measurement. Given the amount of work involved during 
inspections, it is desirable to automate these activities, and 
foresee access difficulties and variability of inspection 
conditions and pipes geometric configurations. To 
increase the efficiency to handle complex activities in 
changing scenarios, several authors propose the use of 
robotic automation systems with and without user 
assistive actions [6]-[8], and the use of digital twins and 
other industry 4.0 approaches to streamline their design 
and commissioning phases [9]. 

This work presents part of the development of a robotic 
system for measuring the wall thickness of the secondary   

system pipes of the Angra 1 nuclear power plant, more 
specifically the development of its digital twin. This 
method allows dividing the development process into two 
stages, the first being development via simulation (virtual 
project) and the second stage in which the physical project 
is built from the virtual project data, including the robot 
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programming that is exported from the virtual project to 
the field robot [10]. 

Digital twins are very realistic virtual models of a 
process and its interaction with the actual world 
environment [11]. They include the equipment and all the 
steps to carry out a certain production process [12]. Using 
the benefits of the digital twin and virtual commissioning 
tools, it is possible to increase communication and 
coordination between the parts of the process, allowing for 
smarter decision-making [12]. This technology makes it 
possible to quickly and flexibly develop different 
situations aimed at automating and integrating operator 
agents and robes to perform complex tasks [13]. It allows 
integrating sensory data from physical assets and 
simulating a variety of robotic conditions in which an 
agent can interact. As a result, the agent can learn an 
adaptive task allocation strategy that increases project 
performance. In [13], the authors  tested this method for 
the robot-automated construction problem. Results 
indicated that model task allocation reduced build time by 
36% in three dynamic test environments when compared 
to the conventional method. 

The biggest benefit of virtual commissioning is the 
savings. It is possible to test an investment in advance, 
which could be hundreds of thousands or even millions of 
dollars in equipment, since a single robot could cost you 
around $50 to $70,000. [14]. So, five robots, equipment, 
clamp systems, accessories, different products, and all that 
together in one manufacturing cell is a significant 
investment. Companies do not intend to develop projects 
without knowing if it can satisfactorily perform at the 
expected levels and results. Process reduction Standard 
operating. Possibility of carry out part of this process in a 
more convenient environment (no necessarily on-site) 
combined with the opportunity to use the emulation 
model for training workers. Parallel development and 
optimization of mechanical parts, especially mechanisms 
mechatronics. [15]. Programming and debugging 
simultaneously from the control software. The Companies 
aim to implement sustainable manufacturing of robotic 
cells, in order to improve profitability, reducing resource 
consumption, global expenses, as well as satisfying the 
regulatory input of ecological impacts. In addition, the 
widespread adoption of industrial robots, necessary to 
satisfy the ever-increasing requirements in terms of 
manufacturing quality, customization and flexibility, 
further increased the need to improve the energy 
efficiency of robotic cells. [16]. 

This article is organized as follows: section 2 presents a 
State of Art, section 3 presents a brief description of the 
robotic system for pipe wall thickness measurement and 
section 4 presents the method used in this research, data 
and details of the equipment used. In section 5 we present 

the results and discussions and in section 6, the final 
considerations. 

2. State of Art 

This paper seeks to present, through emerging projects, 
the concept of digital twins was named one of Gartner's 
Top 10 Strategic Technologies Trends for 2022 [17]. 
Thomas Kaiser, SAP Senior Vice President, IoT, put it this 
way: “Digital twins are becoming a business imperative, 
covering the entire lifecycle of an asset or process and 
forming the basis for connected products and services. 
Companies that fail to respond will be left behind.” It is 
estimated that within three to five years, billions of things 
will be represented by digital twins [18]. Using physical 
data about how a thing's components operate and respond 
to the environment, as well as data provided by sensors in 
the physical world, a digital twin can be used to analyze 
and simulate real-world conditions, respond to changes, 
improve operations, and add value. Industry 4.0 (i4.0), 
which has been known as the “Fourth Industrial 
Revolution”, emerges with the aim of meeting this new 
global demand with customized products and services 
[19]. One of the concepts that will be widely used in i4.0 is 
the Digital Twin, which from a production perspective, 
incorporates the virtual context into the real context of a 
production system. In [20], Digital Twins are very realistic 
virtual models of the current state of the process and its 
own behavior in interaction with the real-world 
environment, including the equipment and all the steps to 
carry out a given production process [21], [22]. Using the 
benefits of the digital twin (DT) and virtual 
commissioning (VC) tools, it is possible to increase the 
advantage of communication and coordination between 
manufacturing areas, allowing for smarter decision-
making. This allows automated systems and robotic cells 
to start operating (running) much faster and with fewer 
errors [23].  

According to [24], the growing use of Virtual 
Commissioning during the development process of 
automated factories, combined with the growing demand 
for better quality control, leads to the need for improved 
virtual plants that systematize the configuration 
procedures required to perform their processes. Common 
plant simulation techniques based on the concept of 
virtual commissioning of robotic cells go beyond the need 
to validate control algorithms. In other words, new 
approaches need to be developed to meet the demand for 
reconfiguring their operational resources in a systematic 
way, compatible with the flexibility that these 
autonomous resources currently have. The need for new 
solutions in Robotics Engineering® for the design of 
complex projects involving physical systems and the 
virtual part associated with them has never been so 
present. Virtual commissioning technology can be 
considered as one of the established trends in automotive 
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assembly. Among other benefits, it promotes more 
efficient treatment of the complexity associated with 
assembly systems, capable of causing a reduction in the 
acceleration time of the system itself and a reduction in the 
development time of the product capable of meeting 
market competitiveness. 

According to [25], the digital twin synthesizes sensory 
data from physical assets and is used to simulate a variety 
of robotic construction site conditions in which an agent 
may interact. As a result, the agent can learn an adaptive 
task allocation strategy that increases project performance. 
They tested this method with a case project in which a 
virtual robotic construction project (i.e., interlocking 
concrete bricks are delivered and assembled by robots) 
was digitally twinned for training. The results indicated 
that the model task allocation reduced construction time 
by 36% in three dynamic test environments when 
compared to an imperative model rule-based method. 

Along with the trends of mass customization, flexible 
robotic applications are becoming increasingly popular. 
Although conventional robotic automation of workpiece 
handling seems to have been solved, advanced tasks still 
require a lot of effort to achieve. In most cases, on-site 
robot programming methods, which are intuitive and easy 
to use, are not applicable in flexible scenarios. On the other 
hand, the application of offline programming methods 
requires careful modeling and planning. Consequently, 
[26] proposes a generalized approach to the development 
methodology for flexible pick-and-place robotic work cells 
in order to provide guidance and thus facilitate the 
development process. The methodology is based on the 
Digital Twin (DT) concept, which allows iterative 
refinement of the work cell in both the digital and physical 
space. The goal is to streamline the overall commissioning 
(or reconfiguration) process and reduce the amount of 
work in the physical work cell. This can be achieved by 
digitizing and automating the development and 
maintaining sufficient proximity. With this, the operation 
of the digital model can be performed accurately in the 
physical work cell. The methodology is presented through 
a semi-structured pick-and-place task, performed in an 
experimental robotic work cell in conjunction with a 
reconfiguration scenario [27]-[28]. 

3. Brief Description on of the Advanced Robotics 
System  

The Robotic System for pipe wall Thickness 
Measurement (RSTM) aims to meet the licensing needs of 
the Angra 1 Nuclear Power Plant for long-term operation 
in fast and efficient manner [29]. This RSTM has 3 units, 
the first, named Unit of Remotely Operated Vehicle 
(UROV), being a vehicle that can be operated remotely to 
allow displacement of the whole RSTM to the pipe area 
under inspection. The second unit, named Unit of 

Measuring Robotic Cell (UMRC), is a robotic work cell 
indexed on the UROV and equipped with a robotic arm 
that performs the movements and inspection actions and 
an effector with sensors for spatial orientation and for 
measuring pipe wall thickness through the ultrasound 
technique. The third unit contains all other RSTM systems 
such as power supply cables, data transmission cables, 
real-time information, computer, and ancillary 
equipment. This unit is named Unit of Communication, 
Power supply and Ancillary services (UCPA) [29]. 

The RSTM must be able to approach the defined 
inspection location and measure the thickness of the pipe 
wall. Figure 1 shows the complexity and geometric 
variability of the piping system in the field (turbine 
building). The solution provided for the inspection 
problem is a hybrid, contemplating the assistance action of 
the user to approach the inspection region, and robotic 
automation to perform the final approach to the inspection 
locations on the pipe surface and wall thickness 
measurements. An example of actual inspection locations 
is the grid of yellow circles shown in Fig. 1. The robot end-
effector has an ultrasound-based approximation sensor to 
provide spatial orientation and an ultrasound-based 
sensor for pipe wall thickness measurement [30]. 

Figure 1: Piping section showing the environment and situation of pipe 
inspection at Angra nuclear power plant 1. Circles show positions 
indicated by the engineering group for pipe thickness inspection. 

The user operates the UROV to approach the RSTM to 

the measuring locations on the pipe external surface. The 
first grid location must be manually identified and 
recorded by the user, that is, with the help of the “teach 
pendant” he or she moves the industrial robot end-effector 
through the piping environment to the first measurement 
position marked on the pipe wall and register its 
coordinates. From there, the robot present in the UMRC, 
with its spatial orientation system, automatically scans all 
the measuring points on the grid and automatically 
performs the wall thickness measurements. After carrying 
out the measurement, the result must be transmitted to the 
UCPA through the communication interface with the 
plant.  
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While conventional robotic automation for handling 
workpieces and performing specific tasks seems to have 
been resolved, more complex tasks in less controlled 
environments, such as in the field, require more flexible 
solutions. In most cases, robot programming methods in a 
controlled environment are not applicable in variable 
scenarios found in the real world [31]. 

4. Methods, Data and Equipment  

The use of the Digital Twin concept in an iterative way, 
both in the digital space and in the physical space, to refine 
the work cell development process is the solution adopted 
in this work. The objective is to streamline the overall 
commissioning process with different configurations or 
reconfigurations according to the work situation [31]-[32]. 

Figure 2 presents the main steps of the approach based 
on the digital twin technique for the UMRC development. 
The software adopted to develop the digital twin is the 
Tecnomatix Process Simulate, version 16.1.2 and the robot 
used is the ABB IRB 1600-6/1.45 model. 

 
Figure 2: Scheme of the method for developing robotic systems using 
the digital twin technique. All the capabilities of the robot are 
developed via programming (software) and virtual commissioning is 
carried out via simulation of the various tasks that the robot must 
perform until its validation. 

Figure 3 shows the robotic cell prototype installed at 
the UFABC Robotics Laboratory to develop the UMRC 
that contains the intelligent part of the robotic 
measurement system. The robotic cell includes ABB IRB 
1600-6/1.45 robot, the metal platform and two pipe 
sections taken from the Angra 1 nuclear power plant. The 
pipe section is assembled on the platform in different 
geometric configurations and situations emulating actual 
measurement conditions. These configurations are 
obtained from field situations like the one shown in 
Figure 3 or others from field situations as shown in 
Figure 1. 

 
Figure 3: Piping Robotic cell in the Laboratory emulating the UMRC. 
One sees the ABB IRB 1600-6/1.45 robot, the metallic platform and 
two pipe sections taken from the Angra 1 power plant  

Automatic measurement was performed numerous 
times using various measurement techniques to ensure 
repeatability, accuracy and robustness of the measured 
data. The ultrasonic thickness gauge from the 
manufacturer METROTOKYO used was the MTK-1301 
PRIME model. The electronic transducer was the 
standard 5MHz/Ø10mm model. The longitudinal wave 
speed for the “glycerin” material was 1920 m/s and for 
the 330-steel material it was 5600 m/s, respectively, the 
speed of sound. Figure 4 shows the specification of the 
system's measuring sensors. 

 
Figure 4: Meters used: A-) Model Prime 1300. B-) Model Prime 1301.     
C-) Transducer Model. 

The older model did not allow data extraction, as it 
did not have a USB connection. Therefore, the MTK-1301 
PRIME meter model was used, with the following 
features: 

• Manual or automatic shutdown after a period of 
non-use; 

• Table of 9 pre-established ultrasound speeds; 

• Calibration function with 3mm standard attached to 
the meter; 

• Calibration of the speed of sound with 1 or 2 points; 

• Simple or sweep measurement; 

• Individual measurement or with average 
calculation; 

• Measurement with audible alarm for 
minimum/maximum tolerance; 

• Measurement with differential calculation with 
percentage; 

• Measurement on a surface with high temperature 
(optional sensor); 
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• Improved measurement for pipe walls. 
measurement  

 
Figure 5: Ideal amount of glycerin: A-) Approximately 50g of glycerin 
controlled by the time the regulating valve is activated. B-) Spraying 
at 40 different points in the piping. C-) Visual inspection of the 
“micro-mesh” to prevent drying. 

Figure 5 shows evidence of the unprecedented 
procedure developed in the laboratory for applying the 
coupling liquid. It was observed through numerous tests 
that a small amount of coupling liquid (glycerin) 
interferes with the quality of the measurement, that is, 
there are chemical reactions between the electronic 
transducer nozzle, the type of pipe material and the 
amount of glycerin. The measurements remained stable 
with two sprays per point and the robotic manipulator 
program was adjusted for this function through the 
“pulse” command.  

The Communication, Power Supply and Ancillary 
Services Unit (UCPA) fulfilled the scope of its title. For 
the communication part, the principles of Industry 4.0 
were adopted, which seeks to integrate the “work field”, 
the engineering group and other sectors that 
Eletronuclear may require. After the thickness 
measurement was performed, the result was transmitted 
to the UCPA through a communication interface. These 
enabling technologies of Industry 4.0 follow data 
security and interface communication protocols based on 
APIs (Application Programming Interface) that allow 
applications to be customized according to 
Eletronuclear's needs. The UCPA was created and 
developed based on a new, more modern thickness 
gauge model that allowed access and transfer of the 
measured data that was stored inside the gauge to an 
external computer. Figure 7 and Figure 7 shows both 
systems.  

 
Figure 6: Different views and settings of automatic measurement. 

 

Figure 7: UCPA Communication Interface. 

5. Results and Discussions  

The workstation geometric data representing the 
UMRC prototype (Figure 3), containing information 
about the robot, workstation platform, piping section 
and sensors, were transferred to the Process Simulate 
software. After modeling the UMRC prototype digital 
twin with all its physical characteristics (ABB IRB 1600-
6/1.45 robot and end- effector), mathematics, kinematics, 
and information from the environment, virtual 
commissioning began in order to test and validate the 
prototype solution for building the robotic cell. Figure 4 
presents the UMRC prototype digital twin developed 
with Process Simulate software for the configuration of a 
pipe section with vertical orientation. The two boxes 
connected at the end of the robotic arm represent 
volumes occupied by the end-effector. Table 1 presents 
the positioning of the robotic arm for a thickness 
measurement activity performed during virtual 
commissioning. It shows the positioning in terms of the 
angles from the 6 joints of the robot's digital twin at the 
measurement location indicated in Figure 8. 

Virtual commissioning was performed for various 
locations of wall thickness measurement in this vertical 
pipe section ensuring that the robot could accesses any 
part of the pipe external surface and perform 
measurements. Accesses were verified by moving the 
robotic arm along the sides of the pipe. The result in 
Table I exemplifies a measurement location accessed by 
the robot's digital twin. 
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Figure 8: Digital twin of ABB model IRB 1600-6/1.45 robotic manipulator 
on workstation representing UMRC unit. The digital twin shows the 
robot, pipe section, and end-effector frame. Digital validation was 
performed for various measurement configurations of pipe wall 
thickness. 

Table 1: Angles for the joints furnished by the digital twin of robot 
ABB IRB 1600-6/1.45. The joint angles represent a measuring position 
on the pipe section shown in Figure 8. 

 

 

 

 

 

 

Figure 8a presents the OLP program generated by 
Process Simulate for export to the real robot ABB IRB 
1600-6/1.45. 

 

Figure 8: Offline (OLP) robotic program generated by Process Simulate 
for export to the real ABB IRB 1600-6/1.45 robot. The program was 
generated in the ABB RAPID language for ABB industrial robots. 

Figure 9: Final innovation design of the End-Effector. 

 

Figure 10: Projection of point vectors and spatial coordinates. Defined 
type of movement for the robot. 

 

Figure 11: Recording of the first points of the trajectory of the ABB 
robotic manipulator with the Digital Twin scenario completed during 
automatic thickness measurement. 

Joint Angle (degree) 
j1 37.45 
j2 2.98 
j3 37.70 
j4 71.51 

  
j5 36.32 
j6 141.12 

irb1600_6_145 
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Figure 12: The ABC mesh on one side (right) of the pipe and the DEF 
mesh on the other side (left) of the pipe, together total 180 degrees of 
automatic measurement with the robot, divided into 10 layers with 40 
distinct points. 

 

Figure 13: Automatic measurements on the last layer performed by the 
robotic system. 

 

Figure 14: Automatic measurements on the first layer performed by the 
robotic system. 

 

Figure 15: Example of automatic measurement performed by the robot 
in an unprecedented way with the value shown on the display. 

 

Figure 16: Thickness measurement data from the first ten points 
measured on the pipe are automatically exported to any device via USB 
cable in a secure manner to avoid manual typing errors. 

The success of automatic measurements with robotic 
technology was guaranteed by the innovation in the 
development of the automatic “spraying” process of the 
coupling liquid (glycerin). This accessory present in the 
robot’s End-Effector was essential to spray the ideal 
amount of glycerin before the electronic transducer 
accurately measured the thickness at the point. It was 
configured and activated by the robot’s control logic 
through a solenoid valve in conjunction with a 
unidirectional flow regulator to automatically control the 
output pressure within a range of 2.4 bar (Kgf/cm2). The 
ultrasonic sensor that accurately measures the distance of 
proximity of objects performed the measurement through 
a high-frequency sound wave, which is reflected by the 
object to be detected, thus avoiding collision between the 
robot and the pipe wall. The performance of the coupling 
liquid reservoir was extensively tested after corrections 
and improvements, guaranteeing expressive and 
unprecedented results. The End-Effector technology was 
100% innovative, from its conception, design, 
improvements, manufacturing and implementation, 
validated in a real laboratory environment. The results of 
the digital twins revealed the importance and support 
they offer in the development of scenarios for the study of 
robotic applications. It should be noted that they were not 
used for real-time monitoring of the problem. The aerial 
trajectory positions for the robot and their respective 
corrections and adjustments were defined. The complete 
version of the digital twin was validated by comparing 
the virtual scenario with the real scenario. The robot's 
TCP was accurate and stable during the recording of 
points in a virtual environment. The first point was 
successfully recorded following the sequence of defined 
operations and without any type of human intervention. 
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The first complete thickness measurement operation was 
created in a customized virtual environment and as a 
result the OLP (offline program) code for the real 
industrial robot was generated. The entire laboratory 
layout was calibrated with a laser system to avoid 
variation of the piping on the bench in relation to the floor 
and the base of the robot. Numerous tests were performed 
on the robotic system before the measurements were 
taken, which were extensively tested. 

The counter-tests of the measurements at the first 
points of the pipeline were performed numerous times 
using a caliper to ensure a standard for comparison. The 
discussion of physical contact in the pipeline for 
automatic thickness measurement between the electronic 
measuring transducer and the pipeline took place after 
spraying the coupling liquid; a fundamental factor for the 
measurement to occur. When the robot's End-Effector 
physically “touches” the pipeline, the sensor detects its 
presence and it enters “Hold” (a temporary stop). After 
this, the manipulator still exerts a small axial force to 
completely touch the face of the measuring transducer 
and ensure the quality of the procedure. Finally, the 
digital LCD display shows the measurement data and 
automatically records the value in its internal memory. 
Regarding the MTK 1301 Prime meter, the greatest 
difficulty was to equate the following variables: pre-
established ultrasound speeds, calibration function with 
3mm standard attached to the meter, sound speed 
calibration with 1 or 2 points, simple measurement or 
with sweep, individual measurement or with average 
calculation, measurement with audible alarm of 
minimum/maximum tolerance, measurement with 
differential calculation with percentage and improved 
measurement for pipe walls. The robotic manipulator 
operated at a safety speed of 10% (low inertia) in relation 
to the final nominal speed because the base of the robot 
was not “anchored” to the floor. The complete cycle time 
for spraying the glycerin and measuring each individual 
point took approximately 30 seconds. 

6. Final Considerations  

In this paper, we present the development of an 
advanced industrial robotic system for automatic 
inspection of tube wall thickness in the turbine building of 
nuclear power plants. A prototype of the system was built 
in the laboratory to study different situations and 
geometric configurations for measuring the external tube 
wall thickness. The digital twin of this prototype was 
developed using Process Simulate software version 
16.1.2., including a 6-degree-of-freedom industrial robot, 
a metal platform, and nuclear tube sections. Digital 
validation was performed for various configurations of 

measuring the external tube wall thickness through 
virtual commissioning. The results of the virtual 
commissioning for a vertical pipe section were presented. 

The virtual commissioning allowed to verify that any 
part of the external surface of the tube could be accessed 
by means of movements of the robotic arm along the sides 
of the tube. It was demonstrated that it is possible to 
measure the external tube thickness anywhere on the 
external surface of the nuclear tube. 

The improvements in the End-Effector design were 
significant and the results in the design were 
unprecedented with numerous innovations, among them: 
automatic application of the coupling liquid. 

The technology was digitally validated in the 
laboratory as shown in figures 5, 6, 7. It is currently in the 
final phase of experimental validation and will be 
presented to the plant directors. In the future, if it is of 
interest, it may be applied within the plant itself. 
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ABSTRACT: Peripheral artery disease (PAD) affects 237 million people globally, leading to significant 
morbidity and mortality. Traditional diagnostic methods are invasive, costly, and require specialized 
expertise, emphasizing the need for more accessible, and accurate alternatives. This paper introduces 
the DECODE cloud platform, an advanced tool that leverages cloud computing, machine learning, and 
high-performance data visualization to enhance PAD diagnosis and treatment. The platform integrates 
modules for peripheral artery segmentation, reconstruction, and comprehensive data warehousing, 
supporting 2D and three-dimensional (3D) rendering visualization. It enables the simulation and 
optimization of drug-coated balloons, enhancing clinical decision-making through robust data 
analytics. The evaluation metrics demonstrate the platform's efficacy: the multiplanar visualization 
module achieved a performance score 94%, and the 3D rendering module scored 89%, with both 
modules attaining perfect scores in best practices and search engine optimization. These results 
highlight the DECODE platform's capacity to provide scalable, noninvasive diagnostic solutions, 
setting a new standard in digital health technologies for PAD. This study underscores the 
transformative potential of integrating advanced visualization and computing techniques in medical 
diagnostics. 

KEYWORDS: Digital health technologies, peripheral artery disease, cloud computing, medical 
imaging visualization, noninvasive diagnostics 

1. Introduction

Peripheral artery disease (PAD) is a globally prevalent
circulatory disorder characterized by the narrowing of 
peripheral arteries, which leads to reduced blood flow to 
the limbs [1]. This reduction in blood flow can cause 
symptoms such as leg pain or claudication during physical 
activity, and slow or non-healing wounds on the feet or 
toes. In more advanced stages, PAD can result in critical 
limb ischemia, leading to severe pain at rest, and in some 
cases, the need for amputation. This condition 
significantly impacts mobility and quality of life and poses 
serious health risks. Worldwide, PAD is estimated to affect 
approximately 7.4% of individuals in high-income 
countries and 5.1% of those in low-income countries. In 
Europe, particularly in high-income regions, the 
prevalence is higher than 10% among people aged 65 and 

older, emphasizing the disease's burden on elderly 
populations [2]. In the United States, PAD affects 8–10 
million individuals, with projections suggesting that this 
number could rise to 19 million by 2050 [3]. The global 
PAD market, valued at USD 4.45 billion in 2022, is 
expected to reach USD 9.15 billion by 2031, growing at a 
compound annual growth rate (CAGR) 8.35% [4, 5]. This 
economic growth underscores the increasing demand for 
effective diagnostic and therapeutic solutions for PAD. 
Early and accurate diagnosis of PAD is essential to 
mitigate its high morbidity and mortality rates. 

Traditional diagnostic methods, such as digital 
subtraction angiography (DSA) and magnetic resonance 
angiography (MRA), provide high-resolution imaging of 
arterial structures and are considered the gold standard 
for PAD diagnosis. However, DSA is invasive and 
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involves catheterization and contrast injection, which 
poses risks such as bleeding, infection, and radiation 
exposure. While MRA is noninvasive and avoids ionizing 
radiation, it is expensive. Both methods are resource 
intensive, rely on advanced infrastructure and expertise, 
underscoring the need for cost-effective, scalable, and 
noninvasive diagnostic alternatives [6]. 

Recent advancements in cloud computing and 
machine learning are revolutionizing healthcare by 
offering innovative solutions to the challenges posed by 
traditional diagnostic methods for PAD [7, 8]. Cloud- 
based platforms are transforming the way health data are 
managed, enabling secure storage, rapid processing, and 
sophisticated analysis of vast datasets [9]. These platforms 
facilitate real-time diagnostic insights, which are crucial 
for timely and accurate medical decision-making. 
Moreover, the integration of advanced visualization 
techniques, such as multiplanar and three-dimensional 
(3D) rendering, within cloud platforms enhances the 
ability to examine complex anatomical structures in detail. 
This synergy between cloud technology and machine 
learning in medicine improves diagnostic accuracy and 
supports personalized patient care by allowing the 
continuous and scalable application of advanced analytics 
and visualization across diverse clinical settings. 

In this work, the DECODE cloud platform is presented, 
which addresses the complexities of PAD diagnosis and 
treatment by integrating cutting-edge data processing, 
analysis, and visualization capabilities. The platform 
supports the simulation and optimization of drug-coated 
balloons (DCBs), which are increasingly used in PAD 
treatment. Through robust data analytics, the DECODE 
platform enhances clinical decision-making, allowing 
users to upload, process, and analyze extensive datasets, 
perform image reconstruction, and utilize computational 
modeling and machine learning techniques to accurately 
predict disease progression, assess treatment outcomes, 
and tailor personalized therapeutic strategies for PAD 
patients. The platform’s ability to integrate these advanced 
technologies positions it as a pivotal tool in improving the 
diagnosis and management of PAD, aligning with the 
projected growth and evolving needs of the global PAD 
market. 

2. Related Work 
 

The YORwalK app was developed to promote exercise 
and track walking ability in PAD patients; however, its 
effectiveness requires further validation through direct 
patient feedback and clinical trials [10]. TrackPAD, a 
mobile intervention for supervised exercise therapy (SET), 
demonstrated promising initial results; however, it faced 
limitations due to a small sample size and short follow-up 
period, necessitating larger, long-term studies [11]. A 
smartphone-enabled exercise program introduced in the 

smart step trial encountered challenges in maintaining 
participant engagement and measuring adherence, 
particularly in low-resource settings [12]. Another study 
highlighted the need for better disease literacy and SET 
support in mobile interventions; however, it was 
constrained by a small sample size [13]. A mobile app 
designed for supervised home-based exercise therapy 
aimed to facilitate remote interventions; however, it 
involved minimal patient interaction, compromising data 
quality and requiring further development for effective 
supervision [14]. Research exploring machine learning 
(ML) and artificial intelligence (AI) applications to 
improve PAD outcomes emphasized critical issues such as 
data interoperability, algorithm bias, and the need for 
extensive validation [15]. An intelligent oscillometric 
system for PAD detection achieved high accuracy; 
however, it did not account for the effects of age, 
necessitating further validation across diverse age groups 
[16]. A smartphone app compared with motivational 
interviewing (MI) for increasing walking distance and 
weight loss in PAD patients found MI to be more effective; 
however, the study faced limitations, including a small 
sample size, app usage variability, and lack of an iOS 
version [17]. The HOBBIT-PAD platform was introduced 
to promote exercise among PAD patients; however, it is 
currently available only on Android and requires further 
evaluation by healthcare providers [18]. Moreover, a 
comprehensive review of SET’s role in managing PAD 
emphasized the potential of digital health technologies for 
home-based interventions. However, despite their 
promise, these technologies suffer from low participation 
rates and require optimization and evaluation of long- 
term outcomes [19]. 

These studies underscore the potential of digital health 
technologies for PAD management but emphasize the 
need for larger, more comprehensive studies and further 
validation. Our research seeks to address these limitations 
by developing the DECODE cloud platform, which 
includes multiple modules: a PAD segmentation and 
reconstruction module, a data warehouse module, and a 
multiplanner reconstruction module featuring 2D and 3D 
WebGL visualization. On the basis of RESTful APIs [20], 
the DECODE cloud platform enables scalability and 
modular integration, offering a comprehensive approach 
to enhance diagnosis, data management, and visualization 
in PAD treatment, ultimately improving patient outcomes 
with robust and scalable solutions. 

3. Materials and Methods 
 

3.1. Data Provider 

The DECODE cloud platform relies on a data provider 
to ensure the availability and accessibility of medical data 
essential for simulations, optimizations, and 
treatment planning [21]. 

http://www.jenrs.com/
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Figure 1, the data provider functions as a critical bridge 
between the platform's core modules and various 
analytical tools. It integrates data from diverse sources, 
including medical databases, patient records, imaging 
systems, and research studies, harmonizing these into a 
unified repository for analysis and visualization. 

 

 
Figure 1: Data Provider Architecture within the DECODE Cloud 
Platform. 

 

To maintain accuracy, the data provider continuously 
updates the platform with real-time data, enabling 
informed decision-making on the basis of the latest 
medical insights. The process includes cleaning, 
normalizing, and structuring raw medical data to ensure 
consistency and reliability. Quality control measures are 
implemented to identify and rectify any inconsistencies, 
enhancing the platform's reliability [22]. 

Security and privacy are prioritized through strict 
authentication and authorization protocols, allowing only 
authorized users to access sensitive data. The data 
provider supports advanced analytics, enabling the 
extraction of insights from complex datasets, which 
informs clinical decisions. As the platform scales, the data 
provider ensures optimal performance through efficient 
data retrieval and caching strategies, maintaining 
responsiveness even with large datasets. 

3.2. DECODE Cloud Platform Layers 

The DECODE cloud platform is a transformative 
solution designed to revolutionize the treatment of PAD 
via DCBs. By enhancing DCB simulation and 
optimization, the platform integrates advanced 
technologies and innovative research methodologies to 
improve treatment outcomes and patient care [23]. The 
conceptual multilayer hierarchical framework of the 
DECODE cloud platform, which provides a 
comprehensive overview of its architecture, is illustrated 
in Figure 2. 

 

 
 

Figure 2: The DECODE Cloud Platform's Multi-Layered Hierarchical 
Framework. 

 

3.2.1. Front-End Layer: User-Centric Interactions 

The front‒end layer provides clinicians with intuitive, 
user-friendly tools for interacting with complex medical 
data. These components enable seamless access to 
advanced visualization and analysis functionalities, 
enhancing clinical decision-making and improving the 
overall user experience. 

3.2.2. Back-End Layer: Computational Core 
 

The back-end layer forms the computational backbone 
of the platform. It incorporates advanced machine 
learning algorithms for automated diagnostics, 
computational modeling tools for simulating and 
optimizing PAD-specific interventions, and scalable data 
management modules for handling large, multi-modal 
datasets. Delivered as SaaS, this layer ensures high- 
performance processing and accurate, data-driven 
therapeutic strategies for PAD management. 

3.2.3. Workflow Layer: Seamless Integration and 
Management 

The workflow layer acts as a central hub for 
coordinating platform operations. Functioning as 
Platform-as-a-Service (PaaS), it includes a workflow 
management module to streamline data processing, a data 
quality control engine to ensure dataset accuracy, and a 
Docker engine and REST API manager [25] to facilitate 
efficient containerized application management and 
secure API interactions. This layer ensures seamless 
integration and operational consistency across the 
platform’s processes. 

http://www.jenrs.com/
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Figure 3: Comprehensive Architecture and Service Distribution of the DECODE Cloud Platform. 
 

3.2.4. Security Layer: Robust Data Protection 
 

The security layer implements advanced data 
protection measures, including secure socket layer (SSL) 
and transport layer security (TLS) protocols for encrypting 
data in transit, ensuring that sensitive patient information 
remains confidential during transfer between the 
platform's components. In addition, the layer employs the 
JSON Web Token (JWT) API framework for robust user 
authentication and authorization, allowing granular 
access control on the basis of user roles and ensuring that 
only authorized personnel can access specific data and 
functionalities within the platform. 

3.2.5. Hardware Layer: High-Performance Infrastructure 
 

The hardware layer, categorized as infrastructure as a 
service (IaaS), consists of high-performance components 
designed for optimal efficiency and reliability. It includes 
multicore dedicated servers for parallel processing, and 
the storage infrastructure combines SSDs for rapid data 
access and HDDs for cost-effective long-term storage, 
while GPUs are employed to expedite computationally 
intensive tasks such as image rendering and machine 
learning model training. By classifying the DECODE 
cloud platform's layers according to cloud computing 
service models, this study elucidates how the platform 
leverages cloud technology to provide scalable, accessible, 
and secure services for stakeholders, thereby opening new 

possibilities in PAD treatment and fostering collaboration 
among healthcare professionals. 

3.3. Distribution of the DECODE Cloud Computing Services 
to Stakeholders 

The DECODE cloud platform’s architecture, as 
illustrated in Figure 3, is strategically designed to 
distribute its computing services efficiently across a 
diverse range of stakeholders, including clinicians, 
researchers, and developers. This distribution model 
ensures that each stakeholder can fully utilize the 
platform’s capabilities to achieve their specific objectives 
in the management and treatment of PAD. 

At the forefront of this distribution strategy are end- 
user services, which are tailored to meet the needs of 
clinicians and medical professionals. These services are 
delivered through user interfaces and visual 
representation modules, such as WebGL for 3D rendering, 
multiplanar visualization (MPV), holographic, and VR/AR 
technologies. These tools enable users to interact directly 
with patient data, provide detailed analyses and facilitate 
informed decision-making in real time. Front-end services, 
accessible via progressive web applications (PWAs) [26], 
form the primary touchpoint for end-users, offering an 
intuitive and seamless experience. 

Research and development services are critical aspects 
of the platform’s distribution strategy. These services 
support researchers and developers by providing access to 
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advanced modeling tools, ML algorithms, and robust data 
processing capabilities. These tools are integrated within 
backend services, allowing researchers to conduct 
complex simulations, analyze clinical data, and develop 
new treatment methodologies. 

The workflow and integration services within the 
DECODE platform are designed to increase operational 
efficiency and promote seamless collaboration among 
internal teams [25]. These services, which are managed by 
components such as the workflow manager and the REST 
API engine, orchestrate the flow of tasks and data across 
the platform modules, ensuring seamless integration of 
the components. By automating critical processes such as 
data quality control and enabling smooth integration 
between various analytical tools, the platform ensures a 
streamlined approach to patient care. 

Finally, the infrastructure services layer provides the 
necessary computational resources that underpin the 
platform's operation [27]. This layer includes essential 
hardware components such as I/O ports, memory units, 
CPUs, GPUs, and networking equipment, as well as 
software components and operating systems. These 
resources are crucial for handling the platform's 
computational demands, ensuring that it remains 
responsive and capable of scaling to meet the growing 
needs of its users. 

4. Visual Representation Modules 
 

The implementation architectures for the MPV and 3D 
rendering modules within the DECODE cloud platform 
are illustrated in Figure 4. These modules are integral for 
providing detailed and interactive visualization of 

medical imaging data, which are specifically tailored for 
diagnosing and treating PAD. 

4.1. Multiplanar Visualization 

4.1.1. Design and Implementation 
 

The MPV module enables the reconstruction and 
visualization of 3D anatomical structures from 2D image 
slices, which are typically obtained from modalities such 
as computed tomography (CT) and magnetic resonance 
imaging (MRI) [28]. The implementation of the MPV 
module is centered around PWAs, ensuring seamless 
access and interaction across various devices and 
platforms. The MPV module is implemented via modern 
web technologies, including React [29] and Cornerstone.js 
[30], ensuring a responsive and user-friendly interface. 

These services are accessible via a PWA, which ensures 
seamless functionality across various devices without 
requiring installation. A service worker is employed to 
manage background tasks, such as caching and retrieving 
data. This enhances the performance and reliability of the 
PWA, allowing for offline access and faster loading times 
[26]. Cached data are stored in Cache Storage, ensuring 
that frequently accessed information is readily available. 

The module uses IndexDB for local storage, allowing 
the browser to store large amounts of structured data [31]. 
This is essential for managing the vast datasets involved 
in medical imaging. The data are retrieved via GET 
requests and processed in JSON format, ensuring 
compatibility and ease of manipulation. The frontend 
platform services interact with the visualization 
components to render multiplanar views of the DICOM 
images. Users can navigate through different planes (axial, 

 

 
Figure 4: Implementation Architecture for Multiplanar Visualization and 3D Rendering Modules within the DECODE Cloud 
Platform. 
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sagittal, and coronal) to examine specific regions of 
interest. This functionality is crucial for accurate diagnosis 
and treatment planning. 

The MPV module is built via a robust architectural 
framework designed to facilitate a smooth transition from 
data upload to advanced visualization. The key 
components of this framework include metadata and 
image information retrieval, DICOM tool activation, and 
DICOM image loading functionalities, which are crucial 
for efficient user experience and functionality. 

Enhanced DICOM tools, including tools for 
magnification, angle measurement, and windowing, are 
integrated into the MPV module to complement the PWA 
paradigm. These tools leverage the capabilities of the 
Cornerstone library, which provides expanded 
functionalities and compatibility with various image 
sources. DICOM image loading is managed through the 
Cornerstone setup, incorporating robust success and 
failure handling mechanisms. 

4.1.2. User Interaction and Visualization 
 

The PWA approach enables seamless DICOM store 
connectivity, allowing users to search for and load specific 
studies for detailed analysis. Interactive viewers control 
support zooming, panning, and resetting, improving user 
engagement and interaction. The functionality of reference 
lines and planes is tailored to create spatial relationships 
within the MPR views, facilitating the alignment and 
comparison of DICOM images. This integration of 
reference lines involves constructing 3D lines and planes 
and coordinating transformations to convert 3D patient 
points to 2D pixel coordinates [32]. 

By leveraging these advanced technologies and 
methodologies, the MPV module within the DECODE 
platform offers a comprehensive and robust solution for 
the visualization and analysis of complex medical data. 

4.1.3. 3D Rendering Module 
 

The 3D rendering module of the DECODE cloud 
platform is designed to provide high-fidelity, interactive 
visualizations of complex medical imaging data. This 
module leverages advanced WebGL technology to 
transform 2D CT image slices into detailed 3D 
representations, enhancing the ability of clinicians to 
assess and plan treatments with precision [33]. 

4.1.4. Design and Implementation 
 

The 3D rendering module is crucial for enhancing the 
diagnostic capabilities for PAD by providing a 
comprehensive view of the anatomical structures. The 
web service, represented by a cloud-based architecture, 
handles the computational demands of rendering and 
data processing. This setup ensures scalability and 

efficient resource utilization, which are critical for 
handling large medical datasets. 

The backend services of the 3D rendering module are 
powered by the Django framework [34], which is known 
for its robustness in managing heavy computational tasks. 
Django coordinates the processing and storage of medical 
imaging data, ensuring seamless integration with the 
front-end components. This integration is essential for 
providing a responsive and interactive user experience. 

The core rendering functionalities are implemented 
using vtk.js [35] and itk.js [36], JavaScript libraries 
specifically designed for medical image processing and 
visualization. These toolkits provide extensive capabilities 
for 3D graphics, enabling the creation of interactive and 
detailed visualizations. The use of these libraries ensures 
that the rendered images are accurate and high-quality, 
which is crucial for effective diagnosis and treatment 
planning. 

The processed data are stored in a cloud database, 
ensuring secure and scalable data management. In 
addition, software-defined storage solutions are utilized 
to handle dynamic storage requirements, providing 
flexibility and efficiency. This approach ensures that the 
platform can manage large volumes of data efficiently 
without compromising performance or security. 

The 3D rendering module follows a systematic 
workflow, beginning with the input of volumetric data 
composed of multiple CT slices. These data undergo a 
hardware estimation process to ensure the optimal 
allocation of computational resources, promoting efficient 
data handling and processing. 

4.1.5. User Interface and Controls 
 

The module's user interface is designed for seamless 
interaction, offering controls for panning, zooming, and 
rotating the 3D models. These controls are essential for 
exploring volumetric data from various angles and 
perspectives, ensuring that clinicians can thoroughly 
inspect anatomical structures. In addition, interactive 
widgets enable users to adjust visualization parameters 
such as color mapping and opacity, allowing customized 
views that highlight different tissues and structures as 
needed [37]. 

By integrating these advanced technologies and 
methodologies, the 3D rendering module within the 
DECODE cloud platform significantly enhances the 
visualization and analysis of peripheral artery CT images. 
This module supports clinicians in making informed 
decisions, ultimately improving patient outcomes and 
advancing the use of CT and angiography in the diagnosis 
and treatment of PAD. 

http://www.jenrs.com/


 M. A. AboArab et al., Advanced Cloud-Based Solutions for Peripheral Artery  

www.jenrs.com Journal of Engineering Research and Sciences, 3(12): 24-35, 2024 30 

 

 

 

 
 

 
4.2. Evaluation Metrics 

Figure 5: DECODE Cloud Platform Home Interface. 

adherence to these best practices ensures robust and 
reliable performance. 

To assess the effectiveness and quality of the visual 
representation modules of the DECODE cloud platform, 
an evaluation was conducted via Google’s Lighthouse tool 
[38]. Lighthouse is an open-source tool designed to 
evaluate the performance, accessibility, and best practices 
of web applications. These metrics were selected to ensure 
that the platform meets the critical demands of healthcare 
applications, which require efficiency, inclusivity, and 
adherence to industry standards. 

The evaluation focused on two core modules of the 
DECODE platform: the MPV module and the 3D 
rendering module. Each module was tested to determine 
its performance in several key areas: 

• Performance: This metric evaluates the speed and 
responsiveness of the platform, which is crucial for 
real-time medical imaging applications where delays 
can impact clinical decision-making. For example, high 
performance ensures seamless interaction with large 
datasets, enabling rapid diagnosis and analysis. 

• Accessibility: This parameter evaluates whether the 
modules are usable by individuals with different types 
of disabilities, including visual, auditory, motor, or 
cognitive impairments. The evaluation ensures that the 
modules comply with international accessibility 
standards, such as the web content accessibility 
guidelines (WCAGs), which are designed to make web 
applications more accessible to all users. 

• Best Practices: This metric assesses the platform's 
compliance with modern web development standards, 
including security and resource optimization. In 
healthcare, where sensitive patient data are involved, 

 
• Search Engine Optimization (SEO): SEO is used to 

ensure that the platform's content is well structured 
and easily indexable, contributing to the user 
experience, which aids in the dissemination of research 
findings and platform awareness among broader 
medical communities. 

These evaluation criteria were chosen to 
comprehensively assess the visual representation 
capabilities of the DECODE platform, ensuring that it 
provides a reliable, accessible, and high-performing tool 
for clinicians and researchers involved in the diagnosis 
and treatment of PAD. 

5. Results 
 

The DECODE cloud platform was developed and 
evaluated to enhance the diagnosis, analysis, and 
treatment planning for PAD through its sophisticated 
visualization and data management capabilities. The 
platform integrates multiple modules, such as datasets, 
image processing, computational tools, segmentation 
tools, 3D reconstructions, and visual representations, each 
designed to handle specific aspects of medical imaging 
and data processing, as detailed in Figure 5. 

The MPV module, depicted in Figure 6, was 
instrumental in facilitating the detailed exploration of 2D 
DICOM images across multiple planes. This module's 
advanced capabilities enable clinicians to obtain 
comprehensive views of the anatomical structures of the 
PAD. The implementation of a PWA provided seamless 
access across various devices, significantly enhancing the 
platform's usability. 
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Figure 6: Multiplanar Visualization of Medical Imaging Data in the DECODE Cloud Platform 

 

Figure 7: User Interface for 3D Rendering of Medical Imaging Data in the DECODE Cloud Platform. 

The MPV module is accessible via the RESTful API 
endpoint/api/visualization/mpv/, which allows for efficient 
integration and data retrieval. This API endpoint supports 
various functionalities, including the collection of DICOM 
images, metadata retrieval, and real-time updates. The 
interactive tools for zooming, panning, and navigating 
through different planes (axial, sagittal, and coronal) are 
seamlessly integrated through this API, enabling the 
precise examination of specific regions of interest. These 
capabilities ensure that clinicians can interact with the 
visualization data dynamically, facilitating real-time 
adjustments and increasing diagnostic accuracy. The 
robust architecture of the MPV module, combined with its 
API-driven approach, ensures that the visualization tools 
are both scalable and adaptable to different clinical 

requirements. This integration not only improves the 
efficiency of data handling and processing but also 
ensures that the visualization remains consistent and 
reliable across various use cases and devices. Thus, the 
MPV module, with its advanced interface and RESTful 
API support, significantly enhances the diagnostic process 
and treatment planning for PAD. 

The 3D rendering module, accessible via the RESTful 
API endpoint/api/visualization/3d-rendering/, is a critical 
component of the DECODE cloud platform. This endpoint 
facilitates efficient data retrieval and interaction, enabling 
real-time updates and dynamic adjustments. Figure 7 
shows the user interface for this module, highlighting its 
robust functionality and interactive features that 
significantly enhance the analysis and treatment planning 
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Table 1: Performance Metrics for Multiplanar Visualization Module and 3D Rendering Module in the DECODE Cloud Platform obtained by 
Google’s Lighthouse tool 

 

 
Metrics (%) Multiplanar Visualization 

Module 

 
3D Rendering Module 

Performance 94 89 

Accessibility 90 90 

Best Practices 100 100 

Search Engine 
Optimization 

 
100 

 
90 

 

for PAD. The user interface allows users to upload and 
render volumetric medical imaging data seamlessly. It 
includes a variety of controls for manipulating 3D 
visualization, such as gradient adjustment, scalar unit 
specification, resolution settings, and sample distance 
control. These controls enable users to tailor the rendering 
process to highlight specific anatomical features, 
facilitating a more precise examination of the imaging 
data. 

Interactive features such as volume clipping, rotation, 
zooming, and panning are integrated into the interface, 
allowing users to explore the 3D models from various 
perspectives. The presence of checkboxes for enabling or 
disabling visibility, context visibility, handle visibility, and 
various handle controls (face, edge, corner) further 
enhances the flexibility and customization available to the 
user. 

5.1. Evaluation of Visual Representation Modules 

The performance metrics for the DECODE cloud 
platform's MPV module and 3D rendering module are 
summarized in Table 1. These metrics provide a 
quantitative assessment of the platform’s capabilities 
across several key areas. 

The MPV module demonstrated exceptional results, 
with a performance score 94%, indicating a highly 
responsive user experience. The module also scored 90% 
in accessibility, underscoring its commitment to 
inclusivity by meeting essential accessibility standards. In 
addition, the module achieved perfect scores (100%) in 
both best practices and SEO, reflecting its adherence to 
modern web development standards and its content's 
discoverability via search engines. 

The 3D rendering module also performed strongly, 
with a performance score 89%. While slightly lower than 
the MPV module, this score still indicates a high level of 
efficiency, particularly given the complex computations 
required for 3D rendering. The module matched the MPV 
module with an accessibility score 90% and perfect scores 
100% in both best practices and SEO, confirming its robust 
design and compliance with industry standards. 

6. Discussion 
 

The DECODE cloud platform represents a significant 
breakthrough in the diagnosis, analysis, and treatment 
planning for PAD. Leveraging cutting-edge cloud 
computing and advanced data visualization technologies, 
the DECODE platform surpasses the capabilities of 
current state-of-the-art (SoTA) solutions. It is the first 
platform specifically designed to integrate high- 
performance data processing, 3D medical imaging, and 
computational modeling into a unified system tailored for 
PAD. This integration allows for precise simulation of 
treatment interventions, such as drug-coated balloons, 
and provides clinicians with real-time, data-driven 
insights to optimize therapeutic strategies. Compared 
with other cloud-based platforms, such as 
teleophthalmology systems [39] and the BioData Catalyst 
(BDC) [40], DECODE has demonstrated significant 
advancements in terms of functionality and adaptability. 
While tele-ophthalmology systems excel in scalable image 
storage and annotation and BDC specializes in managing 
large-scale genomic datasets, DECODE uniquely 
integrates segmentation, 3D visualization, and real-time 
analysis to address PAD-specific clinical workflows. 
Furthermore, it mitigates common challenges observed in 
cloud-based solutions, such as inefficient handling of large 
datasets, access control, and vendor conformity, by 
employing tailored optimization techniques and ensuring 
robust security, scalability, and compliance with 
healthcare standards. 

The DECODE platform overcomes the limitations of 
the SoTA by integrating comprehensive data management 
and advanced visualization tools. The MPV module's 
robust design and high performance underscore its 
effectiveness in medicine. The module's ability to provide 
detailed 2D and 3D views of anatomical structures 
significantly enhances diagnostic and treatment planning. 
The 3D rendering module's performance metrics also 
highlight its strengths in providing high-fidelity 
visualizations crucial for PAD treatment. The module's 
slightly lower performance score than the MPV module 
can be attributed to the complex computations required 
for rendering detailed 3D models. However, its 
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accessibility score and perfect scores in best practices and 
SEOs indicate that it remains an invaluable tool for 
clinicians. 

While the performance metrics highlight the platform’s 
robustness, several limitations must be acknowledged. 
One notable challenge is scalability, as the platform's 
current architecture may encounter bottlenecks when 
handling significantly larger datasets or accommodating 
simultaneous users over extended periods. Such scenarios 
could impact real-time processing and responsiveness, 
particularly in high-demand clinical settings. In addition, 
the reliance on high-performance GPUs and advanced 
cloud infrastructure poses a limitation, potentially 
restricting platform adoption in resource-constrained 
environments where access to such resources may be 
limited. 

Future work will prioritize optimizing the platform 
architecture to increase scalability and explore cost- 
effective hardware alternatives, thereby ensuring broader 
accessibility and adoption in diverse healthcare settings. 
In addition, the planned development of a 3D 
segmentation and reconstruction module will focus on the 
precise delineation of anatomical structures, specifically 
targeting the segmentation of the peripheral artery with 
intima and adventitia thickness. This enhancement will 
enable detailed 3D reconstructions, improve the analysis 
of vascular health and support the personalization of 
treatment strategies. By accurately modeling these critical 
arterial layers, the module will provide clinicians with 
deeper insight into disease progression, plaque buildup, 
and potential treatment outcomes, ultimately contributing 
to more precise and effective clinical interventions. The 
integration of a virtual reality (VR) module will further 
enhance the platform by offering immersive visualization 
tools to improve spatial understanding of complex 
anatomical structures, supporting preoperative planning, 
educational applications, and patient engagement. 
Challenges such as ensuring hardware compatibility, 
optimizing real-time performance, and maintaining 
compliance with healthcare data standards will be actively 
addressed to maximize the impact of these innovations. 
These advancements position the DECODE platform as a 
versatile and comprehensive solution that not only 
surpasses existing SoTA solutions but also sets a new 
benchmark for cloud-based technologies in PAD 
diagnosis and management. 

7. Conclusion 
 

The DECODE cloud platform represents a 
transformative advancement in the diagnosis, analysis, 
and treatment of peripheral artery disease (PAD). By 
leveraging the capabilities of cloud computing and high- 
performance data visualization, the platform addresses 
the significant limitations of traditional diagnostic 

methods, offering a noninvasive, cost-effective, and 
scalable solution. The DECODE platform's comprehensive 
modules, including a data warehouse and multiplanar 
reconstruction with 2D and 3D rendering visualization, 
enable detailed and interactive processing and 
presentation of medical imaging data. The evaluation 
metrics underscore the platform's high performance and 
user accessibility. The multiplanar visualization module 
achieves a performance score 94, an accessibility score 90, 
and perfect scores 100 in best practices and search engine 
optimization (SEO). Similarly, the 3D rendering module 
scored 89 in performance, 90 in accessibility, and 100 in 
best practices and SEO, demonstrating the platform's 
robust design and compliance with industry standards. 
Our work highlights the transformative potential of 
integrating cloud computing in medical diagnostics, 
paving the way for further research and development in 
this critical area of healthcare. 
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