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Preface

The International Conference in Manufacturing Research (ICMR) is a major event for
academics and industrialists who are engaged in manufacturing research. Held annually
in the UK (except 2018 in Sweden) since the late 1970s, the conference is renowned as
a friendly and inclusive platform that brings together a broad community of researchers
who share a common goal: developing and managing technologies and operations that
are key to sustaining the success of manufacturing businesses. For over two decades,
ICMR has been the main manufacturing research conference organized in the UK,
successfully bringing researchers, academics, and industrialists together to share their
knowledge and experiences. Initiated as a National Conference by the Consortium of UK
University Manufacturing and Engineering (COMEH), it became an International
Conference in 2003.

COMEH is an independent body established in 1978. Its main aim is to promote
manufacturing engineering education, training, and research. The Consortium maintains
a close liaison with government bodies concerned with the training and continuing
development of professional engineers, while responding to the appropriate consultative
and discussion of documents and other initiatives. COMEH is represented on the
Engineering Professor’s council (EPC) and it organizes and supports manufacturing
engineering education research conferences and symposia. Hosts for National
Conferences on Manufacturing Research (NCMR) have been:

1985 Nottingham 1994 Loughborough

1986 Napier 1995 Leicester De Montfort
1987 Nottingham 1996 Bath

1988 Sheftield 1997 Glasgow Caledonian
1989 Huddersfield 1998 Derby

1990 - 1999 Bath

1991 Hatfield 2000 East London

1992 Central England 2001 Cardiff

1993 Bath 2002 Leeds Metropolitan

In 2003 the conference title became the International Conference in Manufacturing
Research (ICMR) incorporating the NCMR. The host universities for ICMR have been:

2003 Strathclyde 2013 Cranfield

2004 Sheffield Hallam 2014 Southampton Solent

2005 Cranfield 2015 Bath

2006 Liverpool John Moores 2016 Loughborough

2007 Leicester De Montfort 2017 Greenwich

2008 Brunel 2018 Skovde, Sweden

2009 Warwick 2019 Queen’s University Belfast
2010 Durham 2021 Derby

2011 Glasgow Caledonian 2022 Derby

2012 Aston 2023 Aberystwyth
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Resilience of Marine Energy Supply
Chains: The Manufacturers Challenge

Raja V. SREEDHARAN?, Rachel K. MASON-JONES!, Fahmida
KHANDOKAR!, Keith LAMBERT?, Jeanette REIS!, Minh M.L.
NGUYEN ! Andrew J. THOMAS 2*

1 Cardiff School of Management, Cardiff Metropolitan University, Wales
2 Aberystwyth Business School, Aberystwyth Wales

Abstract— Companies are operating in an era where Volatility,
Uncertainty, Complexity and Ambiguity (VUCA) is commonplace in
manufacturing companies. To manage effectively in this environment,
manufacturing supply chains need to adopt resilient strategies.
Organisations continue to adopt various technologies in order to manage
the VUC environment and Marine Renewable Energy (MRE) supply chains
are seen as a front runner in emerging technologies which has an impact on
the business environments and supply chain practices globally. In this
study, the authors undertook a systematic literature review of 95 scholarly
articles published on Marine-driven supply chains and explore the impact
and importance of manufacturing resilience. A bibliometric analysis was
carried out via the Scopus database and results filtered, coded, and analysed
using the bibliometric-R package. The authors then evaluated the thematic
areas of Marine Supply Chains and explored identified challenges and
proposed areas of development to move towards a resilient manufacturing
supply chain.

Keywords— Marine Renewable energy, Supply chain, VUCA,
Manufacturing Resilience.

1. Introduction

Supply Chain Management theory explores the importance of understanding and
adequately responding to uncertainty and risk within our supply chains [1]. Evidence
suggests that although numerous projects are being implemented in the UK to harness
Marine Renewable Energy (MRE), they are often subjected to various challenges from,
establishing required supply chain capacity for the manufacture and implementation to
ongoing maintenance and monitoring [2]. In particular, the supply chains of relatively
new and technologically advanced products, such as MRE technologies, are deemed to
be more volatile, uncertain, complex and ambiguous to challenges, risks, and disruptions
[3]. This VUCA environment can be created due to several factors contributing to
increasing the probability of exposure to risks and their associated impact on the supply
chain, such as; availability of capacity, identification of appropriate suppliers,
establishing new collaborative networks, and learning curves associated with new
technology and processes etc. Previous research has indicated concern regarding the
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MRE sector’s readiness to respond quickly to rapid growth in demand and the impact of
capacity availability to respond and therefore the increased sensitivity and impact of
disruptive events. This has reinforced a call for a better understanding of how to improve
supply chain resiliency in the marine energy sector. The future resiliency of the MRE
supply chain sector, to a large extent, depends on adopting a dynamic, responsive
strategic policy decision-making process in response to uncertainty and risk [4].

This research has specifically utilised the term Marine Supply Chain (MSC) to
indicate research that focuses on regional players within the marine sector. It should be
noted that the term MSC was utilised to capture the wider influencing network on the
MRE supply chain. This allows the literature search to ensure the inclusion of research
that focuses on exploring in depth the sustainability and resilience of the MRE supply
chain practices embedded within the wider context.

A comprehensive evaluation of the complex dynamics and multi-dimensionality
surrounding MRE projects is key to determining the fundamental changes and
subsequent actions required to transition from fossil-fuel based energy sources to MRE
technologies. Although the underlying mechanisms associated with the concepts of
supply chain resiliency have been extensively researched in recent years, the wider
adoption of tools designed as part of academic research to improve operational
performance has been limited [5]. .

2. Material And Methods

To fulfil the objectives of the study, the authors conducted scientific mapping through a
bibliometric analysis of articles filtered via a systematic literature review. The scientific
mapping of the articles identified was conducted via the Bibliometrix R package [6].
From the bibliometric analysis authors identified the research themes representing the
objectives of the study. To explore VUCA and resilient strategies and their linkage within
published literature with the MRE supply chain, a set of key search terms were identified.
The search terms utilized to identify the literature were “Marine”; “Renewable”; “Supply
Chain” using the logical operator AND. This was then followed by the terms “Risk”;
“Disruption”; “Resilience”; “Responsiveness”; “Disaster”; “VUCA” using the OR
operator. These terms have been utilized in previous studies by [4] and [7]. Further, the
search term was focused on the broader theme of MSC with supply chain practices only.
Using the search criteria, the initial database search yielded 270 articles which through
the filter process resulted in 95 journal papers for inclusion in the analysis. Figure 1
describes the search and filtering process.

3. Review Analysis and Results

To understand the article’s spread with respect to the domain area; countries and the
research areas, the authors used a sankey diagram to represent the relationship between
countries, research area and source journals. The Sankey diagram is shown in Figure 2,
where the flow between the countries; research areas and journals are established, and
width of the flow represent the strength of relationship [6]. The analyis was focused on
identifing and grouping the author’s keywords which represent the constructs of MSC
and Supply chain practices in the collected dataset. The tree diagram shown in Figure 3
shows hierarchical data with nested rectangles.
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Figure 2 Flow between the Countries; research area and source

Each branch is a rectangle divided into smaller ones for sub-branches [6, 8]. Each cluster
contributes to the three thematic areas as follows:

(1) Impact of MRE on supply chain practices

(2) Resilience in the Marine- driven supply chain

(3) Addressing disruption in Marine-driven supply chain

The clusters obtained from the tree map address the research question. Moreover, based
on the thematic areas the authors evaluated the articles related to each theme and
performed a content analysis to explore the research questions.
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Figure 3. Tree map for unique areas
4 Review of the Three Thematic Areas

4.1 Impact of MRE on supply chain practices

Real-time data updation — enabling in-depth forecasting decision making, sensor-driven
and IoT based devices capturing data in real-time [9]. Supplier to customer visibility on
a common platform — decision support system ensures that data is used to create a single
virtualized data layer for the ease of understanding the customer requirement in real-
time. Integrated business planning shows that firms require availability and access to the
wider triple helix environment including government policy, research and organizational
experience thereby allowing integrated system analysis for developed action plans.

4.2 Resilience in the Marine driven Supply Chain

Predictive analysis - Adoption of capturing relevant system data and analyzing the
considerable dataset, MSC is improving the capabilities of all the companies in areas of
Predictive demand, network planning, delivery estimation, inventory planning and
extend MRP [9]. Smart Systems complexity —the adoption of smart systems within the
MSC primarily from a materials handling perspective. Bots are commonly used to
restock the empty shelves or to deliver the stock from one destination to another inside
a warchouse reducing errors and updating systems continually [10],[11]. However, these
bots cannot solve issues autonomously, it requires human intervention because they pose
narrow Artificial intelligence (ANI). However, the interface that connects the sensor
network (Radiofrequency Identification - RFID; Near-field communication NFC) with
the bot can be sophisticated and requires trained professionals to monitor and ensure
smooth operations. Customer uncertainty - MSC-enabled chat Bots are smart that can
interact with the end-user in the B2C industry to provide real-time delivery information
and the status of the delivery [12]. Likewise, in some cases, it can even predict the
accurate time in which the order will be delivered. However, the bots are in the early
stage of interaction and trying to mimic human interaction through Super Artificial
Intelligence (ASI).

4.3 Addressing disruption in the Marine-driven supply chain

Supply chain practices are managed globally with different stakeholders. Therefore, the
organization ensures their practices can face risk and uncertainty. Baryannis et al. [8]
reported Mathematical programming was preferred in risk management. Similarly, the
Security and risk for food supply chain were addressed by [13] using the discounted
system involving Markov decision process as well as a review on responsiveness, risk
and resilience showed that ensuring responsiveness is crucial for supply chain operations
[14].
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5. Challenges to Consider for the Manufacturer

The literature review analysis undertaken within this research highlighted the following
significant challenges and setbacks that impact the MRE supply chain resilience, these
included: Lack of quality & quantity in data mined - Computational processes require a
large amount of data and artificial intelligence is no exception to that. Machine learning
(ML) hugely depends on data to learn and predict the outcome for the given scenario.
However, getting the required data from different sources and siloes is a challenge for
the organization. Further, the investment in data extraction through the data management
module with the interlinked system is cumbersome [15]. Short term optimization- Supply
chain networks tend to consist of many players and systems connected within a complex
network, with maturity at distinct levels. So, it is easy to lose sight of the process control
and monitoring, leading to unpredicted consequences [16]. Short term solutions will lead
to uncertainty as it may promote the restructuring of the supply chain design, creating
ambiguity in the system and will incur significant loss to the system. Such a scenario
creates volatility in supply chain optimization and transactions. So, the decision system
will fail to achieve its optimal performance especially in terms of achieving resilience,
resulting in arguable self-imposed complexity in the supply chain practices Lack of
Marine driven supply chain understanding - Since there is a myriad of choice of available
platforms the Marine driven supply chain could adopt and utilize, it can take time to
understand, adapt and work within the context of the MRE sector [17]. There is a
requirement to develop strategic relationships and collaborative strategies to ensure
decisions are made with the supply chain in mind to reduce the additional issue of
incompatible systems being adopted. The learning curve and bedding in time can reduce
the productivity and efficiency level of the supply chain optimization in the short term
or indeed mean the fully competitive advantage is not achieved in the long run thereby
resulting in failure to improve the resilience [18]. Global Uncertainties — ‘Black Swan’
events like the COVID 19 pandemic have a huge impact on the supply chain industry
and as examples show can easily disrupt the flow of goods and services and can quickly
cripple a supply chain as the world responds for example with global curfews and the
temporary ban on global trade [19]. These uncertain situations are difficult to predict
even with sophisticated machine language or supply chain management software.
Therefore, continued development of forecasting and prediction tools to optimize the
supply chain dynamic performance and provide resilient strategies will continue to be
one of the biggest challenges, and an area of continued research focus for the future.

6. Optimizing the MRE Supply Chain

Deploying an effective MRE supply chain strategy is challenging because of range of
issues including: Detection and collection of data; setting the parameter and constraints;
sensor and decision support systems; networking with stakeholders; process mapping
and monitoring and, feedback and response mechanism. An integrated MRE supply
chain that enables collaborative information sharing can serve as a mechanism to address
these difficulties and improve supply chain performance. Therefore, the authors highlight
that the organization should make ample investment in a Marine-driven ecosystem
including policy development and communication, and resourcing (including time and
financial). When viewed holistically the supply chain practices consist of the Design.
manufacturing Modelling; Network Coordination; Transaction; Collaboration and
Optimization some of which can be monitored by sensor systems [13]. Moreover, the
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adoption of an appropriate framework aids the organization in supply chain practices for
better risk mitigation leading to improved resilience of the individual players as well as
the holistic supply chain. An effective MSC is big data focused and driven with inputs
from multiple sources, which is evaluated by the decision support system for effective
decision making. The MSC can serve as a platform for monitoring global supply chain
operations and avoid or at least minimize the impact of supply chain disruption through
predictive analytics from the historical data. Moreover, the entire information must flow
through the blockchain, therefore, making the information flow reliable and secure.
However, the MSC requires skills development and training to enable research utilizing
the data set to understand the nature of black swan events. Thereby enabling an
understanding and development of contingency plans to cope with and manage even if
the occurrence of black swan events, and decision-makers can validate the strategy to
understand the efficiency of the MSC resilience. The literature reviewed indicates limited
adoption of supply chain practices in this context are Marine driven. However, the
MSC'’s usage classifies the nature of the supply chain practices. They are as follows:
Reactive Supply chain - reacts to input with limited stimuli; Responsive supply chain —
responds to inputs and produce feedback; Intelligent supply chain — understand the need
and work with other entities and, self-aware supply chain — capable of human-like
thinking and decision making.

7. Conclusions

From, the articles reviewed, many provided an empirical solution based on model
development; however, the studies are specific to the industry. However, contribution to
theoretical and conceptual research was limited. Further, most of the articles focused on
conducting simulation-based studies and used a different algorithm. out of which,
Decision Theory; robust optimization; swarm optimization and genetic algorithm were
widely used. Approximately 50 studies reported on developing a decision model to
address their issues in life cycle assessment. However, many studies have not developed
any model for decision making. This therefore requires more in-depth research to
explore the importance of utilising DSS to enhance the MRE supply chain resilience.

Further, the research indicated that risk and uncertainty in supply chain operations are
very volatile, and life cycle assessment alone cannot provide an effective solution
without sustainability and circular practices being examined and included. Interestingly
only, 4% of the study coupled their decision support system with circular economy and
2% paper discussed the use of energy efficiency. This creates a gap in providing a
decision on a real-time basis. The impact of Marine driven supply chain is arguably
widely addressed within the literature examined however, the level (and depth) of the
MRE supply chain that decides the nature of the practices employed and utilized requires
more attention. Furthermore, more detailed understanding and testing in industry of
effective models for crisis/risk management and disaster management needs to be
undertaken to explore and address the changing situations especially given the projected
rise of the MRE sector. This is especially important to ensure proposed enhancements
and improvements to the MRE supply chain practices will optimise rather than hinder
the resilience of the holistic system.
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Abstract: This is a review conducted in relation to the application of artificial
intelligence in operations management particularly in the design aspects between
the years 2010 — 2021. The purpose of this paper is to provide a survey of the usage
of artificial intelligence methods in operations management aimed at presenting the
themes, trends, direction of research and its practical impacts. Artificial Intelligence
is playing a major role in the fourth industrial revolution, and a lot of evolution in
various operations management and engineering scope. Artificial Intelligence
techniques are widely used by operations managers to solve a whole range of
intractable problems. This study provides a forum for rapid evaluation of the works
describing the theoretical and practical application of artificial intelligence methods
in operations management. The study reports some novel aspects of artificial
intelligence used for real-world operations/engineering applications towards solving
problems, increased productivity, reducing costs and improved customer
satisfaction.

Keywords. Artificial Intelligence, Operations Management, Review, Survey

1. Introduction and Methodology

Organisations are becoming more competitive due to new regulations, global challenges, and
focus on net zero energy. The adoption of Artificial Intelligence (Al) has helped organizations
to deal with these challenges by providing solutions to uncertainties and achieving optimized
results through reduced costs, speed, agility, efficiency, and flexibility. There have been an
increased number of studies and publications for the adoption of Al in operations
management. That is indicated by the annual increase in relevant publications in the recent
decade. With over one hundred and twenty thousand (120,000) articles published between
years 2010-2021 and over seventeen thousand (17,000) in operations management, that has
associated complexity of understanding what else needs to be addressed. Other known issues
linked with the use of repetitive publications, lack of substantial useful information hence not
making significant contribution to knowledge are noted and avoided in this study.

The design and methodology adopted is like authors of previous surveys. To seek for literal
replication of the review process and to build on the wealth of knowledge of authors, their

* Corresponding Author. o.adeyemiS@herts.ac.uk
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experience(s) and expertise; the same areas of operations management on previous surveys
(Kobbacy et al., 2011) was used which includes process planning and control, quality,
maintenance and fault diagnosis and areas of design and scheduling. The areas from the
previous survey have been maintained to represent the categories that will be researched.
Case-based reasoning (CBR).

Genetic algorithms (GAs).

Neural Networks (NN).

Knowledge-based Systems (KBS).

Fuzzy logic (FL); and

Data Mining (DM).

YVVYVYVYY

Due to core links with Al and page limitations; FL, GA, KBS and NN in the design aspects
of Al only are presented in this paper. The Science Direct database was used to search for
references using only the keywords that have been categorised in this paper. Review articles
and research articles were identified while unrelated papers were removed. Further filtering
was conducted to eliminate other forms of irrelevant papers to avoid double counting the
same paper, however in most cases the title, abstract and conclusion sections were clear
indicators to categorize the papers. This paper is arranged in four parts namely, introduction
and methodology, survey and categories giving insights into the papers published in each
section, the results presenting the quantitative data in this paper, and the conclusion.

2. Survey and Categories

2.1 Design

2.1.1  FLin Design

FL is employed in controllers for example, Youssef et al., (2018) reveal how to use FL for
maximum power point tracking (MPPT) in photovoltaic systems, enabling it to function with
different irradiance and temperature conditions. The proposed MPPT controller provides high
flexibility and re-configurability, low cost of implementation and power usage. Costo Branco
and Dente (2010) design and evaluate a fuzzy logic pressure controller for the braking system
on an Airbus to achieve pressure control with high fit for hydraulic load fluctuations.
Tzafestas et al., (2010) proposed the design of a FL in the control of autonomous non-
holonomic mobile robots to discover a fuzzy path tracking algorithm. Cheng et al., (2010)
investigated the design of a variable-voltage DC source using a fuzzy logic controller to
handle load changes and input voltage fluctuations.

Furthermore, there are uses of FL in hybrid sectors; Tahmasebi and Hezarkhani (2012)
adopted fuzzy logic in grade estimations which is useful in mine projects to overcome
challenges due to difficulties of mineral ore deposits structural complications. Anifowose and
Abdulraheem (2011) demonstrate functional networks, fuzzy logic driven and support vector
machines to predict oil and gas reservoir attributes. Menghal and Laxmi (2016) discussed the
control of an induction motor drive using fuzzy logic knowledge which was developed using
MATLAB/Simulink to clarify the usefulness of Pl and fuzzy control and to present an
improved control performance of FLs algorithm over conventional PI controllers. Garcia-
Diaz et al., (2013) argue for the use of FL models in software development effort estimation
as an alternative to linear regression methods. The authors argued further by comparing two
types of FL systems: Mamdani and Takagi-Sugeno and proving the outcome from the results
of Takagi-Sugeno FL system to be more accurate than the other FL system as well as the
linear regression model. Mehbodniya et al., (2013) established an innovative multi-criteria
vertical handoff algorithm for heterogeneous wireless networks that achieves seamless
mobility with maximal end-users’ satisfaction using Fuzzy VIKOR (FVIKOR).



12 O.A. Adeyemi et al. / Adoption of Artificial Intelligence in Operations Management

2,12 GAs in Design

Genetic algorithm is a process of natural selection used to generate high quality optimized
solutions to problems by depending on selection, crossover and/or mutation. Pan (2010) used
Canonic Signed Digit (CSD) coded GA to develop chromosomes by decreasing the time
emaciated by trials and errors in the evolution process and to increase the training speed. An
efficient hybrid code for the filter coefficients is suggested to enhance the precision of the
coefficient of finite impulse response digital filter (FIR). Nagarajan et al., (2016) proposed
the retrieval of any kind of medical image such as breast cancer, brain tumor, lung cancer,
and thyroid cancer adopted to decrease the existing system dimensionality problems. The
experiment proved that the GA directed image retrieval system chooses optimal subset of
feature to recognize the right set of images using a machine learning based feature selection
method. Luan et al.,, (2019) used the hybridization algorithm of GA and ant colony
optimization (ACO) to provide a decision support tool that helps in solving the challenges
associated with multicriteria decision making of supplier association. The unified algorithm
has shown improved quality and efficiency with a methodological contribution to the
optimization of algorithm research. Lee (2018) conducted a review of the applications of GA
in operations management (OM) over a ten-year period ranging from year 2007 to 2017. The
study encouraged the use of heuristic search methods for improved OM decisions as against
non-deterministic polynomial hard problems algorithms.

2.1.3 NN in Design
Neural networks fundamentally reflect the behavior of the human brain, which allows
computers to recognize patterns and solve problems.

Kamrunnahar and Urquidi-Macdonald (2010) utilized supervised neural network (NN)
method as a data mining tool to forecast corrosion behavior of metal alloys. The NN model
learned the basic laws that outline the alloy’s composition and environment to the corrosion
rate. Both DC and AC corrosion experiments were conducted with existing corrosion data on
corrosion allowable and corrosion resistive alloys. The data mining outcomes recognized the
categorization and prioritization of certain parameters for example, pH, temperature, time of
exposure, electrolyte composition, metal composition to establish the synergetic impact of
the parameters and variables on electrochemical potentials and corrosion rates. Chen (2011)
employed a Takagi—Sugeno (T-S) fuzzy model and parallel-distributed compensation (PDC)
plan to design a nonlinear fuzzy controller for the stability of nonlinear systems. The neural-
network model is used to submerge the modelling error challenges associated with nonlinear
systems. A new stability NN-based controller design is utilized to secure the stability of the
nonlinear system. The control problem is now presented as a linear matrix inequality (LMI)
difficulty and a simulation is provided to explore the practicability of the proposed fuzzy
controller design method.

Hassan et al., (2013) presented a review of major studies adopting the ANN method to
solve major problems related to power system control due to the constraint of conventional
control theory, modern control theory, and adaptive control theory. It was discovered that
fast-acting, accurate controllers based on ANN technique are the preferred choice to shun
system collapse, sustain system transient stability, damp oscillations, stabilize voltage, and to
provide high-quality service to consumers. Though, all NN has some benefits and
disadvantages, it was proposed that the recurrent neural network (RNN) is appropriate for
monitoring and control. And, power systems should be taken as a supplementary tool, rather
than a substitute for conventional or other Al based power system methods. In transiting from
power system monitoring to forecasting stream flow, Sahoo et al., (2019) established the
application of NN in simulating river flow for forecasting the development of water resources.
Traditional radial basis function network (RBFN) and RNN were utilized for model
development and RNN model provides optimized performance as against RBFN. For RNN,
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Tan-sig, Log-sig, Purelin transfer function are adopted for evaluating model performance,
and Tan-sig provides best value of model performance among them.

2.1.4 KBS in Design

Publications on knowledge-based systems are quite few and dispersed, Naranje and
Kumar (2014) established that KBS is used for the design of deep drawing die for
axisymmetric parts yielding an interactive user-friendly, flexible, and economic
implementation system. Mayr et al., (2018) shows that KBS are mostly relevant for
supporting the planning of electric drives production systems, but ML-based methods
are principally for optimizing single production processes. Khan et al., (2021) developed
an integrated KBS useful for the transformation of traditional supply chain to digital
supply chain. In year 2012, Rocca discussed knowledge-based engineering (KBE) as a
budding technology with great potential for engineering design applications and its
distinctiveness based on programming method to portray its validity in capturing and re-
using engineering knowledge to automate large portions of the design process. Bing et
al., (2017) provides a language-independent framework to implement slot-filling
assignments by searching the web with accurate inquiries and originating lightweight
extraction patterns. Hence, a pseudo-testing approach is adopted to approve the patterns
derived from various sentences and highly encouraging outcomes are achieved.

3.0 Results

This section compares the results obtained from the present review (2010-2021) to the review
conducted in a previous paper (2005-2009). The number of papers released on average
annually have increased by 37%. Figure 1,2, and 3 gives a visual comparison of the surveys
over the durations, 2010-2021, 1995-2004, and 2005-2009 respectively.

The previous survey displays trends for design and scheduling which showed an increase
in the use of GA. Based on the graphs in Figure 1 and Figure 2, scheduling and design have
a huge interest in GAs as an Al method used in OM in both review durations. In the review
between 2005-2009, Two hundred and ten (210) publications are for design and three hundred
and nine (309) for scheduling, that shows the highest number of papers published for any of
the categories over that period. About twenty to thirty-five (20-35) papers have been
published for NN for design during that period. The second highest use of Al in OM is NN
as statistics show that a total of three hundred and eighty-six (386) papers have been published
which is over a half of the number of GAs published.
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Figure 1: Charts representing the number of publications of Al in OM from 2010-2021.
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Figure 3: Scatter plots of publications of Al in OM during years 2010-2021 and 2005-2009.

The use of NN within process planning and control seem to control more than 70% of all
publications in the process planning category in comparison to the review conducted between
2010-2021, GA and NN have remained to be areas of great interest with GA having a total of
four thousand five hundred and fifty-four (4554) papers published and NN with two thousand,
two hundred and thirty-two (2232) publications. This shows increased interest for the use of
GA and NN in OM over the course of eleven years (2010-2021). Many operations managers
understand the impact of GA research on evolving designs due to their flexibility and potential
for optimizing tasks. Both surveys discovered a decline in the use of KBS as most of its
benefits have been studied and it is no longer considered innovative, because newer and more
advanced systems have been developed.

In the 2010-2021 survey, Figure 1 shows an exponential increase of the hybrid models,
while in the 2005-2009 survey, the use of GA increased exponentially for Design and
Scheduling. Whereas quality, maintenance and fault diagnosis, process planning and control,
display the adoption of NN as the dominating factor while other methods are fluctuating.
However, considering the time frames, both surveys reveal an increased interest in the
adoption of hybrid artificial intelligence methods in operations management.
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4.0 Conclusion

This study has shown that the interest in KBS has
declined drastically over the periods considered. In EL
contrast, the interest in hybrid Al aspects have seen a 2022

. . . . 11%
surge in the adoption of Al in OM as evidenced by ‘
' GA \

the total papers published annually. With more
18%

Figure 4: Publications of Al in OM for year

companies adopting Al within the supply chain, it is
increasingly more attractive to find the most effective
solution to provide a compelling solution to their
users. Design is the most appealing and logical
solution to research for hybrid AI methods. NN
Considering the future, research has shown that 9% g CBR
hybrid is still a major research focus with thirty-six 0% 1%

per cent (36%) of the total publications referencing

hybrid systems. In year 2022, as shown in figure 4, a total of four thousand, three hundred
and nineteen (4319) papers have been published within operations management. 4 key
statistic to consider is data mining which has gained interest with a further twenty-five per
cent (25%) papers related to that. KBS has almost 0 paper in that year, and it is believed that
the trajectory will stay the same as most of the research in this field has been conducted
thoroughly with no new innovations.
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Abstract. The increasing global focus on sustainability developed the need to
integrate sustainable practices among all sectors of the economy, including the
public sector, which faces pressure from the governments to improve their
organisational performance. This study explores the opportunities of Lean
implementation as an effective approach to achieving sustainability in public service
organisations in the context of environmentally sustainable development goals
(SDGs). Through a literature review, the authors explored how Lean applications
and practices could be borrowed from the manufacturing industry and implemented
in the service sector. They examined the various practices employed by service
organisations to integrate sustainability into their operations to enhance their
environmental performance. Initial findings indicate that Lean methodologies can
potentially enhance environmental performance in public service organisations by
reducing non-value-added activities, waste, and environmental impact. This
implementation requires adapting and customising Lean methodology to align with
the unique characteristics of these organisations.

Keywords. Public Service Organisations, Lean Manufacturing, Sustainable
Development Goals (SDGs), Environmental Sustainability.

1. Introduction

With sustainability being a global concern, the urgency to overcome sustainability
challenges has required leaders worldwide to address these challenges in their national
visions and strategies and act toward maintaining a better planet for future generations
while ensuring present developments [1]. In the present study, the authors focus on the
environmental pillar of sustainability and how the integration of Lean and Green
methodologies can lead to improving sustainable environmental performance in the
public service sector, associated with the efficient use of natural resources, and the
implementation of sustainable practices and reporting [2]. Due to the public sector size
and its involvement in the national economy and how they exist for social and
environmental purposes, new approaches could be implemented in public organisations,

1 Corresponding Author. maha.aljuwaied@crenfield.ac.uk
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such as Lean techniques, which were long used in the private sector [3]. The success of
Lean production in automobiles has spread its application to many other manufacturing
and services industries because of its ability to increase quality for lower costs. [4]. The
findings contribute to the authors’ research that aims to explore the Lean approach and
how its integration with green and sustainability strategies in public service organisations
can lead to transform their performance toward achieving environmental sustainability.

2. Literature Review
2.1. Public Service Sector

The public sector can be defined as the government activities or the economy’s sector
supported financially by the government, which is considered the largest employer in
any country, stating the importance of the public sector in all economies [5]. Public
organisations strategies are directly affected and controlled by the government’s policies
and the need to offer affordable services to compete for the government’s overall budget
by using it effectively and efficiently [5]. In addition to being controlled by the
government, public service organisations face the challenge of meeting internal and
external goals, demands, policies, specific rules, and regulations that are usually more
strict than private organisations [6]. Moreover, public service organisations face the need
to meet governments’ agendas, adapt to new leadership and technologies, meet internal
and external performance indicators, and increase efficiency with limited resources [7].
As a result, public organisations developed a growing need and focus on adopting new
management methodologies and practices from the private sector such as, Lean and Six
Sigma [6] [7].

2.2. Sustainability in the Public Service Sector

Sustainability can be viewed as the attention to economic, social, and environmental
issues and attempting to establish a balance between them, which built the need among
different stakeholders to embed it into their organisations’ strategies [8]. Integrating
sustainable development into decision-making, formulating strategies, and operations at
all levels and sectors is crucial to achieve sustainable development in the public sector
[9]. In 2005, “the Global Reporting Initiative (GRI) published Sector Supplement for
Public Agencies: Pilot Version 1.0.”, noted that public sector sustainability information
tended to be scattered across a number of documents and focus on policies rather than
performance information, in addition to being inconsistent, and focus on the
measurement of external conditions rather than public organisations performance and
impacts [10]. The increased attention by public sector organisations reflects the increased
pressure to improve performance and remain viable in today’s globally competitive
environment, demonstrating this performance to external as well as internal stakeholders
[10]. The importance of sustainable development implementation in public service
organisations also aligns with maximising employment training and safety and
enhancing community safety and protection. These outcomes are indicators for social
sustainability, in addition to greenhouse emissions which provide environmental
sustainability indicators in the public sector [10].

The evaluation of sustainability results is not easy to measure due to the complex
interrelation between the indicators, the lack of consensus about the definition of
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sustainability, and the choice of indicators which are subject to requirements and the
opinions of the participants [1]. This raises questions about the extent to which public
sector sustainability performance is managed [10], and how effective are the current
sustainable strategies [1].

2.3. Lean from Manufacturing to the Public Service industry

According to B. Rodgers and J. Antony [5], continuous improvement
methodologies in the public sector reveal that Lean represents 60.3% of the examined
methodologies in the public sector. However, most studies in the literature focus only on
the short-term impact of Lean on the public service sector performance [11], and there
is a need for a more holistic perspective of lean application in the public service sector ,
the tools used, and the long term results of this application [4]. The current use of lean
in the public sector lacks the complete perspective as it is only used in limited parts of
public organisations and specific processes and initiatives [12] [6]. This also raises the
need to explore the challenges that face public organisations in implementing Lean
methodology, which are according to [4], the need for a shared understanding of Lean
among the higher management levels and employees, poor communication between
them, resistance to change, and not linking Lean to the organisations strategies [5].
Moreover, in order to apply Lean successfully in the public service sector, a clear
planning and readiness within public organisations are critical [5].

Lean is characterized by five principles: value, value stream mapping, flow, pull,
and continuous improvement [13]. In order to implement Lean in any organisation, they
should first define the concept of value for their customers, outline their processes
through Value Streat Mapping (VSM), eliminate non-value-added activities, and lastly,
focus on continuous improvement [14]. It is no difference from public service
organisations standpoint in their Lean implementation process [15]. This raises the need
for a clear definition of the concept of value for public service organisations’ customers
and the aim to implement Lean as a philosophy focusing on achieving continuous
improvement and long-term goals [14]. Embedding Lean as an organisational culture is
also critical by engaging employees in the early stages of Lean implementation to create
a need for change at all organisational levels and a culture of continuous improvement
[12] besides linking Lean application to the organisations’ visions, strategies as a
complete and more sustained system approach [5] [12].

Several studies showed that aligning Lean practices with environmental, social, and
economic concerns and strategic goals can improve the organisations performance [16]
[12]. [16] emphasized the need to incorporate Lean and sustainability to provide a more
comprehensive measure to evaluate organisations as they have a mutual positive impact
on each other. That is because Lean implementation can lead to optimising resource
consumption and increase environmental, operational, and economic efficacy [16],
which serve both private and public sectors need to comply with the environmental
policies [14]. A common drive for Lean implementation is to optimise the use and
benefits of resources, improve the processes and customer’s benefits, while reducing loss
caused by waste, variability, and inflexibility [3].

Although the primary goal of Lean is to create value-added activities and reduce
waste to improve organisations productivity [14], the literature review revealed a
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difference in Lean implementation between public service organisations and private
organisations, such as manufacturing, in the use of lean tools [12]. While manufacturing
organisations focus on using a set of lean tools and techniques, service organisations
usually use fewer tools, such as value stream [12] though emphasis on designing Lean
services through eliminating non-added-value activities [17] due to the broader ranges
of processes and customer demands in services, who is also considered as the co-creator
of these services [12]. Researchers also argue that the limited use of Lean tools in service
organisations is due to the need to understand the concept of value for its customers and
how to adapt the Lean tools and techniques to the public service processes [12]. This
raises the need to study why specific tools work better for the service sector and how
they differ from other sectors [17].

3. Leans applications to achieve sustainable environmental performance

In order to link the Lean approach to green practices and sustainability, the US
Environmental Protection Agency (EPA) has described environmental waste as “any
unnecessary use of resources and/or substances released into the air, water, or land that
could harm human health and/or the environment” [18], this definition act as a guideline
to extend Lean to include green production and practices [19]. EPA also has set
environmental performance indicators for organisations adopting Lean, which are air
emissions, energy use, solid waste, water pollution, hazardous chemicals use, water use,
and materials use [13]. These indicators set a complete waste reduction approach for
organisations implementing the Lean and Green integration [20]. Researchers agree that
this integration helps organisations progress toward sustainability against the triple
bottom-line economic, environmental, and social pillars of an organisation production
system [21]. In the context of public service organisations, Lean Green can be
implemented as an approach to improve their environmental performance [19]. In order
to successfully implement Lean Green, several success factors have been found. Frist is
through driving people at all organisational levels toward Lean philosophy, and
involving them in the planning, designing, implementation and evaluation stages of the
Lean approach [22] by ensuring management commitment and support, focusing on the
complete understanding of the principles of Lean in order to develop a Lean culture based
on continuous improvement and people respect, and effective communication on all
organizational levels from management to employees [23]. Developing a Lean culture
will contribute to the sustainable performance progress of these organisations [20].

In the context of our study, environmental sustainability in organisations appeared
from the concept of green production, which aims to improve the processes to “prevent
pollution, reduce waste, and minimize risks to humans and other species” [13], which is
usually related to organisations waste generation, energy consumption, emissions, and
any environmental practices [24]. Focusing on the environmental sustainable
development goals (SDGs), the authors highlight environmental wastes, which, while
does not add any value to the customer, its cost affects both the organisations and the
society [18]. To connect how eliminating environmental waste can result in achieving
environmental sustainable performance, the first question should be how lean is
connected to ecological or environmental sustainability. [18]. Several studies showed
that Lean leads organisations directly or indirectly to sustainable practices [21] and
greener production and practices [25]. Moving toward green practices and complying
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with environmental regulations resulted in organisations need to implement new
strategies [21], such as Lean methodology. However, authors argue that Lean alone does
not significantly impact environmental performance [25]. Nevertheless, the integration
of Lean and green practices benefits organisations in their progress toward
environmental performance as they have common goals of reducing waste and increasing
process and resources efficiency [13], which prevent pollution and emissions [26].

4. Conclusion and future research directions

Through literature, the authors explored the adoption of the Lean methodology
borrowed from manufacturing to public service organisations and the need to adapt it to
suit the public sector's unique characteristics. The findings suggest that Lean and Green
integration can offer a successful approach and strategies toward achieving sustainable
environmental performance in public service organisations. This approach is initiated by
how Lean methodology supports the successful implementation of Green practices [21]
due to the similarities of their approach in minimising waste, eliminating non-value-
added processes, and optimising resources [14][25]. The authors established a need for
a comprehensive approach to implementing Lean Green as a philosophy in public service
organisations rather than limiting the implementation to a few Lean tools, maintained by
several success factors to ensure continuous improvement.

Future studies could focus more thoroughly on exploring and better
understanding the different Lean tools applications in the public service sector, whether
specific tools or combinations of tools are more effective than others, and their impact
on the environmental, economic, and social pillars of sustainability.
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Abstract: With each phase of industrial revolution, the interaction between humans
and technology have evolved and context of work has changed, calling for new
approaches to leadership. The fourth industrial revolution (Industry 4.0) calls for
responsive and digital leaders who can navigate through complex adaptive systems
where direction, decision and innovation emerge from connected ecosystem &
diverse agents. However, Industry 4.0 tends to overlook the importance of human-
value dimensions, sustainability, and social fairness and hence a paradigm shift
towards Industry 5.0 will focus shifts from a techno-deterministic rationale to
human-deterministic rationale. Industry 5.0 seeks to combine consistency and speed
of collaborative machines with resourcefulness and creativity of humans for the
mutual benefit of industry and workforce. Thus, with a focus on manufacturing
industry, this paper focuses on identifying the gap in leadership literature and
emphasises on the need to identify how leadership should evolve to address the
changing dynamics between human-machine co-working in manufacturing that is
expected in the era of Industry 5.0.

Key Words: Leadership, Industrial Revolution, Industry 4.0, Industry 5.0,
Manufacturing

1. Introduction

The term industrial revolution refers to the revolutions in the systems that surround us
and the step changes in complex interaction between technology humans and the
resulting transformations that create new ways of acting, perceiving and being [1, 2]. The
initial three industrial revolutions were a result of mechanisation, electrification, and IT
respectively. However, the advent of Internet of Things (IoT) and connected services has
ushered in the fourth industrial revolution (IE 4.0) [3]. The distinctive characteristics that
set Industry 4.0 apart is its velocity (i.e. technology evolving at an exponential pace rather
than a liner pace), systems impact (i.e. potential to transform whole systems both across
and within companies, industries, societies and countries) and its breadth and depth (i.e.
the combination of multiple technologies creating unprecedented paradigm shifts in
business, society, individuals and economy) [1]. Its scope extends beyond the smart and
interconnected machines and unlike previous industrial revolutions, Industry 4.0
involves fusions of technologies and interactions across digital, physical and biological
domains [1].

However, the Industry 4.0 possess certain challenges such as the increasing concern
of humans not being equipped but rather being replaced and having less emphasis on
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sustainability and social fairness while focusing heavily on digitalizing technologies to
drive efficiency and flexibility in production [4, 5]. To overcome the challenges posed
by Industry 4.0, a paradigm shift towards the notion of Industry 5.0 is proposed.
“Industry 5.0 will be defined by re-found and widened purposefulness, going beyond
producing goods and services for profit. The wider purpose constitutes three core
elements: human-centricity, sustainability, and resilience” [5].

The continuous technological advancements with each Industrial revolution and a
paradigm shift towards new industrial revolution implies that humans are equipped with
new capabilities, and they approach work from new perspectives, and it changes the
demands of work environment. Thus, with the changing work environment needs, the
notion of leadership has evolved to address the changing dynamics of the evolving work
environment. For instance, in Industry 3.0 the work context saw humans using
technology to enhance workplace and it ushered in the transformational leadership
behaviour [6]. Alternatively, Industry 4.0’s work context involved technology enhancing
humans and replacing human functions, and this ushered in a concept of digital
leadership wherein the focus of the leader is on utilizing the digital assets of the
organization to improve business performance and thereby meet organizational goals
[6, 7]. But with Industry 5.0, the coworking of collaborative machines with humans will
both in subtle and explicit ways transform the work environment and roles and
responsibilities of both human and machine resource in workplace. Thus, the traditional
leadership locus and mechanisms that organizations have relied on to manage work
process will have to undergo change. Moreover, leaders should “seek to transform what
is into what should be” [8] and, with emergence of Industry 5.0, the organizational
leaders should seek to transform current leadership approaches of Industry 4.0 into
leadership practices that can actualize the vision of industry 5.0.

2. The shift from Industry 4.0 to Industry 5.0

Industry 4.0 emphasises on making “smart” manufacturing industry by interconnecting
devices and machines that can control each other throughout the product lifecycle [9].
Here, the production systems can engage in real-time communication and cooperation
between manufacturing things and thereby make intelligent decisions that can result in
high-quality flexible production at maximum efficiency [10]. The fusions of
technologies in Industry 4.0 allows for businesses to establish Cyber Physic Systems
(CPS) comprising of smart machines capable of triggering actions, autonomously
exchanging information, and independently controlling each other and providing real-
time interface between physical and virtual worlds [3]. Additionally, the technologies of
industry 4.0 and its interconnected network offers the consumers the option to configure
the product from a list of choices, resulting in mass customization [11]. Here the main
objective of Industry 4.0 is to achieve mass production and maximize productivity using
emerging technologies [9]. Its focus is on automating process and improving efficiency
of the process and this inadvertently overlooks the human cost that arises from
optimizing the processes [12]. Similarly, Maddikunta et al., [9] highlighted that Industry
4.0’s priority is process automation, and it results in reduction of human intervention in
manufacturing process.

On the other hand, Industry 5.0, takes on a different stance as it highlights the
importance of Industry’s role in service to the humanity while respecting the planetary
boundaries [10]. Thus, Industry 5.0 requires industry stakeholders to shift their mindset
form considering technologies as determinants of societal developments and pushes them



24 D. Dcruz et al. / Identifying the Fit-for-Purpose Leadership for the Manufacturing Organizations

to regard technology as a part of system that are designed for the empowerment of
environmental and societal values i.e. the focus of adapting technology should not be to
replace the workers but rather to support the abilities of the worker to have a safer and
satisfactory environment [13]. Thus, a key difference between Industry 5.0 & Industry
4.0 is that Industry 5.0 is value driven whereas Industry 4.0 is technology-driven with
issues of sustainability, human centricity and resilience being approached form a
consequential perspective [10]. This also implies that in Industry 5.0 the societal,
environmental, and social concerns need to be taken into account for an industry to
become a provider of true prosperity and therefore the focus should be on responsible
innovation that increases profit and cost-efficiency while increasing prosperity for all the
involved stakeholders [5]. While Industry 5.0 highlights the importance of human touch
and planetary boundaries and, emphasises on adding a human-value centred dimension
to Industry 4.0, it is essential to note Industry 5.0 is not a replacement or an alternative
to Industry 4.0, rather it is to be considered as a logical continuation/evolution of Industry
4.0 [13].

Moreover, Industry 5.0 calls for humans to be brought back to the manufacturing
floor and combine the creativity and brainpower of humans with the machines to further
increase process efficiency [12]. Thus, in Industry 5.0, the collaboration between humans
and intelligent machines (intelligent systems with the capability to make decisions in a
partially or fully independent manner and autonomous manner and its autonomy is
enabled through Industry 4.0 technologies) can empower the people to realize the human
urge to express themselves and add a personal touch to the products/services, thereby
enabling personalization [11,14]. The core of element of Industry 5.0 is postulated to be
personal human touch which the technology cannot offer [15]. Thus, the crucial
transformation in Industry 5.0 is that instead of humans being replaced by machines, they
will be integrated and equipped with intelligent machines for enhanced collaboration and
cooperation with machines [4]. It will be combination of manpower, intelligent
machines, and hyper customization, all aimed towards delivering tailored customer
experience, thus resulting in mass personalization [15]. Hence, Ozkeser [11] claims that
Industry 5.0 can be considered as returning to pre-industrial production, but one that is
facilitated by most advanced technologies. However, the main concern in industry 5.0
will be achieving synergy between intelligent machines and humans [12].

3. Industry 5.0: Changing Work Environment

With Industry 5.0 there will be a shift from smart manufacturing towards a new-
generation intelligent manufacturing. Ji et al. [16] notes that with the growth of machine
intelligence and human intelligence, there will be a shift in knowledge-based work in
manufacturing industry towards autonomous intelligence. The new generation intelligent
manufacturing implies that there will be a change in the boundary between machines and
humans and the intelligent machines will showcase the capability to take over
considerable amount of brainpower from humans and high amount of manual labour
[16]. In the new work environment, the machines will move away from their traditional
confined workspace to work together with humans. The modern form of intelligent
machines developed for collaboration such as Cobots will have the capability to interact
safely with humans, reduce risk in implementation tasks and has the characteristics of
flexibility, learning and quick adjustment [17]. The integration of Cobots in workspace
implies that human-machine relation can advance from coexistence to collaboration [17].
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However, for the integration of Cobots into workplace and to achieve human-
machine collaboration, organizational leaders must consider different factors of the new
work environment. For instance, Bagdasarov et al. [18] offers three categories to
highlight how different factors can impact robotic integration in workplace and these
categories are namely individual factors, robotic agent factors and organizational factors.
The individual factor refers to the influence of unique personal characteristics (gender,
age, attitude, perspectives, education level etc) of the individuals that can contribute
towards acceptance of robotic presence in the work environment [18]. The robotic agent
factors refer to peculiar characteristics of the robots itself such as its appearance,
behaviour patterns, interaction capabilities and its safety features that can influence the
employees’ acceptance and willingness to work with robots [18]. The organizational
factors refer to the particular characteristics of an organization such as its workflow,
physical workspace design, employee-robot goal alignment and the socio-emotional
context that could impact the integration of robots into workplace [18]. These three
categories can be considered as the internal environment elements of the firms operating
in Industry 5.0 & with robotic agents as new element in the internal environment, the
leaders in future will have to identify new approaches to lead in the emerging internal
environment conditions.

In this paper, the approach proposed by Hernandez et al. [19] to codify the leadership
literature into two fundamental principles namely the locus and mechanism of leadership
is used to explore the concept of leadership 4.0 and leadership 5.0. The source of
leadership is locus & the means by which leadership is enacted is mechanism [19]. The
locus can be an individual leader, context, leader-follower dyad, or collective [19]. The
mechanism of leadership can be cognition (to think), affect (to feel), traits (to be), and
behaviours (to do) [19].

*» Technology driven

* Technology enhancing
humans and replacing
human functions

Value driven
* Merging human skills
with capabilities of
intelligent machines

* Machines as tools or for collaboration
equipment * Intelligent machines
» Mass customization & as co-workers
process automation * Mass personalization
* Smart manufacturing + Intelligent
manufacturing

- J - /

Figure 1: Difference between Industry 4.0 & Industry 5.0 (Source: Authors)

a. From Leadership 4.0 to Leadership 5.0

In the work context of Industry 4.0, leadership is termed as digital leadership or
leadership 4.0 and both the terms tend to be used interchangeably. Digital leadership is
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about driving forward digital transformation [20]. It can be defined as “doing the right
things for the strategic success of digitalization for the enterprise and its business
ecosystems” [21, p.142]. In terms of locus of leadership 4.0, it can be said that the
individual leaders are not the sole loci in Industry 4.0. This is because Kelly [6] points
out that in Industry 4.0, there is shift from leaders being the sole idea generators, decision
makers and source of knowledge towards the idea of connected leader wherein the leader
creates right environment for collaborative environments to thrive and facilitate ideas to
be generated from connected networks of algorithms, hyperconnected customers and
data patters [6].

On the other hand, scholars have provided varying insights on how leadership is to
be enacted in Industry 4.0. For instance, Kelly [6] notes that leaders must be responsive
to the signals and patterns that arise from interconnected networks in Industry 4.0. It is
characterized by strong focus on innovation, and it is cross-hierarchical, fast, cooperative
and team-oriented in nature [22]. Moreover, Molino et al. [23] states that leaders in
Industry 4.0 must have the ability to not only implement new technologies, but they
should also be able to guarantee its acceptance and its correct use. Here the leaders should
showcase their capability to both manage the implementation of new technology as well
as the ability to get the employees involved [23]. Thus, it can be noted that the locus and
mechanism of leadership 4.0 is geared towards establishing a digital culture and digital
mindset in the organizations.

However, in Industry 5.0, the context of work environment and its challenges are
different. Intelligent machines such as Cobots are built specifically to interact with
employees in a shared workspace and as Artificial Intelligence continuous to enhance
the Cobots’ ability to acquire performance capabilities, future organizational leaders
should exhibit capability to create right environment for their people to actively embrace
it and work alongside it [24].

While the leadership literature has explored in depth the complex interaction
between human leaders and human subordinates [25], in Industry 5.0, human leaders will
have to manage both human and machine subordinates. This is because intelligent
machines in Industry 5.0 are to be considered as active co-working counterparts of
employees and not as supportive tools or equipment. This calls for a change in the
traditional mechanisms of leadership, but the leadership research has not yet accounted
for human leaders leading both human agents and intelligent machine agents in a
collaborative work environment. To address this gap there is a need to explore the notion
of next generation leadership which can be termed as Leadership 5.0 to denote
organizational leadership that leads human & machine agents in the collaborative
environment that is expected in the era of Industry 5.0.

4. Discussion

In Industry 5.0 collaborative intelligent machines are to be considered as co-workers to
humans and not as tools or equipment, and as the workplace will evolve to incorporate
human-machine collaborative spaces, the role of leaders will change. Thus, in order to
establish an optimum human-machine collaborative workspace, the leaders will have to
align the interest of the 3 internal environmental elements (individual factors, robotic
agent factors and organizational factors). Also, the role of organizational leaders in
Industry 5.0 will involve managing the complexity between human behaviour, intelligent
machine behaviour and organizational behaviour patterns and establishing an
understanding between the three. But the extent of challenges that leaders will face to
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establish an optimum human-Cobot collaboration in Industry 5.0 and the approaches and
practices needed to overcome it is still unknown. Therefore, to better understand the
locus and mechanism of leadership 5.0, qualitative research with the leaders of
manufacturing industry is required.
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Abstract: Laser-powder bed fusion LPBF techniques can be used to manufacture
complex-shaped, thin-walled, hollow, or slender parts. Although the dimensions of
the generated components are close to the final measurements, additional machining
processes are required to obtain the desired surface finish and dimensional tolerance.
The melt pool dynamic during the LPBF operation results in directional gain
structures in alloys. The resulting mechanical properties are strongly dependent on
the component build orientation, which can affect the machinability of the produced
part. This review paper provides knowledge on the role of microstructure in the
machinability of LPBF-produced IN718. The effect of grain shape and distribution,
grain boundary density on the surface integrity, and resulting cutting forces are
investigated.

Keywords: LPBF, Inconel 718, Microstructure, Anisotropy, Machinability.

1. Introduction

Inconel 718 (IN718) is a nickel-primarily based totally alloy with advanced
mechanical properties, which include outstanding corrosion resistance, thermal fatigue
resistance, and creep at temperatures up to 650 Co [1]. In comparison to other nickel-
based superalloys, IN718 offers improved weldability [2].

The use of LPBF techniques provides significant flexibility for manufacturing
intricate geometries of strong alloys such as IN718 [2]. This processing technique
comprises repeated rapid melting, solidification, and reheating, subjecting the material
to unstable conditions that induce different grain morphologies [3], which cause
anisotropic mechanical properties [4]. The mechanical properties of metals are also
significantly influenced by the size of individual grains [2].

Machining is often required to obtain the final shapes with the desired geometry.
LPBF components create additional machining issues due to material inhomogeneity and
complicated geometries [4]. Machining causes phase transition and work hardening,
which makes the IN718 alloy stronger and more abrasive, resulting in higher cutting
force, irregular chips, and higher Ra [5]. However, research into the effect of grain
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morphology on the machinability of LPBF IN718 parts is still in its early stages. The aim
of'this review paper is to study the effect of microstructural variables such as grain shape,
size, distribution, and grain boundary density on LPBF IN718 machinability, surface
integrity, and cutting force.

2. Microstructure effects on mechanical properties of LPF IN718

The microstructure of LPBF components is determined by the melt pool
dynamic, which is influenced by crucial and continuous temperature changes [3]. A
significant cooling gradient results in non-equilibrium solidification that induces grain
refinement on the build plane, while more uniform solidification produces columnar
grains that elongate in the build direction [3], as illustrated in Figures 1(B and C). The
elastic anisotropy of columnar-grained IN718 alloy is extensively documented,
exhibiting varied elastic characteristics. In the LPBF-produced IN718, Ni et al. [4] found
that parts tested along the build direction (Z) exhibit lower tensile strength (UTS = 1101
MPa, 69> = 710 MPa), but higher elongation (6 = 24.5%) than those tested along the
build plane (XY) (UTS = 1167 MPa, 69, = 850 MPa, 6 = 21.5%). Moriz et al. [1] and
Deng et al. [2] obtained similar results with SLM-fabricated IN718. This anisotropy has
a considerable influence on the stiffness of the components associated with vibrations
and cutting forces during machining [6]. However, the anisotropy in the mechanical
properties can be affected by heat-treatment post-processing [1].

Equiaxed Grains

Horizental

Figure 1: (A) Illustrates the build direction and the build plane, (B) SEM image depicting equiaxed grains on
the build plane, and (C) elongated columnar grains on the build direction [3], [7].

3. The effect of microstructure on the machinability of LPBF IN718

A machinability index is determined by cutting forces, chip formation and
evacuation, surface and subsurface integrity, and tool wear [8]. However, IN718 alloy
exhibits poor machinability owing to its lower thermal conductivity, rapid hardening,
and high resistance to plastic deformation at higher temperatures [9].

During the machining processes, the workpiece material is subjected to thermal and
mechanical stresses, which can result in strain aging and recrystallization [10]. Many
parameters are known to cause and/or support these shear deformations, including
cutting parameters (cutting speed, feed, depth of cut), tool parameters (rake angle, edge
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radius, shape, coating, wear), workpiece parameters (material, grain size), and cutting
fluid [8].

In terms of microstructure, Khanna et al. [9] stated that machining alloys with a large
grain size reduce crack nucleation, whereas a small one limits crack propagation. Grain
boundaries act as barriers to prevent crack development and dislocation displacement
[1]. Since machining relies on crack propagation along the cutting edge to form a chip,
the smaller the grain size, the more difficult the material will be to cut [10]. The grain
size of LPBF IN718 is roughly thirty times larger than that of wrought material, as stated
by Ducroux et al. [11]. Due to fewer grain boundaries, crack propagation is substantially
more discernible while machining LPBF parts [12].

The presence of carbides is another issue in machining IN718 which are extremely
difficult to cut [13]. There are three types of carbides: NbC, TiC, and (Nb, Ti)C, which
are the sensitive determinants of IN718 machinability [11]. Three results are possible
during the machining of these carbides, according to Dudzinski et al. [14]. First, the
carbide is cut, causing significant cutting forces to be created locally on the cutting edge.
Second, if the carbide is small enough, the tool tears it away from the material, leaving
a hole in the machined surface. Otherwise, the carbide is not cut and destroys the tool by
scratching the flank surface. Since wrought IN718 carbides are larger than LPB IN718
carbides, the cutting force generated when machining wrought IN718 is greater [11].

3.1. Microstructure influences surface integrity of LPBF IN718

The surface quality of a machined surface is determined by three main factors:
surface roughness Ra, residual stresses, and microhardness [15]. A Low Ra value
indicates a reduction in stress concentration, micro-cracks, and fatigue cracks initiated at
the grain boundaries [7], [16]. Pérez-Ruiz et al. 202 [6] stated that the initial Ra of LPBF
as-built IN718 in the vertical (Z) plane can vary by up to 30 um compared to the
horizontal (XY) plane. Machining post-processing is still the most effective way to
reduce roughness [15]. The surface roughness values of turned machined AM IN718
have been compared to their wrought manufactured counterparts and were comparable
in several investigations [8], [17]. A comparison of Ra values for machined LPBF IN718,
in the build plane and the build direction of the same part, was not available in the
literature., but Brinksmeier [16] milled SLM 18 Maraging 300 short cylindrical
components under similar machining conditions on the same part's build plane and build
direction. The results revealed that the milled SLM part has less roughness on the build
plane. The surface roughness is also determined by machining parameters [10].
According to research studies, machining IN718 with more productive parameters
generates dislocation, phase transition, and micro-cracks due to the high heat generated
at the cutting area [10].

The impact of thermo-mechanical stresses on the microstructures in the primary
shear zone during machining induces material work-hardening on the machined
workpiece surface [18]. The generated heat influences the phase transition, whereas
strain and strain rate influence grain formation [3]. Kaynak et al. [7] investigated the
surface hardening of SLM IN718 parts after turning in dry and cold air, which were
compared to the as-built SLM IN718 non-machined sample. The hardness increased by
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around 16 % on average; however, the dry cut had a higher hardness, per the research.
As a result, the microstructure behaviour has a direct impact on the machined surface
outcome.

3.2. The effect of grain structure on cutting force

The machining cutting force is primarily derived from the plastic deformation
in the primary shear zone, as well as the friction tension between the tool and the
workpiece in the secondary deformation zone [10]. It is essential to consider the
resistance provided by grains and grain binderies when evaluating shear resistance [19],
as shown in Figure 2. At the macroscopic level, the cutting area is typically simplified as
a plane [8]. However, the shear zone is made up of several slip directions that, when
combined, generate the plane of the shear band [6]. The strength of metals and alloys
improves with decreasing grain size, as per the Hall-Petch relationship [20]. The grain
refinement of LPBF IN718 increases grain boundary density, leading to higher cutting
forces during machining [6]. However, Malakizadi et al. [12] observed that, despite the
wrought IN718 having lower grain sizes than the SLM IN718, the resulting cutting forces
of facing were approximately the same. This is because SLM parts were faced against
equiaxed gains on the surface perpendicular to the build direction.

The large anisotropic properties of LPBF-produced components relate to differences
in grain shape and distribution in the build and transverse directions [12]. However, there
is no comprehensive comparison of the resultant cutting forces in machining on different
LPBF IN718 surfaces. Nonetheless, Shunmugavel et al. [21] investigated the influence
of build direction on resultant cutting forces in three distinct relative directions between
the cutting velocity vector and the columnar grain while machining SLM titanium alloy
Ti64. The cutting forces were found to be the lowest when the cutting tool went along
the cross-section of the columnar grains.

‘Grains and Bounderies

to be broken Primary Shear zone

Figure (2): Illustrates the cutting tool breaks gains and grain boundaries.

3.3. Microstructure effects on chip formation

The type and nature of chips depend on the combination of different factors
such as work material properties, cutting parameters, phase morphology, grain size, tool
geometry, and cutting conditions [19]. The crack propagation in front of the cutting edge
is core to the chip-separation process [22]. Since crack propagation is more apparent with
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fewer grain boundaries, chips will form earlier when cutting LPBF IN718 parts [12].
Chen et al., [8] turned wrought and SLM IN718 to differentiate between the produced
chips. The study concluded that due to the high cutting temperature and large cutting
deformation, all the chips had serrated edges. However, the SLM IN718 parts produced
irregular, continuous serrated chips with uncontrollable outflow, whereas the wrought
superalloy produced helical-form shapes that were easy to control. The different chip
shapes and morphologies can be attributed to the various SLM IN718 microstructures.

The thermo-mechanical effect develops second-phase particles (y’ and y") at the
cutting zone, making the IN718 alloy stronger and more abrasive, making it more
difficult to remove [10]. Hence, the basic shearing process and chip generation in the
cutting sequences will differ due to changes in the characteristics of the machined
workpiece material [5]. The surface roughness increases as the number of serrations or
segmentation of chips “saw teeth” increases [22].

4. Conclusion and future work

The mechanical properties of parts were shown to be affected by the developed
grain structures. Further, the machinability of LPBF IN718 was shown to be effected by
the second phase of the composition, specifically the inclusion of microstructure
attributes. The AM-produced parts in IN718 can be subjected to heat treatment to reduce
anisotropy and develop a more uniform microstructure that could improve machinability.
This could be achieved by a homogenisation heat treatment.
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Abstract. The steel industry is a significant contributor to global carbon emissions,
making the sustainability of it an important area of improvement. Existing
decarbonisation solutions such as carbon capture, hydrogen-based steelmaking and
electrolysis have been explored but the potential of artificial intelligence, and
specifically computer vision, is yet to be realised. Computer vision has shown
competence in a range of steelmaking applications but has not been linked to
sustainability in the industry. This lack of awareness results in missed opportunities
for sustainable development. The introduction of this paper connects computer
vision to steelmaking and sustainability, which is followed by a literature review
based on existing technologies, and the description of a future vision of steelmaking.
The paper will be finalised with conclusions.

Keywords. computer vision, deep learning, steelmaking, manufacturing,
sustainability

1. Introduction

The United Nations (UN) defines sustainability as “meeting the needs of the present
without compromising the ability of future generations to meet their own needs”, which
is achievable by addressing the interdependent and mutually beneficial economic, social
and environmental pillars of sustainable development on local, national, regional and
global levels [1, 2]. The steel industry is a major contributor to global sustainability
challenges due to pollution, high energy demand and safety hazards. However, due to its
high impact it also possesses the potential to be a major part of the solution [3].

Sustainable steelmaking is a controversial topic due to being a cornerstone of the
urbanisation process of developing countries [4]. Furthermore, traditional approaches to
sustainability have relied on flawed technologies such as biomass substitution, carbon
capture and storage and green and blue hydrogen, which are limited technically and
economically [5-8].

Computer vision (CV) is a branch of artificial intelligence (Al): a strong driver of
industry 4.0 and the most powerful emerging technology that exists today. Computer
vision refers to a range of image and video data processing techniques that can analyse
data to describe the world we see around us, or in some cases, the world around us that
we are unable to see. Computer vision has already revolutionised the automotive industry
with self-driving cars, the agricultural industry with crop surveillance, healthcare with
automated medical diagnosis and the manufacturing industry is no exception with
automated inspection systems for assembly and surface defects, automated labelled
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character recognition on parts, industrial robot vision, and more [9—14]. In this paper, a
literature review will cover some existing studies in the area, followed by a description
of how computer vision in steelmaking could look in the future. Conclusions will then
finalise the paper.

2. Literature Review

The aim of this paper is to bring attention to the importance of integrating computer
vision technology with steelmaking to mitigate the consequences of inherently
unsustainable practices. This literature review will outline existing examples that
integrate the two fields.

2.1. Surface Defect Inspection

Surface defect detection consists of two steps: localisation and classification. During
localisation the object’s location is identified, and during classification the type of object
is identified. In the past, steel strip surface defect detection methods were mostly manual
which resulted in a high false detection rate [15]. For the most experienced workers the
detection rate of defects was around 80%, leaving one in five defects overlooked [15].
Poor quality steel leads to economic and ecological consequences due to wasted
resources, as well as social consequences due to the damaged reputation of a company
manufacturing poor-quality steel which takes many years to recover from [16].

Table 1 shows a comparison of existing methods of surface defect inspection, where
mAP is the mean average precision which normally refers to the average of areas under
the precision-recall curves generated for each predicted class during detection or
segmentation. Equation 1 and Equation 2 show the precision and recall respectively,
where TP is true positives, which is the number of correct predictions. Ground truths
refer to the actual number of instances.

Table 1: Comparison of surface defect detection methods based on mean average precision and frames per
second

Method mAP FPS
DCC-CenterNet 79.41 71.37
MSFT-YOLO 75.70 | 29.10

o TP
precision = #tpredictions M
_ TP
recall = #groundtruths @)

Existing work includes a model called DCC-CenterNet that was comprised of
CenterNet, a dilated feature enhancement model (DFEM) and a prediction head which
was tested on different defects (crazing, inclusions, patches, pitted surfaces, rolled-in
scale and scratches, punching, weld line, crescent gap, water spot, oil spot, silk spot,
rolled pit, crease and waist folding) [17]. MSFT-YOLO is another model which
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integrates YOLOVS, a transformer and a bidirectional feature pyramid network (FPN)
and was tested on crazing, inclusion, patches, pitted surfaces, rolled-in scale and
scratches [18].

2.2. Microstructural Analysis

Microstructural analysis is also evolving through computer vision. Classification and
segmentation are either used individually or together. Segmentation is pixel-level
prediction of objects, making it more accurate than detection and more appropriate for
tasks involving microstructure due to their detail. Microstructural analysis is crucial for
determining the physical and chemical properties of a material and has normally been
conducted using human judgment, resulting in uncertainties [19]. Furthermore,
traditional methods are time consuming and challenging for workers reducing
productivity and reliability of their observations [20].

Studies that involve the use of computer vision for microstructural analysis are
compared in Table 2. One achieved microstructural segmentation and subsequent
analysis of ultra-high carbon steel using a PixelNet variant, where distinction was made
between the proeutectoid cementite network, fields of spheroidite particles, ferritic
matrix within the particle-free denuded zone near the network, and Widmanstitten laths
[21]. The segmentation provided a basis for describing cementite particle size and
denuded zone width distributions [21]. Additionally, a deep convolutional neural network
(DCNN) was used to classify eight different types of steel microstructure images
obtained from light optical microscopy (LOM) [22].

Table 2: Comparison of microstructural analysis models based on accuracy

Method Accuracy
PixelNet Variant 86.5%, 92.6%
DCNN 99.8%

2.3. Health & Safety

Safety within steelmaking is a large contributor to the social pillar of sustainability.
According to the UK Health and Safety Executive (HSE), 123 workers were killed in
work-related accidents in 2021/22 in the UK [23]. The leading sector for this was
construction with 30 deaths, followed by manufacturing with 22 deaths [23]. Steel
production plays a large part in fatal work-related accidents, especially considering the
type of equipment used in steel production such as hot metal ladles, blast furnaces, basic
oxygen furnaces, electric arc furnaces, hot and cold rolling mills, coating machines and
more.

Existing computer vision approaches to improve steelmaking include one study
where Faster RCNN was trained on 4500 images with labelled helmets as part of a safety
helmet wearing detection system for steel factories, which achieved an mAP of 71.21
[24]. Another study proposed a crane hook detection system to ensure the hook and ladle
trunnion are properly matched when lifting ladles, preventing major accidents [25]. The
approach taken was to use Mask R-CNN (a segmentation extension of Faster R-CNN),
to segment the crane hook and check if it is matched correctly with a painted trunnion
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[25]. Across 100 images, the proposed model achieved a segmentation accuracy of 92%
and a safety judgment accuracy of 96% [25].

3. The Future of Steelmaking

Since the dawn of industry 4.0 (considered to be 2011 [26]), factories have become
increasingly smart through addition of many sensors to equipment and products, which
with digitalisation and ubiquitous computing, has led to a new degree of autonomy [27].
As Al has begun to flourish, this degree of autonomy has burgeoned.

Automatic steel surface defect detection has become a prominent area of CV
research and a range of systems have been implemented that largely extend the two
studies discussed in the literature review. The accuracy, speed and computational
efficiency at which inspection is done is increasing. The continuously improving
autonomy and analysis capabilities of these systems will result in less material wastage,
less energy wastage and reduced quantities of poor quality steel on the market. Also,
process reliability will increase and responsibility on workers will be lightened due to
the reduced level of required supervision.

CV-powered microstructural examination provides benefits such as improved
quality of observations and analyses, shortened observation times, process reliability and
reduced human resource requirements. These all have positive economic impacts, as well
as potential social improvements due to the lightening of worker responsibility.

Microstructural analysis technology advancement also promotes capabilities of
microstructural tuning for sustainable alloy design [28]. Building recyclability directly
into the design of steel requires avoidance of over-designed alloys and utilisation of
materials from a limited composition spectrum whilst property tuning through
microstructural adjustment [28]. Since computer vision technology has the potential to
surpass abilities of existing experts, it could assist in improving the recyclability of future
alloys. Additionally, there is the potential to make previously undiscovered
microstructural observations since Al has already found undiscovered nanostructures and
proteins in other fields of research [29, 30]. New discoveries are encouraging to existing
and prospecting researchers, as well as the general public which is socially beneficial.

Safety is a major element of the social pillar of sustainability. The more CV is
integrated into steelmaking, the safer it will become even as a by-product due to the
remote element. When targeted specifically, it has applications such as ensuring safety
equipment is worn at all times and processes are operated correctly by workers to avoid
accidents. In future, entire steelworks could be monitored with automatic compliance
checks in real-time with alert responses if any safety rules are not adhered to, and early
warning systems will alert when processes are deviating from control allowing timely
rectification. This would revolutionise safety in steelmaking because it is much harder to
make mistakes with hard engineered safety systems in place, as opposed to just following
procedure.

All the examples mentioned in this section portray the current progress of integrating
CV into steelmaking for sustainable development. The future possibilities are exciting
and are likely to lead to fully-automated inspection, process control and transportation
of materials. Additionally, there will be invaluable microstructural examination insights
and significantly improved site safety.
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4. Conclusions

This paper has described recent advances in computer vision and how they will help to
improve the sustainability of steelmaking. The main benefits of computer vision in
steelmaking include improved safety, improved product quality, improved productivity,
reduced waste, reduced stress of workers and increased technological insight. These
benefits directly improve the environmental, economic and social sustainability of
steelmaking.
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Abstract. Cold Spray is an emerging technology in the domain of additive
manufacturing. It is a solid-state high strain rate material deposition technique. It
uses a supersonic (2-4 Mach) impact of process gas (such as nitrogen or helium) to
deposit micron-sized (1-100 pm) metallic or composite powder particles onto a
substrate via a severe plastic deformation mechanism without any significant fusion.
To have a successful deposition, the specific powder particles should travel above a
material-dependent threshold velocity, which is called the critical velocity. The
convergent-divergent nozzle is employed for achieving high velocities. The main
objective of the current research is to study the flow visualization of two-phase
titanium particle laden nitrogen gas in a simulated 2-D axisymmetric nozzle where
particles are having a particle size of 25 microns, and to investigate the suitability
of a specific set of cold spraying process parameters for the successful deposition of
titanium powder using computational fluid dynamics. For the analysis, a two-
equation realizable k-& simulation viscous model was preferred due to its more
realistic consideration of the cold spray process and reduced computational cost.
Titanium powder particles will be successfully deposited using cold spray when
operated at the precise set of process conditions on account of the average particle
velocity observed at standoff distance higher than the critical velocity.

Keywords. Cold spray, Coating, Critical velocity, Viscous model, Computational
fluid dynamics.

1. Introduction

Cold spray has emerged as a high production rate process for both surface engineering
and additive manufacturing. In this technique, micron-sized powder particles are
deposited by impacting them with supersonic velocities onto a target substrate material.
When these high kinetic energy particles strike on the substrate, they undergo significant
plastic deformation and stick on the substrate as a coating. The feedstock particles are
accelerated by an expanding gas in a supersonic de-Laval nozzle. In this process, the
temperature of the particle is well below the recrystallisation temperature, therefore the
name cold spray is given to this process. Since temperature is low, deposits with high
purity can be manufactured by this process. In contrast to other thermal spray techniques
including high-velocity oxy-fuel (HVOF), plasma spray, and detonation-gun, this
process is solid-state, therefore there is little oxidation and other compositional
degradation of the sprayed powder [1]. A broad range of metals, including Cu, Al, Ti,
Fe- and Ni-based alloys, as well as ceramics and cermets, can be deposited on a wide
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variety of substrate materials. As the deleterious effects of thermal distortions and heat
affected zones (HAZ) are very minimal, it is a very reliable technology for coating
temperature-sensitive materials such as amorphous and nanomaterials, and different
powder material combinations with varied differences in their melting point temperatures
[2, 3, 4].

The powder particle velocity at the exit of the nozzle immediately before hitting the
substrate is a paramount characteristic in the cold spray method. The velocity should be
above a threshold limit which is termed as critical velocity. All the powder particles
crossing this material-dependent critical velocity will end up in successful deposition on
the target substrate. If a particle’s velocity is lesser than the critical velocity then either
the powder particle will bounce off the substrate or it will impinge on the substrate
leading to erosion of the same in case the velocity is higher than the erosion velocity
[5-6].

Li et al. [7] performed numerical investigation of the cold spray procedure including the
introduction of under- and over-expanded jets. By examining nozzle exit circumstances,
they suggested a normal shock wave model to calculate the impact speed of powder
particles in cold spray. In order to recreate the flow of gas phase and discrete particle
paths in a supersonic nozzle both before and after colliding the intended target surface,
Karimi et al. [8] effectively created the computational fluid dynamics framework of the
cold spraying process. A recently published three-dimensional CFD simulation model
for the cold spray process was developed by Zahiri et al. [9] and uses a two equation k-
€ turbulence model. In this study, the model estimation was verified against experimental
data by evaluating simulation findings. The titanium substrate temperature measured
during the experiment was primarily used to calibrate the 3D model. The study found
that the cold spray gas velocity and pressure predictions made by the 3D model were
satisfactorily similar to the experimental data.

The present study introduces a computational fluid dynamics model that provides
valuable insights into the flow visualization of nitrogen gas carrying titanium powder
during the cold spray process. This model enables a comprehensive understanding and
analysis of particle trajectories and the dynamic gas flow field within a convergent-
divergent nozzle. Furthermore, it offers the opportunity to examine particle behavior in
the proximity of the nozzle exit, both prior to and following collision with the target
substrate plate. Moreover, the study conducts an investigation into specific process
parameters to assess their suitability for achieving successful deposition of discrete
titanium particles using the cold spray technique. Overall, this study offers useful
information for optimizing the cold spray process in order to perform efficient titanium
powder deposition.

2. Methodology for Computation Fluid Dynamics Analysis

2.1 Computational Domain, Meshing and Boundary Conditions

A specific de-Laval nozzle geometry has been considered for the analysis, which is being
used in the cold spray system. The nozzle has a circular cross-section with a main gas
pressure inlet diameter of 19 mm, pressure outlet diameter of 7 mm and throat of 3 mm.
The nozzle barrel length is 15 mm with convergent and divergent section length of
55 mm and 175 mm respectively. The powder injection length is 30 mm with a carrier
gas pressure inlet diameter of 2.5 mm. The substrate wall is at a standoff distance of 25
mm from the nozzle exit and has a length of 47 mm as shown in Fig.1.
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Fig.1 Computational domain and meshing of the cold spray nozzle.
The boundary limits applied in the 2-D computation domain and meshing have also been
illustrated in Fig.1. The temperature and pressure of the main gas were set at a value of
873 K and 3 MPa while for the inner powder injection tube, a carrier gas temperature of
300 K and pressure of 3.1 MPa were applied. The titanium powder particles were
considered to be spherical with an average diameter of 25 pm. The injection wall and
nozzle surfaces were handled as viscous adiabatic. The ambient temperature and pressure
were applied to each of the five boundaries that are exterior to the nozzle.
The nitrogen gas was permitted to flow in any direction at the substrate wall surface. The
boundary limit conditions so applied prompted computed mass flow rates of N, of
1.35e-2 kg/s from the main gas annulus while 3.9¢-3 kg/s through the powder injection
inner tube. Titanium discrete powder phase is predicted to flow through the inner tube at
a mass flow rate of 4.8e-4 kg/s. The detail of the discrete phase injection properties and

gas particulars have been tabulated in Table.1.
Table.1 Detail of discrete phase injection properties (left) and nitrogen gas used as main and carrier gas

(right).
Discrete Phase Injection Properties
Injection Type Surface
Injection Surface Carrier Gas Pressure Inlet
Injection Direction Normal to Surface
Particle Type Inert
Particle Material Titanium
Particle Material Density (kg/m’) 4850 Gns Details
Particle Material Specific Heat (J/kg-K) 54425 Gas Nitrogen
Particle Diameter (microns) 25 Density (kg/m’) L.138
Particle Temperature Inlet (K) 300 Specific Heat (J/kg-K) 1040.67
Particle Velocity Inlet (m/s) 0 Thermal Conductivity (W/m-K) | 0.0242
Particle Flow Rate (kg/s) 4.8e-4 Viscosity (kg/m-s) Sutherland

The implicit formulation was used as the converged steady state solution can be obtained
easily on account of its broader stability characteristics when compared with explicit
formulation. Initially, during the startup the value of the courant number was kept default
(which is 5). The ROE-FDS (approximate riemann solver) flux type was employed since
the boundary needed to be captured because of the discontinuity present near the
boundary (like in shocks). The required convergence as per the residual absolute criteria
was achieved after 10232 iterations.
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3. Results and Discussions

3.1 Continuum Gas Phase Contour Maps

The velocity contour map for the nitrogen gas is depicted in Fig.2 (a), which clearly
shows rise in the velocity along the nozzle’s length. The velocity contour demonstrates
that the flow from the de-Laval nozzle is supersonic and compressible. By transforming
the pressure head (as evident from Fig.3) into a supersonic jet, the nozzle could achieve
higher exit velocity. The maximum velocity of the gas phase at the standoff distance
(SoD) is 1800 m/s which in turn corresponds to a Mach number of 3.5. Shockwaves
develop when a supersonic flow adapts to disturbances (perturbations) or conditions
downstream. In this particular case, it is the substrate which is creating the flow
perturbations. Infinitesimal pressure waves are generated in the near vicinity on account
of change in the momentum and molecular energy of the carrier gas. These pressure
waves advancing at the speed of sound merge immediately ahead of the flow to form a
typical shockwave as they are unable to move upstream or alert the flow to the presence
of the substrate. The shockwave is separated and curving as shown in Fig.2 (b), this
phenomenon is known as the bow shock. A zone containing a recirculating, minimal-
velocity fluid experiences significant fluctuations and sudden shifts in the local flow
characteristics within the confines of the bow shock. Within such a shockwave, the value
of the velocity begins to decrease, whilst the gas density increases almost instantly. The
dimensions of the bow shock are greater at much lower SoDs, resulting in a greater
negative impact on the entrained particle velocity. Although the Cold Spray community
has conducted extensive research on the nozzle SoD, there is no general agreement
regarding its effects. Due to viscous effects, shockwaves and ambient mixing, the gas
jet's velocity away from the nozzle decreases as SoD increases [4, 10]. Hence, an
optimum SoD has to be chosen by taking these two competing mechanisms into account
which are: the gas jet which causes particle acceleration/deceleration, and the bow shock
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Fig.2 (a) Gas velocity contour map with nitrogen as the process gas at 3 MPa main gas pressure and 3.1 MPa
carrier gas pressure (b) enlarged view closer to the substrate showing bow shock phenomenon.

The gas temperature contours are illustrated in Fig.4, with the main gas entering the de-
Laval nozzle at a temperature of 873 K and carrier gas at a temperature of 300 K. The
wall temperature of the nozzle after the throat is high because of the no slip phenomenon.
Hence, the cooling is done through the coolant circulating inside the nozzle sleeve.
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Fig.3 Gas pressure contours with nitrogen as the process gas at 3 MPa main gas pressure
and 3.1 MPa carrier gas pressure.
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Fig.4 Gas temperature contours with nitrogen as the process gas at main gas temperature of 873 K and carrier
gas temperature of 300 K.

3.2 Discrete Phase Contour Maps

The velocity contour map for the discrete titanium powder phase has been illustrated in
Fig.5. According to Schmidt et al. [11], the critical velocity for the successful deposition
of titanium powder particles having 25 um size lies between 700 and 900 m/sec. The
average particle velocity of the discrete phase at the SoD of 25 mm is coming out to be
946.2 m/sec, which is greater than the abovementioned critical velocity. This would
suggest that the deposition is possible for this particular set of cold spray process
parameters.

The temperature contour map for the discrete phase is displayed as shown in Fig.6. The
average particle temperature is coming out to be 294 K, which is considerably lower than
the melting point of titanium (1941 K). Hence, no compositional changes are expected
in the discrete phase indicating an oxide-free deposition. Also, since the micron sized
titanium powder particles are pyrophoric, thermal degradation at high temperature is
possible, however this will be avoided in the evaluated temperature range (294K). It may
be concluded that the intended (chosen) set of process parameters is capable of depositing
the titanium powder particles in an efficient manner in solid-state, as per the mandate of
cold spray.

Powder Particle Velocity (m/s) 100 200 300 400 500 600 700 800 S00 1000110012001300
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Fig.5 Velocity contours of discrete titanium powder phase.
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Fig.6 Temperature contours of discrete titanium powder phase.

Conclusions

o The cold spray process was successfully modeled using computational fluid
dynamics for flow visualization of nitrogen gas containing titanium powder.

o The bow shock made at the zone of impact could be anticipated by the model, which
is critical to comprehend since it lessens the speed of both the gas and entrained
particles.

e The study shows that the standoff distance (SoD) needs to be optimized, because at
lower SoD the size of the bow shock is more. It has a greater negative effect on
velocities of discrete powder phase and process gas.

e The average particle velocity obtained at the substrate wall was greater than the
critical velocity of titanium powder particles having size of 25 um. Also, the average
particle temperature was substantially less than the melting point which implies that
the solid state deposition is taking place without any compositional changes in the
powder feedstock.

o The intended set of cold spray process parameters was found to be appropriate for
the successful deposition of the titanium powder particles.
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Abstract. Additive Manufacturing (AM) offers itself as a valuable tool for exploring a
range of possibilities through design and development of complex shapes in fluid flow
research. itself as a valuable tool for exploring. In this research, the limitations of
existing components in a 2.5 m open channel fluid flow experiment, which are
characterized by their standard basic shapes, are examined. Specifically, this research
Jocuses on investigating flow control in hydraulic systems by introducing gates with
more intricate geometries. However, these complex design shapes are typically
expensive and time-consuming to acquire from equipment suppliers. To circumvent
these challenges, AM technology allow a cost-effective solution to implement
progressive design modifications throughout the investigation. This paper presents a
comparative analysis between a range of positions of an AM produced curved drum
gate in terms of flow rate, fluid velocity profile, water level height and related fluid flow
parameters. To analyse and validate the results, Computational Fluid Dynamics (CFD)
modelling, analysis, and simulation techniques are employed. Based on the
experimental findings and verification, this paper discusses the suitability and
applicability of AM techniques in fluid flow analysis. The ability to manufacture
customized components through AM offers a promising avenue for enhancing fluid flow
research, allowing for cost-effective and time-efficient design modifications. The key
concept associated with this study is the importance of utilizing AM and specific
materials for advancing fluid flow analysis.

Keywords: Experimental methods, additive manufacturing, photopolymer resin.

1. Introduction

Additive manufacturing (AM) has emerged as a promising technology for conducting
fluid mechanics experiments, offering numerous possibilities. Gated spillways have
attracted significant interest due to their control capabilities and reduced footprint of
the spillway. Crest gates, however, face challenges such as gate failure, support
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member buckling, and friction-related issues. An alternative, the radial gate or Tainter
gate, has been historically employed where downstream complications arise from high
velocity movement, cavitation probability, and aeration. Mousavimehr, Yamini, and
Kavianpour (2021) investigated shockwave effects and proposed experimental methods
to mitigate them, recognizing AM's potential in fluid flow research. AM's established
role in experimental fluid flow research, reviewed by Musa et al. (2023), underlines its
significance and potential advancements in various areas.

2. Methodology

In this study/research, the poor discharge profile downstream of the existing drum used
as a roller gate within a flow channel is investigated. Previous roller gates with
rudimentary sector designs have proven to be ineffective. Thus, this research aims to
enhance the roller gate design by incorporating mathematical curve profiles.
Specifically, the utilization of a logarithmic curve profile based on the Golden ratio (¢)
is explored; a widely observed natural and man-made phenomena (Maor, 2009). This
approach amalgamates biomimicry principles with engineering disciplines. Extensive
literature by Passino (2005) has reviewed the advantages and scope of utilizing
biomimicry in engineering. Figure 1 illustrates the drum profiles, depicting a
logarithmic curve on one side and a standard drum on the other. The polar equation (1)
and its components (2) and (3) are employed to plot the curve:

H0)=ac (1) BI=12 (2) =125 ()

2

Figure 2, depicts the Golden spiral, generated through mathematical software. To
facilitate physical integration, a value of 1 was assigned to variable "a," and the
Computer Aided Design (CAD) model was scaled to match the dimensions of the
existing drum enclosure. Data points were extrapolated into a CAD software,
subsequently extruded to generate a STL file for AM modelling.

Figure 1. Side view of the drum. The left-hand side has a logarithmic curve profile.

Figure 2. The Golden spiral produced using mathematical software.
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The provided drum was subjected to testing using the AM model to enable
comparative analysis. To minimize side wall leakage, the AM model was equipped
with rubber mounts and sealant paper. Experimental investigations were conducted by
introducing a displacement of 15 mm between the channel bed and the gate's lowest
point. This displacement ensured testing across a wide range of flow rates while
maintaining a sufficient water height to interact with the gate without causing overflow.
Although various displacements were feasible, the initial readings focused on
examining the complete spectrum of flow rates. For comprehensive evaluation, the AM
model was tested in multiple positions, including upright and tilted at 45 degrees to the
left and right of the centreline. It was crucial to assess both upstream sides of the AM
model. Thus, after testing the rounded side (right-hand side of Figure 1), the model
was reversed, and the logarithmic curved side (left-hand side of Figure 1) was tested.

3. Analysis of Results

The results obtained were comprehensively analysed utilizing a spreadsheet,
supplemented by observations. This approach proved crucial since findings were not
overtly discernible from the spreadsheet alone. Notably, the water height exhibited
significant variations in upstream scenarios, with the largest disparities attributed to the
occurrence of a hydraulic jump. This was more pronounced at lower flow rates.
Intriguingly, when comparing the curved drum configuration to the standard drum, the
height difference resulting from the hydraulic jump was less pronounced in the former.
Furthermore, the hydraulic jump position occurred much farther downstream in the
case of the curved drum. However, as the flow rate approached the drum, the hydraulic
jump gradually shifted closer. The hydraulic jump can be a concern due to the
increased hydrostatic pressure it exerts on the upstream gate. Conversely, downstream
of the jump, it can be advantageous as it mitigates erosion rates. Additionally, it was
visually evident that fluctuations exhibited by the standard drum were substantially
greater than those observed in both orientations of the curved drum gate.

The analysis of the Froude numbers downstream revealed relatively low values
across most cases (0.59 to 2.57). This outcome was anticipated considering the
experimental setup's limited flow rate. However, this serves as a limitation of the
research, necessitating further investigation using larger channels and higher flow rates
to evaluate Froude numbers for full-scale applications. Singh et al. (2022), noted that
the optimal Froude number range lies between 4.5 and 9.0. Upstream, supercritical
flow (Fr > 1) was only observed at the lowest flow rates, as expected. Lower Froude
numbers can lead to various downstream issues, but since the curved drum could be
opened almost at a full-scale, additional investigation is warranted. The velocity of the
fluid ‘V’ and the channel size also influence Froude numbers due to hydraulic depth
b~ et (4)

I

Comparative analysis of discharges is conducted where the performance for the
original drum and a curved drum at different flow rates is examined. Results indicate
that original drum exhibited higher values (ranging from 1.53 to 1.55) for lower flow
rates compared to other findings. Interestingly, rotating the curved drum by 45 degrees
to the right on its curved side yielded the highest value of 2.56 whereas the highest
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value at full flow was 1.07. However, caution is advised as these measurements are
pitot tube based albeit separately calibrated for accuracy.

The specific energy ‘E’ can serve as an alternative comparator, considering its
dependency on fluid velocity and gravity acceleration. It also affects the volumetric
flow rate ‘Q’, where the breadth of the sluice gate ‘B’ and the displacement of the
lowest point of the sluice gate from the channel bed ‘d’ come into play. However, this
relationship is not linear due to the variable coefficient of discharge ‘C’, with flow rate.
To compare the performance of different positions, an alternative approach involves
plotting flow rates based on specific energies. Figures 3 and 4 depict the obtained
results. This plotting method involves taking the root of the factor related to the
specific energy term and plotting it against the volumetric flow rate, as per the overall
equation. This technique allows for a comprehensive evaluation of the tested positions.

O =CBd ;2g£5-%] (5)

12} (E-(/2))M72, mm*112 1
1 & _—
10 45 deg SWLEFT -~

9

[ 45 dog sWRIGHT
o Upright Reverse

Drum gate.

SN B o @~

= Q151
0.2 04 06 08 1 1.2

Figure 3. Linear comparison of the standard drum gate to the rounded side of the AM model gate.
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Figure 4. Linear comparison ot the standard drum gate to the logarithmic curved side ot the AM model gate.

For both orientations the drum gate exhibits the lowest value gradient, suggesting
superior performance albeit in the absence of coefficient of discharge. Tilting the
model to the left in both orientations resulted in the highest gradient. Previous studies
have also focused on the impact of sluice gate geometry on performance, e.g.,
Daneshfaraz et al. (2023) investigated various parameters, including gate widths and
different geometries. However, the current research has limitations, e.g., the channel
width. Future studies could explore other factors, including the angle of tilt of the (AM)
model, displacement of the AM model from the channel bed, and testing different size
sectors. The paper acknowledges that certain aspects have not been thoroughly
examined e.g., a comparison of hydrostatic pressure when the gate is closed and the
stresses during different flow rates would provide valuable insights. Additionally,
further investigation is warranted to study visual observations in greater detail, e.g., the
position and sizes of hydraulic jumps and the oscillatory behaviour of the fluid
upstream for different flow rates. While the paper's focus is on the effects of geometry
on flow parameters, it suggests that testing a standard drum gate with a fitted sector
would be a logical step in future research. It is important to maintain focus on the most
significant findings of this initial research, given the broad scope of potential testing.
Furthermore, vibration problems in full-scale versions of these gates should be
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considered, as they can pose significant challenges. This highlights the findings related
to sluice gate geometry and flow parameters, identifies limitations in the current
research, and proposes potential avenues for further investigation. The section
emphasizes the need to remain focused on the most significant outcomes of the initial
study.

3.1. FEA simulation-based results evaluation

Finite Element Analysis (FEA) based (CFD) flow simulations were done to assess and
compare the findings obtained from experimental data for four distinct types of drum
gates. The flow simulations accurately predicted the fluid flow pattern and provided
accurate calculations of maximum velocities. The CFD analysis of standard, rounded
side, and logarithmic curved side drum gates (illustrated in Figures 5, 6, and 7,
respectively) exhibited a fluid flow pattern that closely resembled the experimental
observations.

e

S, N

Figure 7. Flow Simulation through Logarithmic (Upright, Right, Left) Curved Drum Gate

The simulation results were also used to verify and compare the maximum velocities
obtained from experimental data for standard, logarithmic side curved, and rounded
drum gates (Figure 8) under full flow conditions. Although there were slight variations
between the experimental and CFD analysis velocities, the CFD velocities were
slightly higher, albeit with a negligible difference.
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Type of Drum Gate Experimental Maximum CFD Maximum Velocity
Velocity (m/sec) (m/sec)

Standard 0.775 0.909
Rounded Upright 0.205 0.220
Rounded Right 0.459 0.642
Rounded Left 0.682 0.703
Logarithmic Upright Curved 0.493 0.498
Logarithmic Right Curved 0.636 0.642
Logarithmic Left Curved 0.448 0.476

Figure 8. Comparison of Experimental/CFD data for maximum velocities in different drum configurations
4. Conclusions

In conclusion, the initial investigation has yielded several intriguing findings,
emphasizing the need for further research in this domain. AM has been instrumental in
providing cost-effective models with complex geometries and robust designs for drum
gate applications in flow channels. While the authors aspire to conduct a more
comprehensive testing regime, the scope of this preliminary work focused primarily on
three pivotal gate positions for both orientations. The implementation of a curved gate
offers numerous advantages, such as enabling a range of opening positions and tilt
angles. The rounded side upstream of the gate has demonstrated its ability to minimize
hydraulic jumps, reduce vibration, and enhance the flow profile. Studies by Yousif et
al. (2019) have examined and modelled damage caused by scouring. The logarithmic
curved side of the gate, oriented correctly, significantly improves the flow profile.
Notably, the specific energies for the AM models exhibit higher values (which does
also include higher hydraulic depths). This raises questions regarding the pressures
exerted on the gates at higher flow rates. However, modern radial gates and other types
of rounded gates have encountered similar challenges from an engineering design
perspective. The movement of a curved gate on a full-scale implementation warrants
careful consideration. Although curved gates may not be justifiable in certain modern-
day spillways and reservoirs, they offer measurement applications, and, in channels and
spillways, where mitigating vibration and scouring issues immediately in front of the
sluice gate are crucial. The findings from this research can contribute to addressing
some existing problems in flow systems, facilitating improvements in these areas.
Future investigations should build upon these initial insights to further enhance our
understanding and application of curved gates in flow channels.
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Abstract. Parallel Kinematic Machines (PKM) demonstrate the capability of
adapting to modern, flexible manufacturing systems due to their higher flexibility
and improved motion dynamics. Compliance of a machine tool has a significant
impact on the performance, which directly contributes to the quality of the machined
workpiece. Compliance deformations result in inaccuracies in the geometry of the
machined part. Therefore, prediction of compliance deformation helps to determine
the geometrical quality. To fill in the knowledge gap, this paper presents a
compliance-induced geometrical error prediction method based on a semi-analytical
stiffness model.

Keywords. PKM, Stiffness, Geometrical quality

1. Introduction

Parallel Kinematic Machines (PKMs), or parallel robots, are a type of robotic system
commonly used in modern, flexible manufacturing applications. A PKM system consists
of a closed-loop kinematic chain with multiple links connected in parallel. PKMs are
flexible as serial robots, superior in dynamic performances as traditional CNCs and
demonstrate a high stiffness-to-mass ratio [1]. Due to their improved motion dynamics
and positioning accuracy, they are widely used in machining, drilling and milling
operations, such as aircraft structures where large workpieces need to be processed with
higher accuracy. Incorporating these features and performances, a number of
commercialised PKMs can be found in the industry, such as Tricept [2], Exechon [3],
and A3 sprint head [4].

Compliance of a machine tool is one of the significant properties which determines
the performance of the machine tool. Compliance-induced deformations directly affect
the geometrical quality of the machined workpiece. Therefore, the prediction of
compliance deformation helps to determine the geometrical quality of the machined
workpiece. Due to the closed loop structure and configuration dependency, compliance
modelling of PKM is rather challenging. In the literature, there are three main approaches
can be identified for PKM compliance modelling, namely, (I) numerical approach with
FEA [5], [6], (II) analytical approach based on structural matrix [7], [8], and (III) semi-
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analytical method based on virtual works principle [9], [10]. After employing one of the
aforementioned methods to predict the compliance of the machine tool, a compliance
deformation analysis can be conducted to obtain the compliance induced deformations
of the machine tool. Zhang et al. [11] introduced a compliance deformation analysis
technique for non-redundant parallel manipulators based on principle axes
decomposition of compliance matrices. Nakagawa et al. [12] presented a method for
compensating gravity-induced errors in Stewart platform based PKM by utilising the
elastic deformations of struts, caused by gravity. Similarly, Eastwood et al. [13] proposed
a gravitational deformation compensation method for hybrid PKM. However, there is a
scarcity of studies in the literature on compliance deformation analysis of PKMs.
Therefor, this paper aims to bridge the research gap by introducing a method for
predicting compliance induced deformations in PKMs based on a semi-analytical
stiffness model that considers the effect of gravity. First, this paper describes stiffness
modelling of PKMs considering the effect of gravity, followed by the generation and
analysis of stiffness of the workspace. Finally, the paper presents the prediction method
of compliance deformations within the workspace.

2. Stiffness modelling of PKM considering the effect of gravity.

The semi-analytical stiffness prediction model developed by Lopez-Custodio et al. [10],
[14] for Exechon X-mini robot was used as the base of this study. The Exechon X-mini
robot (Figure 01) is a hybrid robot with two main substructures i.e., 3-DoF parallel
module and a 2-DoF serial module. The parallel module consists of a moving platform
connected to the fixed base platform using three legs. There are two types of leg
structures used in the robot. The upper two legs identified as leg 1 and 3 are UPR serial
chains, while the other leg identified as leg 2 is a SPR serial chain. Here U, P, R and S
stand for universal, prismatic, revolute and spherical joints respectively. To develop the
overall stiffness model for the entire robot structure, the stiffness of the parallel module
and the serial module are considered as two individual elements. The stiffness of each
module was developed separately and combined them considering as two serially
connected sub-systems.

Figure 1. Sub-structures of Exechon X-Mini manipulator.

In the previous model, the effect of gravity was not considered in the model
parameter identification. Therefore, the proposed study was conducted to re-calibrate the
existing stiffness model to predict the stiffness of the machine tool including the effect
of gravity.
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To study the stiffhess distribution throughout the entire < By optimizing the values of identified dominant model parameters
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Compliance induced deformation prediction Machining experiments | dnta
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Analizing the compliance deformations of the workpiece - Using the data from machining experiments

Figure 2. Flow diagram of the proposed stiffness modelling method.

Figure 2 represents the overall procedure followed to obtain the stiffness of the
machine tool, including the effect of gravity. Parameters of the existing stiffness model
[10] were re-calibrated to predict the stiffness including gravity utilising an experimental
data based parameter optimisation. This model consists of approximately thirty-five
model parameters and the stiffness of the machine tool K is described as a function of
those parameters as shown in Eqn. (1).

K = f(CG1x, CGly, CG1z, CG2x, CG2y, CG2z,CG3x, CG3y, CG3z,cMp,...) (1)

Optimising a higher number of model parameters is not feasible due to limited
experimental data, limited processing power and extended optimisation time. To
overcome this issue, two methods were considered. The first method was to run the
optimisation in multiple stages selecting 5-7 variables to optimise each time. This
method is time-consuming and requires more experimental data. Therefore, a sensitivity
analysis was conducted to identify the most sensitive model parameters towards the
stiffness of the machine tool. From the sensitivity analysis, six model parameters were
identified as the most sensitive parameters. Then, experimental data were used to
optimise the identified model parameters. To gather experimental data for the
optimisation, a unique experiment procedure was developed to separate the effect of
gravity on stiffness from the machine tool structure. Static stiffness of the X-mini
machine tool in the X, Y and Z directions were measured experimentally under externally
applied force on the tool tip in each direction respectively. The complete experimental
procedure and gravity effect analysis of the robot based on experimental data was
previously presented in [15]. After that, optimised model parameters shown in Table 01
were used in the stiffness model, and the stiffness of the machine tool related to each
coordinate of the workspace was obtained. Using these stiffness values, stiffness maps
were generated to represent the variation of stiffness throughout the workspace.

Table 1. Identified sensitive model parameters and corresponding optimised values.

Parameter CGlx CG2z CG3y CLgimy cLy cMp
Value 1.0000e-07  8.9063e-05  4.6875e-06  4.6875e-06  2.1511e-08  6.2000e-05
(mm/N)

Upon analysing the stiffness maps, initially, a compliance deformation analysis was
conducted specifically for the Z direction. The deflections of the tooltip in the Z direction
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for a given coordinate is denoted as §,. The stiffness in the Z directions denoted as K,
was acquired from the stiffness prediction model. The cutting forces acting on the Z
direction denoted as F, was obtained for a specific combination of cutting tool and
process parameters through the utilization of a cutting force simulation software [16].
Consequently, by applying the Hooke’s law in the Z direction, the compliance
deformation &, of the selected coordinate is derived as shown in Eqn. (2).

8, =2 @)

= X,

3. Stiffness map generation and stiffness analysis.

After optimizing the stiffness model with new experimental data as described in section
2, initially, the model was used to predict the stiffness of the machine tool on the test
point coordinates. The calculated stiffness using experimental results were compared
with the predicted stiffness without using the optimised parameters in X, Y and Z
directions. The model was able to predict the stiffness with a maximum error of 10.62%,
28.69% and 26.77% in X, Y and Z directions respectively. Then, the model was used to
predict the stiffness of the machine tool in entire workspace assuming that a 100N cutting
force is acting on each direction.

Figure 3 represents the stiffness variation maps, developed based on the predicted
stiffness values. Figure 3. (A). illustrates the stiffness variation of the machine tool in X
direction. It shows lower value at the edges of the workspace, and it gradually increase
the value towards the centre of the workspace. Also, the stiffness of the X direction is
symmetrical about X=0 and Y=0 axes and the highest stiffness is recorded at Z=1300,
followed by Z=1400, while the minimum stiffness is observed at Z=1500. According to
Figure 3. (B). the stiffness of the machine tool in Y direction also shows lower values at
the edges of the workspace and increase the value towards the centre of the workspace.
It is symmetrical about X=0 axis but asymmetrical about Y=0 axis. Similar to the
stiffness in X direction, the stiffness in Z direction also shows lower values at the edges
of the workspace and increase its value towards the centre of the workspace and the
highest stiffness is recorded at Z=1300, followed by Z=1400 and Z=1500. Figure 04
illustrates the stiffness variation maps in the Z direction.

Stiffness variation along X direction Stiffness variation along Y direction
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Figure 3. Stiffness variation of the machine tool for Z=1300, 1400 and 1500, (A): X direction, (B): Y

direction

Compared to the stiffness in X and Y directions, Z direction has the highest stiffness.
It is also symmetrical about X=0 axis but asymmetrical about Y=0 axis. In contrast to
the stiffness variation of X and Y directions, the stiffness in the Z direction increases
with the Z values. The highest stiffness is observed at Z=1500, followed by Z=1400 and
the minimum stiffness is recorded at Z=1300. Upon analysing the graphs, the area under
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X ranges from -200 to +200, Y ranges from +100 to +350 and Z ranges from +1300 to
+1500 are identified as the workspace with higher stiffness.
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Figure 4. Stiffness variation of Z direction for Z=1300, 1400 and 1500

4. Compliance induced deformation prediction.

After analysing the stiffness maps in Section 3, initially, the deformation analysis was
conducted in the Z (axial) direction of the machine tool, specifically for the identified
area with higher stiffness. The deflection of the tooltip in Z direction was calculated
applying the Eqn. (01) using the predicted stiffness and simulated axial cutting force of
110.4 N. Figure 05 represent the deflection variation of the machine tool in Z direction
for Z=1400, 1500 and 1600. It is visible from the graph, that the deflection of the tooltip
lies between 2-18 um range for all presented Z values.
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Figure 5. Deflection variation of Z direction for Z=1400, 1500 and 1600

5. Conclusion

In this study an experimental data-based parameter optimization method is introduced to
predict the stiffness of a Exechon X-mini machine tool using a semi-analytical stiffness
prediction model considering the effect of gravity on machine tool structure. The model
was able to predict the stiffness in X, Y and Z directions with a maximum error of 10.62%,
28.69% and 26.77% respectively. The workspace area covered by X (-200 to +200), Y
(+100 to +350) and Z (+1300 to +1500) is identified as the area with highest stiffness.
Then the predicted stiffness values were used to calculate the compliance induced
deformation of the tool tip in Z direction. The predicted deformation lies in between 2-
18 pm range for the selected workspace, tool and process parameter configuration. This
identified area can be used to place the workpiece for a given machining task to reduce
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the errors due to compliance deformations. With further validation and testing, this
model can be used to predict the geometrical quality of the machined workspace.
Experiments will be conducted to validate the proposed model as the next step.
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Abstract. Monitoring operator compliance with work instructions is critical to
ensuring that product quality is maintained, safety requirements are fulfilled, rules
are followed, efficiency is enhanced, and suitable training is provided. Various
industries employ different tools to manage operator performance, such as Standard
Operating Procedures, Checklists, Performance metrics, Audits or Inspections. Due
to the requirements for infrastructure, manpower, training, maintenance, integration,
and privacy issues, the process of monitoring operators’ performance can be costly
for industry. On the other hand, the advantages of a well-designed monitoring
system can offset these cost expenses by increasing productivity, quality, and safety,
resulting in long-term cost savings and better competitiveness. This paper reports a
research project that transferred Hololens 2 with Microsoft Dynamics Guide to a
tool that simultaneously guides and monitors operators’ real-time performance. The
new technology can assist industry in identifying areas where operators may require
more training or support and optimising workflow to increase overall efficiency.
Furthermore, the data gathered by this technology may be utilised to enhance future
trainings and modify ongoing production processes.

Keywords. Performance Evaluation, Human-Computer Interaction, Augmented
Reality Smart Glasses, Real-Time Monitoring

1. Introduction

Using enabling technologies in the industrial setting necessitates new interactions
between operators and equipment, which reshape the industrial workforce and have
substantial repercussions for the nature of the work. The forthcoming generation of smart
operators are comprised of intelligent and trained operators that conduct tasks with the
assistance of machines, communicate with Cobots and sophisticated systems, and utilise
technologies like augmented and virtual reality [1]. Industry and manufacturing enabling
tools are software, hardware, and other technologies that assist companies in improving
their operations, cutting costs, and boosting profitability. Among these technologies are
automation systems, robots, artificial intelligence, software for supply chain
management, and sophisticated analytics. By automating repetitive jobs, simplifying
procedures, and lowering the time and effort necessary to execute particular tasks,
companies may save costs, boost productivity, and enhance overall performance.
Improved product quality is another significant effect of enabling technologies. Quality
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control software, inspection equipment, and other tools can detect issues early in the
manufacturing process, reducing product recalls and improving customer satisfaction. In
addition, sophisticated analytics tools may assist businesses in processing large volumes
of data to uncover trends, patterns, and improvement possibilities, helping them to make
data-driven choices and optimise their operations. Manufacturing enabling tools have a
tremendous influence on companies, allowing them to increase their efficiency,
productivity, and profitability, as well as their product quality. As technology continues
to grow and new tools become available, firms that use these technologies will have a
market edge and be better positioned for long-term success.

In many industries, operator-tool interaction is crucial to productivity and output.
Automating repetitive tasks allows operators to focus on more complex tasks, improving
performance and job satisfaction. Enabling technologies can also provide operators with
real-time performance data to help them improve and adjust their technique. Using
sensors and monitoring systems, manufacturing companies can check equipment
performance, identify faults, and adjust machine settings to maximise production and
reduce downtime. Similarly, Supply chain management software can track delivery times,
optimise routes, and improve logistics performance.

Augmented Reality (AR) is one of the most current enabling technologies that has
begun to be used in developing industrial applications as it provides operators with
information, visualisation, and instructions that are superimposed into their actual
surroundings in real-time. This can improve the precision and competence of industrial
processes, allowing operators to perform their duties more efficiently and safely. AR
may also be utilised for remote collaboration, enabling specialists to give real-time
instruction and assisting operators from any location [2]. AR is distinguished by its
capacity to boost operator performance (OP), minimise mistakes and accidents, and raise
industrial processes' productivity and efficiency. By incorporating augmented reality into
their operations, companies may achieve considerable cost savings, enhance product
quality, and remain competitive. Phones, tablets, and smart glasses are all examples of
AR tools. One of the key benefits of smart glasses over other AR devices is that they
offer an immersive experience, allowing operators to concentrate on their tasks while
still having access to relevant information. Smart glasses can enhance worker safety by
giving real-time information about possible dangers and safety practices [3]. They may
also assist employees in identifying and resolving issues faster, minimising downtime
and enhancing productivity. Also, the industry is more accepting of smart glasses for
their sturdiness, and durability. They also have speech recognition and gesture control,
making them simpler to use and more efficient than other AR technologies.

Evaluating is crucial in manufacturing since it directly influences product quality,
production efficiency, and overall profitability. Yet, monitoring OP may be difficult in
many sectors. The complex and dynamic character of the manufacturing environment is
one of the key reasons behind this. Manufacturing processes include many variables, and
adjustments in one variable can greatly influence OP and product quality. Moreover, OP
can be difficult to quantify accurately since it frequently requires subjective judgments
about the quality of work [4]. Lastly, the lack of a standardised method to monitor OP
across sectors can make comparing performance data and identifying best practices
challenging.
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2. Research Methodology

To identify industry-wide OP assessment methods, a comprehensive literature analysis
was conducted. The search terms employed in the review included "operator
performance evaluation", "operator assessment"”, and "operator training". The review
was carried out utilising diverse online databases, including Scopus, Web of Science,
and Google Scholar. Additionally, a manual search of pertinent journals and conference
proceedings was conducted to supplement the findings.

2.1. Evaluation of the traditional operator evaluation methods/tools

A survey was carried out in the industrial sector with the aim of obtaining valuable
insights into the practices, challenges, and prospects for enhancing the evaluation of OP.
A purposeful group of industry professionals with experience evaluating OP was chosen,
and a web-based survey was used to collect their responses. The survey comprised of a
combination of open-ended and closed-ended questions, with the aim of gathering data
on existing practices and viewpoints regarding potential ways for enhancement. The data
collected from the survey was subjected to descriptive qualitative analysis to analyse
their answers. Subsequent to the survey, the results were utilised to guide the creation
of the suggested approach to evaluating the efficacy of OP. Furthermore, an assessment
of the existing AR applications was carried out to ascertain their appropriateness for
implementation in the proposed approach. The study centred on examining software
programmes that have the potential to offer instantaneous evaluations of operator
proficiency and augment the instructional process. Various applications were assessed
according to their characteristics, user-friendliness, and ability to integrate with current
systems. Upon thorough evaluation, the Microsoft Dynamics Guide (MDG) was deemed
as the optimal resolution owing to its comprehensive functionalities, user-friendly
interface, and effortless integration with pre-existing frameworks.

2.2. Integrating AR in evaluating operator performance

The proposed solution seeks to utilise AR technology for assessing OP during task
execution. According to the findings of the industrial survey, the parameters of output
per hour/day/shift, along with defect rate, were frequently employed as the primary
benchmarks for assessing the efficacy of OP. AR technology has the potential to offer a
system, as shown in Figure 1, for real-time data collection and analysis. A comparative
analysis between the conventional approach and AR for assessing an operator's
proficiency reveals several significant differences and benefits. The conventional method
of evaluation might be biased and time consuming due to the manual data collector’s
subjectiveness. On the other hand, AR facilitates the automation of the data collection
process, thereby allowing for the instantaneous acquisition of performance metrics while
the operator performs their regular duties. The utilisation of automated data collection
methods serves to improve the objectivity and accuracy of the evaluation process. An
additional benefit of AR is that it gives operators quick feedback. By means of AR-
enabled devices, operators are provided with visual cues, instructions, and performance
indicators superimposed on their field of view, which enables them to make
instantaneous adjustments and enhancements. The prompt feedback mechanism enables
prompt improvement of skills and enhancement of performance. Furthermore,
AR enables the establishment of uniformity and objectivity in assessments. Through the
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utilisation of predetermined metrics and guidelines, AR systems guarantee uniform
evaluation criteria across diverse operators and tasks. This consistency eliminates
subjectivity and ensures objective and fair evaluations. The educational advantages of
augmented reality surpass mere assessment. This practise diminishes the necessity for
distinct evaluation sessions, resulting in time and resource conservation. Although the
implementation of AR technology may necessitate an initial investment and training, its
academic benefits, such as heightened objectivity, instantaneous feedback, uniform
evaluations, improved training, and increased efficiency, establish it as a promising
instrument for assessing an operator's academic proficiency.
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Figure 1. A Flowchart Comparison of AR and Traditional Operator Performance Evaluation.

3. Results

The objective of evaluating OP is to appraise and enhance operators’ effectiveness
and proficiency in executing their designated duties. This process is very important to
the industry because it helps make sure that goods are always of high quality and are
made in a safe and fast way. The evaluation of OP is a crucial process that can yield
useful insights into potential areas for improvement [5]. This feedback can be leveraged
to identify opportunities for enhancing operator skills or optimising production processes
through measures such as supplementary training or equipment upgrades. Moreover,
through the identification of areas where operators may be encountering difficulties,
performance evaluation can serve as a preventive measure against accidents or errors that
may lead to product defects or workplace injuries.

3.1. Traditional operator evaluation methods and tools
A typical approach is direct observation, in which a trained supervisor or manager

watches and notes the operators’ actions and performance. This can be measured in terms
of how long it takes to perform tasks, how many mistakes are made, or how high the
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quality of the final product is [6]. Another approach is using sensors and other automated
tools, such as motion-tracking or eye-tracking technologies, to collect data on OP [7].
The data gathered by these technologies may then be evaluated to find improvement
opportunities. Several sectors now analyse OP in a controlled environment using
simulations or virtual reality systems [8]. Furthermore, Key performance indicators like
production efficiency, quality, and safety are also used to evaluate OP in many
companies. These methods help companies identify and track improvements. However,
the cost of deploying and maintaining such tools and the need to ensure that all operators
and teams use them equally present challenges. Braarud's research [9] took advantage of
structured task-specific observation methods and scenario replay to assess
operators’ performance in an industrial environment. The study found that control room
operators' team performance assessments matched the experts'. However, experts were
better at identifying team performance improvements. Structured task-specific
observation protocols and scenario replay were found to be effective at assessing team
performance and identifying improvement opportunities.

3.2. Industrial investigation for operator performance evaluation

Current research has yielded significant findings related to the techniques utilised
by companies to assess the operator’s performance. Output per hour, day, and shift,
followed by defect rate, were the most often used criteria for evaluating OP. The most
commonly used data collection methods were manual data collection and peer-to-peer
feedback. The results indicated that respondents utilised OP data primarily to make
decisions regarding process enhancement, resource allocation, and the identification of
training requirements for personal performance development. The findings showed that
only a small percentage of respondents reported routine OP reviews, with the majority
of evaluations being undertaken on an as-needed basis. Moreover, production managers
and lead operators/supervisors were found to be predominantly accountable for
conducting evaluations, with input from additional stakeholders, including experienced
operators and production engineers. One-on-one meetings with administrators or
supervisors were the most popular form of delivering feedback to operators, followed by
written reports and training sessions. Moreover, the research identified various measures
implemented by companies to tackle issues related to OP, such as providing additional
guidance and training, adjusting job duties, and applying suitable disciplinary actions. In
addition, the difficulties associated with assessing OP were highlighted, such as
competing demands on time and priorities, collecting and analysing reliable data, and
ensuring assessments are fair and objective.

3.3. Hololens 2 as a tool for operator performance evaluation

The operator's performance evaluation can be enhanced in a number of ways with
AR smart glasses. First, the glasses provide real-time performance feedback to the
operator. Managers can track the operator's progress and identify areas that need more
training. Supervisors can give operators specific feedback to improve if they make
mistakes or take too long. MDG enables the tracking of user progress and performance
data [10]. This includes a worker's task completion time, precision, and rate. The above
data can evaluate employee performance and identify areas that need improvement.
Analytical tools on MDG platform help organisations evaluate performance metrics and
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spot trends. MDG also helps companies create employee assessments which can assess
employee proficiency and identify areas that need training.

Second, AR smart glasses can assist in making sure that operators are employing the
proper protocols and resources. By displaying instructions and guidance in the operator's
field of vision, smart glasses can reduce errors and ensure task accuracy. This can boost
productivity while also enhancing workplace quality and safety. Third, AR smart glasses
can make operator training more engaging. Augmented reality can show operators
instructions and give them feedback as they complete tasks. This may result in better
skill application and retention, which in turn may improve performance. MDG enables
interactive guides with step-by-step procedures and best practices for companies. The
guides can be tailored to the company's requirements, such as equipment, safety
protocols, and related details [10]. MDG can aid in proper usage of protocols and
resources by guiding operators. Moreover, MDG can integrate with other systems and
resources to provide operators with necessary information and tools. The platform can
integrate with inventory management systems to provide operators with the necessary
parts and tools for a specific task. This can enhance workplace competence and minimise
errors.

4. Conclusions

In conclusion, assessing OP is vital for ensuring the production of goods with high
quality, safety, and efficiency. Companies use different methods to assess OP, such as
direct observation, sensors, simulations, and key performance indicators. Yet, these
methods have challenges, including deployment and maintenance expenses. The results
of industrial investigations can be used to pinpoint knowledge gaps and make
improvements to the existing methods for gauging OP. AR smart glasses like Hololens
2 can improve OP evaluation through real-time feedback, protocol adherence, and
immersive training. The study suggests that Hololens 2 along with MDG has potential
for assessing OP. This is because it can incorporate structured task-specific observation
protocols and scenario replay. By leveraging these insights, businesses are able to
identify opportunities for enhancing operator skills and optimising production processes
through measures such as additional training or equipment enhancements, resulting in
improved product quality and workplace safety.
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Abstract. Digital Twin (DT) is a virtual representation that is parameterized based
on the real process data to model, simulate, monitor, analyze, and optimize the
physical systems they represent. DT have been predominantly used in the
mechanical engineering field and have yet to be extensively used in chemical flow
processes particularly for the challenge of scale-up which is very important
particularly when moving from lab experiment to industrial scales. It is a challenge
to maintain various process parameters while increasing the scale of reactors
geometry. The parameters might not show a predictable linear co-relationship due
to concurrent chemical conversion processes behaving differently on different scale.
We apply and compare various machine learning methodologies such as Radial
Basis Function Neural Networks, Gaussian Process Regression and Polynomial
Regression to the development of chemical flow process DT for scale-up. We show
that these methodologies can be used to predict the product yield of a chemical flow
process during scale-up.

Keywords. Digital Twin, Chemical Flow Process, Chemical Reactor, Radial Basis
Function Neural Networks, Gaussian Process Regression, Polynomial Regression,
Scale-up

1. Introduction

Digital Twin (DT) are virtual models used to simulate and optimize physical systems
based on actual process data. While they have practical applications in aerospace and
manufacturing, they have yet to be fully utilized in chemical flow processes due to the
challenge of scaling up. Scaling up chemical processes is difficult because multiple
process parameters must be maintained while increasing the reactor's size. DTs provide
a way to digitally test and validate manufacturing processes before deployment, making
them useful for scaling up reactor geometries. Developing a useful DT model to facilitate
the scaling-up process though scale up of reactor geometries is the main motivation of
this paper. We used machine learning techniques like RBFNN, GPR-RBF, and
Polynomial Regression to predict product yield in chemical flow processes. RBFNN had
the least RMSE and performed best, while GPR was slightly worse. NN is better for large
datasets but requires high computation power. GPR needed low computation power and
worked well with small datasets. Polynomial models can capture nonlinear relationships
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between variables. Our results show that data-driven machine learning methods can be
used to create digital twins of chemical flow processes. DT allows for simulation and
testing with different scenarios, reducing risks and costs associated with physical
experimentation.

2. Literature Review
2.1. Continuous Flow Chemistry

Generally, flow process equipment consists of pumps for transporting reagents and
solvent through the reaction loops which introducing a small volume of reagents. The
reagent is fed and combined through a mixer, passing into a flow reactor, providing the
reaction residence time and desired chemical output [1]. There are reaction conditions
that are not possible to safely achieved with batch process reaction. Whereby it is
achievable with continuous flow process technology due to its literal design resulting
with higher quality, less impurity, and faster reaction cycle time [2]. When conducting
continuous flow experiments, there are three main key parameters which are input,
intrinsic and output parameters. Input parameters refer to the reaction temperature, time,
and its molar ratio. Intrinsic parameters refer to the solution concentrations,
stoichiometric ratios and the reactor volume. Meanwhile the output parameters are
referring to the flow rates for the whole process.

Converting chemical syntheses is not a straightforward task and it is challenging
to maintain various process parameters while increasing the characteristic and scale of
reactors geometry from small lab experiments to large continuous flow processes. The
complexity is because the parameters might not show a predictable linear co-relationship
due to concurrent chemical conversion processes behaving differently on different scales
[4]. Prior to the flow process scale-up, the selection of the reactor’s equipment is chosen
to have the same dimensionless characteristic constants to the chemical reaction, mass
and heat transfer [5].

2.2. Digital Twin Overview

Digital Twin (DT) was first defined in 2002 as a digital informational of a physical
system by creating a mirror entity of its own and linked with the physical asset for
Product Lifecycle Management (PLM) whereby it is logically centralized information of
the product throughout its lifecycle. Later, the Digital Twin come into a concrete term
appeared at DARPA’s Defense Sciences Office (DSO) for an aerospace industry in 2010
[6]. A DT is a model of virtual model with an advanced version of simulation, which is
a replication of a physical system or process [7]. DT can be used to model, simulate,
monitor, analyse, and optimise the actual physical system. It is only in recent years that
the concept of DT was extensively used for chemical process engineering. Increasing
scientific contributions were shown in the petrochemical industry for production control
[8] [9], and bioprocess manufacturing plant [10]. A study define a generic framework of
an Operational Digital Twin (ODT) for the field of chemical process engineering [11].
DT have not yet been directly applied in the chemical flow process with the main
research goals to model and predict a chemical flow process in order to optimize the
reaction output.
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2.3. Machine Learning Technique
Table 1. All three-machine learning technique introduced with their advantages.

Machine Definition Advantages

Learning

Technique

Radial RBFNNs are artificial neural e A simple network structure, have a better

Basis networks with multi-layered forward approximation capability, and faster learning

Function - network with multi-inputs and multi compared to others.

Neural outputs. e They are universal approximators and can

Networks o first layer has (k) inputs. accurately approximate any continuous

(RBFNN) e second is a hidden layer with (L) function.

units.
o third layer has (N) outputs [12].

GPR-RBF Gaussian processes are powerful for ~ GPR is good for small datasets, gives uncertainty
solving regression and classification = metrics, and allows for calculating confidence
problems by modeling possible intervals. Decisions can be made on whether to
functions and making probabilistic  refit predictions in a specific area.
predictions.

Polynomial ~ Polynomial regression involves Using polynomial models is preferred for accurate

Regression  adding polynomial terms to linear data analysis with minimal errors and increased
regression in order to account for security. Visit surutinequate.com for a range of
non-linear relationships between useful data resources.
dependent and independent
variables.

3. Methodology

This study presents a particle-based simulation of chemical reactions in a 2D flow reactor
environment, with the aim of optimizing the performance of chemical reactions by
varying the geometry of the reactor. The primary objective is to develop a tool that can
predict the outcome of a simple chemical reaction. To achieve this, a basic Al approach
is applied to analyse the substantial dataset, discover meaningful trends in the simulation,
and optimize the geometry of the chemical reactor. The design of the 2D chemical flow
process reactor is demonstrated in Figure 1 (a), which comprises two input reagents with
the same particle properties, including particle size, density, and viscosity. The walls of
the geometry are simulated using fix solid particles boundary, which restricts the reagent
particles' movement inside the boundary, as shown in Figure 1 (b). The pump force is
applied to the right of the reactor tube, and the chemical reaction occurs during the flow.

Multiple iterations are conducted to refine the design with different tube in order
to analyse the performance of the chemical reactor by varying the tube length, pressure,
flow speed, and temperature, as shown in Table 2. This approach, combined with
machine learning techniques, provides a reliable and efficient method for optimizing
chemical reactions in the 2D flow reactor environment.
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Figure 1 (a) 2D CAD drawing constructing two input reagents, flow reactor tube and reacted product
collection unit and (b) particle-based simulation of the reagents.

Table 2. Four primary datasets with different combinations of hyperparameters

Tube Pressure Max Flow Speed Temperature

Length (atm) (unit s) (°C)

(unit)
16 {0.5,1.0,1.5} {0.5,2.5,4.5} {0,2,5,10}
32 {05,1.0,1.5} {0.5,2.5,4.5} {0,2,5,10}
48  {0.5,1.0,1.5} {0.5,2.5,4.5,7.5,8.0} {0,2,5,10}
66 {0.5,1.0,1.5} {0.5,2.5,4.5,10.0,15.0,20.0} {0,2,5,10}

4. Result and Discussion

4.1. Machine Learning Technique

An initial experiment is completed to determine the most appropriate machine learning
model to incorporate into our DT. Assessing performance of a model involves evaluating
its ability to perform within a selected evaluation framework. This can be accomplished
through quantitative methods, such as calculating performance metrics like F1 score or
Root Mean Square Error (RMSE), or through qualitative methods by seeking input from
specialists in the field. It's crucial to choose machine learning evaluation metrics that
align with the metrics that would improve with our machine learning solution.

Table 3. Providing landscape for all three-machine learning technique with our initial data and create
observation to determine best possible technique.
GPR-RBF Polynomial Regression
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RMSE: 0.7449899 RMSE: 0.8723390 RMSE: 3.4454491

After examining result in Table 3, it is become an apparent that it contains
highly informative data. The table displays the landscapes created by three machine-
learning techniques applied to the initial dataset. The input variables, including tube
length, temperature, flow speed, and pressure, were used to generate the output of the
number of reacted particles. The plots in Table 3 are intriguing as they correspond to
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these input values, creating a 5-dimensional plot. The plots in Table 3 display Tube
length, Temperature, and reacted particles as the X, y, and z axis. It is also designed to
showcase flow speed and pressure as 4™ and 5" dimension by using color and point size.
This feature makes the data easier to comprehend. When it comes to flow speed, the color
change denotes the highest flow speed, with red indicating higher and blue indicating
lower flow speed. Similarly, larger point size implies higher pressure, while smaller point
size indicates lower pressure. It is difficult to determine which data representation leads
to better output based on the plot alone. However, after analyzing the Root Mean Square
Error (RMSE), it can be concluded that the RBF-NN method performs better than the
other two. Despite using the same Radial basis function, GPR's performance was slightly
inferior to that of NN. Polynomial regression did not fare well due to data variability in
this case, resulting in a higher error rate. Therefore, RBF-NN has been chosen as the
primary method for this research.

4.2. Reaction Performance Evaluation

The objective of a performance evaluation is to enhance the response of various features
of the reactor. It requires the tuning of hyperparameters individually, and the simulations
must be carried out manually. To evaluate the efficiency of the chemical reaction, one
can calculate the average number of particles that have reacted. The performance is then
graphed against various factors such as tube length, pressure, flow speed, and
temperature on separate axes. Large error bars in the Figure 2 are resulted by the high
standard deviation of the data. The simulation was conducted by testing different values
for each feature to achieve an optimal reaction number. During the simulation, each
feature interacted with one another, leading to an improvement in reaction performance.
The mean value and standard deviation were calculated from each feature's reacted
number. As the simulation included four features that affect performance, it is expected
to have a large error if only one feature is plotted against performance.

Reaction Performance VS Tube Length Reaction Performance VS Pressure

Reaction Performance VS Flow Speed Reaction Performance VS Temperature
180

o
5wl e -

it = ric

Figure 2 The trend of four reaction performance against tube length, pressure, flow speed and temperature
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The simulation's performance can be effectively assessed through the valuable
insights provided by Figure 2. To evaluate the performance of a chemical reaction, the
number of reacted particles can be counted. The performance is influenced by various
factors such as tube length, pressure, flow speed, and temperature. It has been observed
that low pressure and longer tube length lead to better performance. Additionally, a high
temperature and low flow speed condition is favorable for the reaction. Figure 2 indicates
that the reacted number increases with the highest temperature and lowest flow speed,
which shows consistency in the model. Furthermore, it has been noted that lowering the
pressure can provide a better reacted value. However, the tube length doesn't have a
significant correlation to determine changes in product yield. According to Figure 2, the
performance of the reaction varies when the length of the reactor tube is altered. The
error bar is also quite high, indicating the potential impact that changing the tube length
can have on the chemical reaction. It's important to consider these factors when analyzing
the results and making any future modifications to the reactor design. Although there is
insufficient evidence to draw any conclusions from the graphs, they provide valuable
insights that can help improve the simulation's performance.

5. Conclusion

Our research explored the use of machine learning to create digital models of chemical
flow processes. We investigated three methods for predicting product yield, namely
Radial Basis Function Neural Network (RBFNN), Gaussian Process Regression (GPR),
and Polynomial Regression. After assessing the chemical reaction performance, our
findings revealed that RBFNN was the most accurate, while GPR had slightly higher
error rates. Moreover, our study highlighted that the performance of chemical reactions
varies with different geometries, despite other correlated features. We concluded that
Neural Networks-based machine learning can enable the creation of digital models that
reduce the risks and costs of real chemical experimentation. These models can simulate
various scenarios and outcomes, which provides valuable insights into reactor
performance by adjusting the reactor geometry.
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Abstract. The industrial transition to Industrie 4.0 and subsequently Industrie 5.0
requires robots to be able to share physical and social space with humans in such a
way that interaction and coexistence are positively experienced by the humans and
where it is possible for the human and the robot to mutually perceive, interpret and
act on each other's actions and intentions. To achieve this, strategies for human-
robot interaction are needed that are adapted to operators’ needs and characteristics
in an industrial context, i.e., Operator 5.0. This paper presents a research design for
the development of a framework for human-robot interaction strategies based on
ANEMONE, which is an evaluation framework based on activity theory, the seven
stages of action model, and user experience (UX) evaluation methodology. At two
companies, ANEMONE is applied in two concrete use cases, collaborative kitting
and mobile robot platforms for chemical laboratory assignments. The proposed
research approach consists of 1) evaluations of existing demonstrators, 2)
development of preliminary strategies that are implemented, 3) re-evaluations and
4) cross-analysis of results to produce an interaction strategy framework. The
theoretically and empirically underpinned framework-to-be is expected to, in the
long run, contribute to a sustainable work environment for Operator 5.0.

Keywords. Industrie 4.0, Industrie 5.0, user experience, Operator 4.0, Operator 5.0,

work engagement, human-robot collaboration, human-robot interaction.

1. Introduction

An overall goal of using advanced technologies in production and manufacturing

contexts is to create a sustainable workplace where intelligent autonomous technologies,
e.g. robots, and humans work together safely and efficiently, commonly denoted as

Industrie 4.0, in which the Operator 4.0 will work in the in factories of the future [1]. It

is envisioned that robots should be able to assist humans with heavy or repetitive tasks

that might harm humans if carried out over long periods. The potential for human-robot

collaboration is vast in industrial applications, but it should be acknowledged that tasks

that are easy for humans to conduct, pose real challenges for robots in many cases. Recent
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industrial applications like collaborative robots open up possibilities for higher levels of
interaction between humans and robots than currently exist [2].

A major challenge is how to accomplish effective, efficient, safe, sustainable, and
pleasant interaction and coexistence that should be positively experienced by humans
that are situated in the same physical and social spaces as robots, where a key enabler is
an ability to mutually recognize and respond to the actions and intentions of each other
[3,4]. From the humans’ perspective, this means it is important for them to perceive that
the robot is about to do something, e.g., via social signals and certain movements, and to
correctly interpret it and understand how to act upon its actions, which facilitates the
human users to experience predictability and comfort for perceived safety and control
[4,5]. To achieve the mutual recognition of the actions and intentions in human-robot
interaction, it is crucial to identify and implement appropriate human-robot interaction
strategies in terms of recommendations about choice and combination of interaction
modalities as well as critical communication characteristics for both uninterrupted and
interrupted human-robot workflows. This is a challenging and critical problem to
investigate further since human-robot interaction (HRI) and collaboration (HRC) will be
inefficient and practically useless without proper interaction strategies.

However, previous research on the intersection of these topics seldom considers the
digitalized and automated work processes and the digital systems and artifacts used in
the workspace from a user experience (UX) perspective [3-7]. The user experience of the
interaction between the human and the robot influences workers’ job satisfaction, work
engagement, and well-being [8]. Hence, cultivating a positive digital work environment
is essential. Our long-term goal is therefore to develop a framework of Auman-robot
interaction strategies in industrial contexts from what we denote as an Operator 5.0
perspective. This means that we will move beyond the current Operator 4.0 and instead
put the human workers’ skills, preferences, and psychological and emotional needs at the
center, following the industrial evolution towards Industrie 5.0 [9].

In the ATHURO project, we work in line with the UX evaluation framework denoted
ANEMONE, which provides a methodological approach for action and intention
recognition in human-robot interaction that supports the evaluators on how to measure,
assess, and evaluate this issue in several ways [3-4]. In the project, two industrial settings
serve as use cases for our envisioned framework of human-robot interaction strategies.
This paper a) motivates the shift from Operator 4.0 to Operator 5.0, b) presents the two
use cases, ¢) outlines the research approach, and c¢) ends with some concluding remarks.

2. The shift from Operator 4.0 towards Operator 5.0

Advancements in HRI and HRC are major aspects of Industrie 4.0. The ongoing
industrial evolution does not only include production methodologies and various kinds
of production equipment, it also includes the working environment of the personnel that
is emerging into a more advanced digital workspace, that also includes intelligent
autonomous technologies. A central issue of Industrie 4.0’s workspace is taking a more
human-centered approach that usually is described as development towards Operator 4.0
[1]. Operator 4.0 is characterized as skilled operators of the future who cooperatively
work with robots as well as are assisted by automation and other advanced human-
machine interaction technologies. These technologies aim to reduce the workload and
achieve a symbiosis of human-automation systems which allows the operators to achieve
and develop a high degree of cognitive, collaborative, adaptive, and flexible knowledge
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and skills without compromising safety, competitiveness, and productivity [1,2]. Aspects
of Operator 4.0 are usually addressed by human-in-the-loop approaches originating from
the fields of human factors and ergonomics. The common practice in these fields is to
focus on performance-related issues. Therefore the factories of the future run the risk of
not considering the modern understandings of users’ psychological and emotional needs
that impact the user experience and work engagement of technology-mediated work
activities [6].

The future workspace for these workers poses several interrelated challenges. First,
it requires research on how to distribute the division of labor between humans and
advanced technology like robots and automation [3-8, 11-13]. Secondly, interaction
strategies between humans and robots need to be developed based on operators’
preferences and needs for the tasks to be performed in social and organizational contexts
[3-6, 10-14]. Third, meeting the growing need between personal development and
continuing professional development to be a desired workplace, in which work
engagement has emerged as a central aspect for the operators of the future [9]. Work
engagement is one of the most significant factors of positive work performance,
described as “a positive, fulfilling work-related state of mind that is characterized by
vigor, dedication, and absorption” [15 p. 74]. Thus, work engagement is closely related
to positive user experience and its core ideas of pragmatic and hedonic qualities, which
go beyond traditional usability, acceptance, and user satisfaction to also including to
meet the humans’ psychological and emotional needs before, during, and after
interacting with any kind of technology at work [4-5, 9]. Although research on work
engagement has increased during the last two decades, the concept of digital work
engagement is still understudied, especially in manufacturing and development contexts.
All these challenges are central to fully utilizing the present and future production
systems in the workspace efficiently, keeping and recruiting qualified and skilled
personnel, and serving both the companies’ goals and the operators’ well-being and work
engagement.

This envisioned scenario of the workspace will not materialize automatically.
Kaasinen et al. [9] emphasize that empowerment of the operators is necessary to support
their work engagement, and their starting point is to adapt the digital workspace in the
actual work setting to the operators’ skills, preferences, and psychological and emotional
needs to support the workers. Recently, the industrial evolution has reached what is
envisioned as Industrie 5.0. Pizon and Gola [10] stress that the focus of Industrie 4.0
mainly is a technology push on advanced technology development in production.
Industrie 5.0, on the contrary, is characterized as emphasizing the human contribution as
a vital resource in the production process, which will significantly impact how future
human-machine relationships emerge. A roadmap for developing the human-robot
relationship that mainly focuses on how to facilitate this process for workers is presented
by Pizon and Gola [10], arguing that true collaboration will only happen when workers
can trust the robots. A key enabler is being able to perceive, interpret and correctly act
upon the robot's actions and intentions and vice versa.

3. Industrial use cases
The first use case focuses on the future collaborative kitting in the manufacturing of

vehicles. Currently, there exists a demonstrator for automated kitting and mobile robots
for the transportation of material on the shop floor. The kitting demonstrator consists of
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a collaborative robot mounted on a movable gantry, on which several grippers are
accessible in a tool holder that follows the robot’s movement on the gantry and a scanner
that can be attached to the robot to scan each bin and identify the optimal item to pick
randomly placed parts in the bin with a predefined gripper. The vision is to make the
installation more flexible and develop it into a collaborative workstation where humans
and robots work together. Working together here means that they work together to jointly
complete a task or work next to each other in completing tasks in parallel. Their main
task will be to provide a mobile robot with kitted boxes on demand, which transports
them to the right workstation at the production line. The content of the kitting boxes will
vary a lot, and while robots successfully can grasp many rigid parts, non-rigid objects,
such as cable-harness, are difficult for them. A major challenge for achieving
collaborative kitting is to properly and flexibly distribute the workflow between the robot
and the human worker, and appropriate interaction strategies have to be developed. The
collaborative kitting demonstrator intends to show how an operator can interact and
understand the robot’s intentions and actions as well as how the robot can adapt to
observed human actions and estimated intentions, to create a safe and pleasant interaction
that can handle uncertainty and cope with disturbances to reach production goals.

The second use case focuses on developing mobile robot platforms for laboratory
assignments like inhalation testing and swabbing, to shorten the development cycle for
new inhalation products, and further improve the quality and the work environment for
the chemists by reducing injuries related to monotonous operations. Currently, there
exists a demonstrator for a collaborative robot as a flexible inhaler handling unit in
conjunction with a more rigid analytical robot in a separate, dedicated lab environment.
However, several challenges are currently identified. The chemists' programming of the
different tasks for the collaborative robot must be easy, robust, and performed safely.
Once the envisioned collaborative mobile robot is implemented, it will work in facilities
where other human activities occur, and neighboring chemists must be able to work
safely in the same social and physical spaces. The envisioned mobile robot demonstrator
is intended to be able to interact with a semi-automated system for inhaler
characterization and assess surface cleanliness by performing swab analysis using pre-
defined swab patterns. As the envisioned mobile collaborative robot will move around
in the buildings and interact with humans, it is necessary to allow them to anticipate and
recognize each other’s intentions and actions as they collaborate, sharing the same social
and physical workspace, or simply just passing each other smoothly.

4. Research approach based on the ANEMONE evaluation framework

We intend to develop the envisioned framework of HRI strategies for the above use cases
as follows: 1) evaluations of existing demonstrators, 2) development of preliminary
strategies that are implemented, 3) re-evaluations, and 4) cross-analysis of results to
produce an interaction strategy framework.

We will apply the ANEMONE evaluation framework [4-5] and its five phases on
two occasions for each use case. The first aims at evaluating the current robot
demonstrators and the second is re-evaluating the developed robot demonstrators for the
two use cases. ANEMONE applies activity theory [16] and the seven stages of action
model [17] as theoretical lenses and consists of five phases [3], briefly described as
follows. 1) Preparation where the identification of the cases is done by identifying the
area of interest and defining the context for each use case, which includes specifying UX
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and evaluation goals. 2) Selection of evaluation type includes choosing which interrelated
layers of user needs will be in focus and if the evaluation will be analytical and/or
empirical. Here, the interaction and emotional layers are of primary importance and an
empirical evaluation is chosen. 3) Plan and conduct the UX evaluation refers to the
empirical UX evaluation of the existing use case demonstrators with their users
(operators resp. chemists). The users will perform several tasks, presented in two
scenarios, with the robot demonstrators. These scenarios need to be thoroughly planned
and prepared so they are aligned with the earlier defined goals and are relevant for the
users to conduct. The stated goals and aspects should be assessed with objective and
subjective measurements. Data are collected by observations, video recordings,
interviews, and questionnaires and follow a certain procedure. 4) Analysis of collected
data and identifying UX problems involves the collected quantitative and qualitative data
being put together and analyzed via triangulation, focusing on identifying UX problems
in general, and specifically UX problems of action and intention recognition. 5)
Organising the identified UX problems in scope and severity; the identified UX problems
are categorized as either global or local, and then the problems are rated according to
various degrees of severity. The outcome will be a list of positive aspects and problems
organized in terms of potential value, scope, and/or severity from both use cases.

The AIHURO project will conduct a parallel line of work to disentangle the different
interaction strategies, interaction styles, and communicative approaches that currently
are suggested in the HRI and HRC literature [3, 5, 8, 11-14, 18]. The synthesis of the
empirical and theoretical work will serve as the basis for the formulation of appropriate
suggestions for interaction strategies together with their respective primary users and the
other project partners after the first evaluation rounds. The outcome will be written
descriptions and scenarios, storyboards, and visualizations of these strategies. Then these
suggestions will be implemented by technicians at the project partners, who are the use
case owners. The intended outcome will be more advanced robot prototypes for the use
cases (the collaborative kitting and the mobile robot platforms for laboratory
assignments), which will be employed with at least a subset of the suggestions in a
testable manner. The next project step is to re-evaluate the updated prototypes with the
operators and chemists. The outcome will be a validation of positive aspects and
problems organized in terms of potential value, scope, and/or severity. The final project
step is to conduct a cross-case analysis of the obtained results from the above validation
at the use case settings to offer a more generative framework for human-robot interaction
strategies in manufacturing and laboratory settings.

5. Concluding remarks

This paper has envisioned the steps towards a framework of interaction strategies for
operator 5.0, working in different kinds of human-robot interactions in the manufacturing
and chemical laboratory contexts. Through this approach, the framework will be
theoretically as well as empirically grounded. Moreover, a vital strength of the project is
its interdisciplinary approach, where the operators and chemists are in the center, which
offers a good foundation to investigate and analyze how robots can facilitate digital work
engagement in industrial contexts. However, the proposed framework is still work-in-
progress and needs further elaboration.

In the long run, we hope that the final framework will contribute to a sustainable
working environment with increased work engagement and perceived safety where the
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successful collaboration between humans and robots is experienced as smooth and
trustworthy, paving the way towards Operator 5.0.
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Abstract. The industrial evolutions require robots to be able to share physical
and social space with humans in such a way that interaction and coexistence are
positively experienced by human workers. A prerequisite is the possibility for the
human and the robot to mutually perceive, interpret and act on each other's actions
and intentions. To achieve this, strategies for human-robot interaction are needed
that are adapted to operators’ needs and characteristics in the industrial contexts. In
this paper, we aim to present various taxonomies of levels of automation, human-
robot interaction, and human-robot collaboration suggested for the envisioned
factories of the future. Based on this foundation, we propose a compass direction for
continued research efforts which both zooms in and zooms out on how to develop
applicable human-robot interaction strategies that are worker-centric in order to
obtain effective, efficient, safe, sustainable, and pleasant human-robot collaboration
and coexistence.

Keywords. Interaction strategies, Human-robot interaction, Human-robot
collaboration.

1. Introduction

Industrial robots have historically been separated from human workers for safety reasons,
but the advent of Industrie 4.0 aims to develop the factories of the future, increasing
productivity, quality, effectiveness, and satisfaction [1-3]. The successive industrial
evolutions do not only alter the production paradigms but also have significant changes
in the relationship between humans and technology [3-4]. The envisioned development
in human-robot interaction (HRI) and human-robot collaboration (HRC) is leading to
robots being situated in the assembly lines in close proximity to human workers, where
they will share workspace and tasks [3-5]. It is acknowledged that robots successfully
can assist humans with heavy or repetitive tasks that might cause physical strain in
humans if carried out frequently or over too long periods. To complicate the issue, some
tasks that are easy for humans are difficult for robots. However, recent technical
advancement offers possibilities for a much closer and more complex level of interaction
between humans and robots. The interaction between humans and robots is still limited.
Still, the shift from separating robots and humans to their envisioned mutual interaction
and coexistence on the shop floor of the factories of the future poses several challenges,
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ranging from technological advancements, distribution of work, task-allocations, and
safety issues to human-centred aspects [1-2,6-9].

Despite the demonstrated focus on the human-in-the-loop in Industrie 4.0,
commonly denoted Operator 4.0 from a human factors/ergonomics perspective [6], we
join other researchers in calling for a more worker-centric perspective [7-9]. These voices
primarily advocate a more in-depth focus on the experiences of interacting with advanced
technology as robots as well as increasing work engagement in the factory [7-8]. It has
been emphasised that the factories of the future should be more worker-centric to further
optimise production performance, stressing that the workplace primarily should fit
workers’ needs, and then technology should be developed that supports the work tasks
that should be carried out in the particular context [7-11].

A major challenge is identifying and formulating effective, efficient, safe,
sustainable, and pleasant interaction and coexistence that should be positively
experienced by humans that are situated in the same physical and social context as robots,
in which a key enabler is the ability to mutually recognise and respond to the actions and
intentions of each other [10-11]. From the workers’ perspective, it should be possible to
easily perceive what the robot is about to do, e.g., via social signals and movements, and
being able to correctly recognise and know how to act upon its actions, which enables
the worker to experience predictability for perceived safety and control [10-11]. To
achieve this, appropriate taxonomies and applicable strategies for human-robot
interaction are needed, which can be adapted to the tasks at hand, operators’ needs,
preferences, and characteristics in the particular industrial context. Otherwise, the
collaboration between workers and robots runs the risk of being inefficient, unsafe, and
practically inoperable.

The purpose of this paper is to propose a compass direction for continued research
efforts to develop applicable human-robot interaction strategies that are worker-centric
in order to obtain effective, efficient, safe, sustainable, and pleasant human-robot
collaboration and coexistence. In section two, the move from levels of automation and
collaboration to human-machine relationships is described. Next, related work on HRI
strategies is presented. The paper ends with concluding remarks and outlining identified
challenges and future work.

2. From levels of automation and levels of collaboration to human-machine
relationships

Common ways to characterise levels of automation in human-machine/robot interaction
are described in work by Frohm et al. [12] and Sheridan and Verplank [13]. They
examined how the task responsibility is distributed through different levels of human-
machine interaction, illustrating several levels that range from complete human control
of an operation to fully autonomous operation in all conditions. As pointed out by
Kolbeinsson et al. [3-4], an interesting aspect of these levels of automation, independent
of the number of levels, is that they are depicted as a single dimension, i.e. how much of
the work is performed by each of the human and the automation in the activity, thus the
collaborative dimension is totally missing. However, Shi et al. [14] proposed three levels
of collaboration (low, medium, and high) considering the sharing of workspace and
collaboration, although the so-called collaboration did not include active collaboration
in a shared space and tasks simultaneously. Therefore, Kolbeinsson et al. [3-4] stressed
that the above authors [12-14] did not explicitly describe how or what kinds of interaction
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or collaboration should be achieved, lacking specifications of task-allocation as well as
not addressing whether the tasks or space are shared or separate.

Michalos et al. [5] examined various aspects of human-robot collaboration, focusing
on various kinds of interaction in their proposed taxonomy. The taxonomy involves
classifying a shared cooperative activity into whether i) the task is shared or separately
conducted by the human and the robot, whether ii) the space in which the task is
performed is shared by the human and the robot, or whether iii) they each have their own
(separate) or shared space. Michalos et al. [5] highlighted that in many cases of human-
robot collaboration, the robot’s workspace is shared with the human which adds physical
proximity. A detail pointed out by Kolbeinsson et al. [3-4] is that [5] classified a shared
common task in a shared space in which either the robot or the human is active at the
same time. This means that although the task and the space are shared, the task does not
require that both simultaneously are active. Thus, they did not perform any joint actions
as described in the human social interaction and cognition literature [15-16]. Michalos
etal. [5] suggested that the taxonomy could be further developed, depending on the levels
of interaction between humans and robots.

Another model of the human-machine relationship is the 5C model, referring to
Coexistence, Cooperation, Collaboration, Compassion, and Coevolution, which belong
to certain industrial evolutions [9, 17]. Pizon and Gola [9] described that ‘Coexistence’
refers to when man and machine have monitored coexistence in the same environment
and share the same space, but without the need for mutual contact or coordination.
‘Cooperation’ refers to a group of agents in a collaborative situation in which there is a
‘master-servant relationship. ‘Collaboration' refers to human-robot interaction, in which
the human worker and the robot are situated at the level of master-collaborator since the
two work together to fulfil a common goal through various means of interactive dialogue
(e.g., gestures, speech, haptic contact). These cobots will be designed to be aware of
human presence, by noticing, understanding, and learning from the humans, but also
perceiving their goals and expectations. ‘Compassion’ and ‘Coevolution’ envision a kind
of “empathic machines” that has the capability to sense human emotions, needs, and
preferences, and therefore able to offer situational assistance beyond cooperation. It is
foreseen that humans eagerly will care for these empathic machines in a reciprocal
manner, manifesting human-machine empathy. This bond will develop into more
intimate human-machine interactions that eventually enable the growth of human and
machine capabilities, resulting in a forthcoming human-machine co-evolution [9].
Central to this relationship is how workers feel in this environment, how decisions are
made, who makes them, and how trust is created and experienced [9].

McGirr et al. [18] proposed a taxonomy of interaction levels that provides a
classification of increasing levels of interaction. The terms are ‘Coexistence’,
‘Sequential’, ‘Simultaneous’ and ‘Supportive’ which were chosen to decrease the
ambiguity of interpretation of the four degrees of interaction that involve an operator and
a robot situated in a shared workspace [18]. Coexistence refers to the shared workspace
in which the operator and robot work on separate tasks and workpieces used. The
significant addition of this taxonomy is the inclusion of workpieces that are not explicitly
mentioned in other taxonomies or levels of collaboration. It should be acknowledged,
however, that the more advanced the human-machine relationship/interaction level will
develop, the higher the demands on the mutual action and interaction recognition
capabilities in both humans and robots will be. There are neither detailed descriptions
nor explanations of sow this will be achieved by the above examples (for a thorough
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description of various levels of social interaction and cognition in human-human
interaction, see [15-16]).

Arents et al. [19] conducted a literature review on recent trends in HRC, and they
identified several HRC methods for what they denoted as more intuitive collaboration.
Some suggestions were that the human needs to be aware of the robot's movements and
actions, but the robot also needs to be aware of human intentions. They [19] pointed out
that some articles addressed this aspect by detecting and recognising the human body,
gestures and through synthesising and recognising speech for more natural
communication. They did not, however, provide any specific kind of interaction
strategies about how these should be designed or on task-allocation.

3. Related empirical work on human-robot interaction strategies

Schmidbauer et al. [20] studied whether industrial workers preferred static or adaptive
task allocation as well as what tasks they did prefer to assign to the cobots in a practical
assembly context. They used a cobot demonstrator to set up a realistic industrial
assembly scenario and recruited 25 experienced workers. Their results show that the
workers preferred the flexible adaptive task sharing in a predetermined task allocation
and stated increased satisfaction with this allocation. Workers were more likely to
provide the cobot with manual tasks than cognitive tasks. They concluded that the
workers do not delegate and trust all tasks to the cobot, but prefer to finish cognitive
tasks by themselves to be in control.

Tausch et al. [21] examined how worker influence in task allocation improves
autonomy. Usually, this kind of research focuses on efficiency, but procedural,
motivational and cognitive perspectives are suggested to empower human-centred HRI
[21]. There were 87 subjects participating in a contrived study where they performed
manual assembly in collaboration with a robot. Three conditions that were used where 1)
a support system selected the allocation, ii) they could alter the system’s allocation, and
iii) they selected the allocation. The results show higher values when the participants
allocated tasks themselves and satisfaction seems lower with no worker influence. It was
concluded that workers should be provided with influence over task allocation for a
successful HRI [21].

Schulz et al. [22] studied how humans want to interact with a collaborative robot,
by investigating preferred interaction styles in HRC that varied over tasks with different
types of actions in several experiments. They pointed out that interaction styles, i.e., the
ways a robot can interact vary with regard to either autonomous action or command-
driven action, also can affect the efficiency of interactions and human perceptions about
the robot. They portrayed three main styles for these interactions: ‘autonomous’,
‘human-led’, or ‘robot-led’ interactions. These terms indicated who initiates the
interaction and drives the human-robot interaction to task completion. In addition, they
described seven interaction strategies (autonomous, proactive, reactive, human-
requested, human-commands, robot-commands, and information), which they tested in
a series of experiments that were combined with autonomous, human-led, and robot-led
interaction styles [22]. They categorised several forms of collaboration along two
dimensions: On the one hand, they distinguished between independent actions and joint
interaction. On the other hand, they distinguished between sequences where the order
was either crucial or not. This was assessed in a series of simple table-top scenarios in
which a human collaborated with a robot to assemble a given design with blocks. They
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aimed to investigate and analyse tasks with different interaction styles that the robot
could use to choose its actions, together with different interaction strategies to identify
the specific situations, in which the human participants preferred different interaction
styles [22]. The results from a series of experiments show that humans and robots
acting autonomously were perceived as more efficient interactions. However, in joint
action situations, human-led interactions were the preferred style whereas in high
cognitive load situations, robot-led interactions were preferred. They [22] pointed out
that joint actions are gained from timely information communicated between humans
and the robot. Moreover, it was revealed that actions that demanded a higher cognitive
load benefitted from the robot’s additional information by communicating its plan about
what the human should perform. The authors [22] concluded that different interaction
styles are preferred for different tasks with respect to independent versus joint action,
and whether the order of actions was fixed or not. Hence, is therefore important to
consider the type of task for designing robot interactions. It was suggested that future
work should be conducted with more advanced tasks in more complex situations.

4. Concluding remarks, identified challenges and future work

In this paper, we revealed that, although many taxonomies and levels of collaboration
exist in human-robot interaction, knowledge and insights on successful interaction
strategies for achieving mutual actions and intention recognition between humans and
robots in manufacturing contexts currently is understudied. We suggest that future work
in HRI and HRC should, to a larger extent than currently is being done, take more
inspiration from socio-cognitive theories of human interaction and collaboration as
researchers are doing in the social robotics field [10, 23]. Besides disentangling the
scattered use of inconsistent terminology, a deeper theoretical basis may provide faster
progress and more efficient outcomes for identifying and implementing appropriate
human-robot interaction strategies in industrial contexts, which should be beneficial in
many aspects.

Therefore, we suggest that future work should, on the one hand, zoom in on the
analytically distinct levels of work activities phenomena [10-11]. On the other hand, we
also need to zoom out, going beyond the current human-robot dyad [24], since the
envisioned factories of the future will consist of mobile robots that interact with different
operators or even other robots that are distributed over time and space on the shop floors.
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Abstract. Collaborative robots, designed to work alongside humans in industrial
manufacturing, are becoming increasingly prevalent. These robots typically monitor
their distance from workers and slow down or stop when safety thresholds are
breached. However, this results in reduced task execution performance and safety-
related uncertainty for the worker. To address these issues, we propose an alternative
safety strategy, where the worker is responsible for their own safety, and the robot
executes its task without modifying its speed except in case of imminent contact
with the worker. The robot provides precise situation-awareness information to the
worker using a mixed-reality display, presenting information about relative distance
and movement intentions. The worker is then responsible for placing themselves
with respect to the robot. A pilot user study was conducted to evaluate the efficiency
of task execution, worker safety, and user experience. Preliminary results may
indicate a superior user experience while maintaining worker safety.

Keywords. fenceless industrial robots, hazard warning, human-robot interaction,
safety, robot autonomy, human autonomy, autonomy distribution.

1. Current Approach to Safety in Human-Robot Collaboration

Collaborative robots (aka cobots) in industry allow humans and robots to work

safely in a shared space [1, 2]. The main requirement for a Human-Robot Collaboration
(HRC) scenario is the safety of the human partner [3], and thus cobots are designed and
built to be intrinsically safe. In designing procedures that can further improve safety in
HRC scenarios, the robot is typically granted a high level of autonomy to decide how
best behave safely. However, as research suggests [4], making the robot accountable for
safety may affect negatively how the operator perceives safety and efficiency of
collaboration with the robot.
The increase in the use of safe cobots in industry has made it necessary to remove residual
hazards due to moving robot parts near the human worker. Furthermore, improving
perception of safety through good situation awareness has become a priority in HRC
contexts, so as to reduce user anxiety about working with robots in shared spaces.
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With these goals in mind, reactive and proactive strategies are typically used:

e Reactive strategies: they aim at minimizing the consequences of accidental
physical contact between robot and human operator. Examples include: Novel
actuators and mechanisms [5]; Counterbalancing mechanisms [6].

e Proactive strategies: they aim at preventing collisions by developing sensor-
based safety systems for the real-time monitoring. For example: definition of
safety zones and speed strategies in each zone [7]; detection and tracking of
3D volumes and recalculation of the paths and speed strategies [8].

While more effective than reactive strategies, one of the main drawbacks of
proactive robot behaviour techniques lies in robots slowing down or even stopping
altogether in the presence of a person. This behaviour results in reduced productivity,
which is undesirable. Sometimes the worker may actively try to stay far enough from the
robot, not to remain safe, but to prevent triggering its slow-down safety mechanism that
will affect negatively productivity. Thus, the worker may end up counteracting the safety
assurance behaviour of the robot, in favour of task execution performance. Besides
productivity, and even when these techniques have shown to be sufficiently safe [9],
users may continue to perceive that they are still in risk when entering the area of
influence of a robot. Users may have the notion that a potential danger may still exist
while near a cobot, due to e.g., the possible the malfunction of a safety mechanisms.
Users may also mistrust the robot’s judgements under certain circumstances, such as
when the robot is holding sharp tools or objects. The operator is asked to trust, but is not
certain about the actions that the robot will actually take in the immediate future. This
uncertainty can take a toll on the overall trust on the robot that the operator can develop
[10]. For this reason, the worker is reluctant to relinquish all safety related decision-
making autonomy on the robot, and both robot and worker end up keeping an eye on
each other, partly spoiling the purpose of the proactive strategy to free the worker’s mind
with regard to safety. This can sometimes feel overwhelming and annoying to users
because they feel a lack of control [11, 12]. In the long term, sustained stress caused by
working in a state of permanent uncertainty due to poor situation awareness can damage
health [13]. Improving situation awareness is hence necessary for workers’ well-being
and safety, as well as to obtain a good user experience (UX) from collaborating with
robots [14].

AR has potential to reduce anxiety in HRC by presenting contextual information
through a visual channel [15], and for example, projection-based AR has also shown to
improve UX [16]. Vogel et al. developed a projection-based sensor system to monitor
the robot's configuration and projected safety boundaries on the work surface [17].
However, the robot's behaviour of stopping when the worker crosses the safety boundary
can lead to low efficiency and annoyance. In addition, utilizing 2D AR interfaces requires
the user to shift their visual attention between the displayed information and physical
scene. Furthermore, in many collaborative tasks, improved situation awareness is also
needed when the task requires that the worker looks away from the robot during
collaboration. XR technologies like Head-Mounted Display (HMD) devices may offer
better ways to present multimodal information about the robot's position, even when it is
outside the natural field of view of human vision.

Lee and See [18] state that good situation awareness requires transparency of
information and trust by the operator, which can be achieved through purpose (goal),
process (path to be followed), and performance (trajectory being executed).

In summary, with currently used safety mechanisms, the robot is primarily
responsible for the safety of the human worker in HRC scenarios. Figure 1 shows that
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the robot has a high degree of autonomy for decision making related to safety, while the
human worker is expected to trust that the robot will react promptly to prevent safety
related incidents. Although interruptions in the collaboration due to the activation of
safety mechanisms confirm that they do work to preserve safety, they can also affect the
worker's UX and productivity negatively. In contrast, we propose that granting the robot
freedom of movement to execute a collaborative task may be preferable, as long as the
robot provides full situation awareness information for the human operator to administer.
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Figure 1: Decision autonomy for the mechanisms that will be implemented to keep the human worker safe in
a collaborative task with a robot. In the current paradigm, most of the accountability for the operator’s safety
is delegated to the robot.

2. Proposed Alternative Approach to Safety in Human-Robot Collaboration

Based on the discussion above, we propose that, if the operator receives good situation
awareness information from the robot, it may be a better strategy to grant to the operator
most of the autonomy on safety decisions. Moreover, we hypothesize that letting the
robot move freely to execute the task (while always keeping the operator well informed
about position and intentions), may help improve task execution performance. Since the
operator will have better control of the events, this may help the operator obtain a better
sense of safety and a superior overall experience of a fluent and efficient collaboration.
This proposed approach is represented in Figure 2.
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Figure 2: Decision autonomy for the mechanisms that are implemented to keep the human worker safe in a
collaborative task with a robot. In the proposed new paradigm, most of the accountability for the operator’s
safety is on the (well informed) worker.

This alternative safety approach involves the robot monitoring distance to the
operator and stopping movement if contact is imminent, but not modifying its course
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otherwise. In Figure 3, hypotheses are presented on how this approach could affect UX
components such as actual safety, joint task performance, operator uncertainty, and sense
of control. A comparison is made between the current safety paradigm (robot responsible
for preventing collision) and the proposed paradigm (operator responsible for staying
safe with situation awareness from robot). If confirmed, the proposed paradigm is
expected to improve UX by reducing uncertainty and increasing sense of control, while
maintaining comparable levels of safety and performance.

Current Approach

Proposed Approach

Relative magnitude

Safety Joint Uncertainty Sense of
Performance Control

Figure 3: Key components of UX in shared workspace HRC scenarios: hypothesized relative magnitudes
between current and proposed safety paradigms.

3. Early Results

We conducted a pilot study with 8 participants (4 with experience in AR and 4 with
no experience) to analyse our new approach. To perform this pilot study, we designed a
task to be executed collaboratively with a robot and during which we could analyse the
safety perceived by participants and aspects of the UX they obtained. The task involved
a user placing A4 sized paper document on specific locations of a tabletop, which were
then inspected by the robot. Each participant in the study performed the task three times.

The tabletop and part of its surroundings were the workspace shared between the
robot and the participant. Each time the robot needed a new document, it asked the user
to bring it, which forced both agents to move inside the shared space. The participant
was responsible to negotiate their relative position with respect to the robot while in the
shared workspace. The participant was assisted on this by the situation awareness
information that the robot provided. For that, we adapted the audio-visual display design
described in San Martin et al. [19] for a HRC scenario (see Figure 4). The display created
three nested zones of potential hazard around the robot, which were represented visually
and auditorily. The robot only stopped if the participant entered its innermost red zone,
which we took to mean that an imminent collision with the robot could occur.

Figure 4: Design for situation awareness and set-up for HRC task.
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To assess safety, we analysed the number of times participants entered the red zone,
and for how long. For UX assessment, we analysed participant feedback from post-study
semi-structured interviews.

Of the 8 participants, 6 did not enter at all the red zone in any repetition of the task.
For the other two participants, each entered once the red zone, in one of the task
repetitions. The time spent in the red zone on those two cases was 0.4s and 1.1s.

Regarding the interviews, participants’ comments described the level of safety that

they perceived while collaborating with the robot during task execution: “/ feel safe”
(P1), “You have a good safety feedback all time” (P1), “Good safety feedback” (P2), “I
felt very safe” (P7). In their responses and comments, participants shared insights into
the main strengths of the situation awareness display: “If provides complete information
around danger state” (P4), “You cannot ignore the danger” (P5), “It helps to react fast
to the danger” (P6). Similarly, participants also shared hints about what aspects of the
displays appeared to them to be weaker: “It gives too much information” (P8), “Too
much information” (P4).

4. Discussion and Future Work

The results of the pilot study suggest that the new HRC safety paradigm leads to a
safe collaborative context that delivers a positive UX. When the human user in the HRC
scenario bears the full responsibility for maintaining a safe distance with the cobot, the
results obtained from the user pilot study suggest that both actual and perceived safety
may remain high for the user. During the study, in almost every case, participants never
positioned themselves next to the cobot. In the very few instances that they did so (2 out
of 24 trials), they left that position after a maximum of 1 second (in both cases, the robot
had stopped itself to avoid any possible contact with a moving part).

The pilot study also produced encouraging results regarding the UX that might be
obtained from this new safety paradigm. Participants reported feeling safe, which is a
deciding factor for a good UX in HRC. According to their descriptions, the situation
awareness information received from the multimodal mixed reality display was
comprehensive, easily noticeable, and helpful to understand and monitor the moving area
of influence of the robot, and how to avoid it. The only aspect for improvement in the
information display was that, for some, there might have been an excess of information.
This might be negative for UX over a longer period of use.

Future steps in this line of research should investigate how to optimise the amount
of information conveyed without compromising the awareness. This might be achieved
by considering single modality displays (auditory or visual) in addition to the combined
audio-visual used in the present pilot study. In addition, future work should include user
studies with larger cohorts of participants, in which with different information display
designs are analysed and clearer results can be obtained that lead to design
recommendations.

We conclude that this alternative new paradigm should be considered as a subject of
research, for its potential to provide a superior UX without compromising safety.
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Abstract. Demonstrators, testbeds and learning factories enable researchers to
investigate important manufacturing challenges and to trial solutions without
disrupting industrial production facilities. In this way, solutions and systems can be
developed close to a ‘production-ready’ state prior to industrial deployment. This
paper reviews demonstrators and testbeds developed for smart manufacturing in the
last 20 years. A key observation is that such demonstrators have predominantly
focused on emulating single or multiple closely connected operations. Such
developments reflect the activities of a single production facility and/or organisation.
In contrast, there are few reports on demonstrators which seek to replicate the
behaviour and challenges associated with multi-site factories or integration with
existing legacy factory systems. To address this gap, a multi-operation demonstrator
has been created. The demonstrator aims to replicate coordinated production
between multiple small manufacturing sites and provides a testbed to investigate
operational challenges. The current demonstrator, the research investigated, and the

direction of future research proposed are outlined.

Keywords. Manufacturing, Multiple Sites, Demonstrator, Connected Factory,

Industry 4.0.

1. Introduction

Manufacturers are facing increased challenges, with supply chain disruption, which
has continued beyond the COVID-19 pandemic, increased energy costs, variation in
demand and a shortage of labour and skills [1]. New technologies are frequently
highlighted as a solution to these problems. For example, advanced IoT sensors can give
a company information about variation in the quality of products. However, if this is not
communicated to customers, it cannot be utilised effectively during assembly or further
processing [2]. As this example highlights, these problems occur not at a single company
or site but across multiple sectors and locations. Therefore, manufacturing research must

1Corresponding Author: Sam Brooks, sjb351@cam.ac.uk, dr.s.brooks@hotmail.com

2Work conducted as part of the EPSRC/Innovate UK funded project: Made Smarter Connected Factories

Centre EP/V062123/1
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consider multiple interacting companies and organisations and their communication.
Figure 1 gives an overview of some of the challenges of communicating and coordinating
between factories within a supply chain.

Testing solutions to challenges can help manufacturers prepare and recover quickly;
however, testing on critical systems such as production lines in operation is disruptive
and expensive. Therefore, researchers often utilise demonstration or testbed factories to
enable research [3]. This is common in many industries dealing with critical
infrastructure, such as transport, communication networks, manufacturing and utility
infrastructure research [4]. This paper reviews existing demonstrators and testbeds used
in research. Information gathered has been used to inform the design of a new multi-
factory demonstrator, which facilitates research across multiple factories. The
demonstrator aims to address many of the shortcomings of current demonstrators and
testbeds.

The term demonstrator is used in this paper to encompass terms demonstrators,
testbed and research factories used in the literature. Papers relating to so called learning
factories (LF) were reviewed, but only those used in research activities were included.
Section 2 reviews previous surveys of testbeds and demonstrators. Section 3 outlines the
results of the review conducted of existing manufacturing research demonstrators.
Building on this, Section 4 outlines the multi-factory demonstrator created to meet the
shortcomings of current systems. Finally, Section 5 outlines the key conclusions and
future work.
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Figure 1. Operational challenges and barriers to inter-connected companies

2. Previous demonstrator and testbed surveys and research

Few studies have focused exclusively on reviewing demonstrators and testbeds in
smart manufacturing. Most existing reviews can be found in papers outlining new
demonstrators. There have been several surveys of LF, many of which are also utilised
for research. Bellucci et al. reviewed nine LF, focusing on products made and processes
used [5]; most LF focus on assembling a product with few or no smart features and
electronics. Other surveys of LF include Wagner et al., who attempted to highlight
factors that enable changeability [6]. Abele et al. review LF and highlights many used in
research projects but primarily focus on the LF use for education enhancement [7].
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Although all these reviews highlight examples of research demonstrators, there is a lack
of detail on the physical sub-systems of the demonstrators and research conducted.

Kim et al. reviewed ten reconfigurable manufacturing testbeds [8]; they noted a
focus on scalability and interoperability but less research to automate the reconfiguration
operations. Conti, Donadel and Turrin reviewed industrial control system testbeds;
however, the majority of testbeds focus on cyber security of key infrastructure such as
water, power or transport systems with little focus on manufacturing operations [3].
Salunkhe et al. identified cyber-physical production testbeds, the majority of which focus
on electrical grids, cyber security or communication research, with only 8% directly
focusing on manufacturing production and operations [4].

As will be discussed in the next section, there are, however, many papers written
which refer to testbeds and demonstrators as part of a broader manufacturing systems
project. The survey to follow aims to make a systematic review of testbeds, the aims and
focus of their development, and how it is used to support underlying research.

3. Survey of smart manufacturing demonstrator environments
3.1. Methodology

This review focused on identifying demonstrators previously presented in published
literature. Only systems physically built and combining multiple workstations, robots or
machines in a production process were included. Demonstrations constructed over the
previous 20 years were chosen because these were more likely to draw on concepts of
Industry 4.0, such as IoT, AR, data analysis or artificial intelligence (AI). Demonstrators
which consisted of a single robot, machine or process were excluded. Databases such as
ScienceDirect, Web of Science and IEEE and Taylor Francis were searched with the key
terms demonstrator, testbed, research factories and experiment in combination with
either factory, manufacturing, smart factory, cyber-physical, or industry 4.0. Research
on LF was also searched, though only demonstrators used in research and not just
teaching were included. A total of 21 different demonstrators were identified, matching
the original criteria. Six demonstrators that met all the criteria were excluded because no
published research was found, or they were only simulations. Only a selection of the 118
papers identified is referenced in this review.

3.2. Key demonstrators

Table 1 shows the demonstrators and the home country and organisation identified
in the review. Multiple phases or project parts are indicated by decimal numbers (e.g. 1.1
and 1.2). Demonstrators are listed by the year they were first launched or the year of the
first research publication if no launch or opening date is published. Table 1 shows a
significant concentration of demonstrators in the USA and Europe, possibly due to the
prohibitively high cost of setting up a demonstrator, as noted by [6]. More demonstrators
were launched in the last ten years (2013-2023) than in the proceeding ten (2003-2013).
This could be due to cheaper key components (sensors, robots, and PLCs) or because the
search criteria utilised terms such as cyber-physical and industry 4.0, which have become
prevalent in the last ten years.
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Table 1. Table of key demonstrators and testbeds identified, including details of the organisation, country,
references to the research, and the year the demonstrator is first noted in publications.

# Name Acrony Year Organisation Country Ref.
m
1.1 Cambridge Holonic CHPC 2003  University of Cambridge UK [9]
Packing Cell
1.2 Disturbance Tolerant DTA 2015  University of Cambridge UK [10]
Assembly
2.1 Distributed DRFT 2004  University of Michigan USA [11]
reconfigurable factory
testbed
2.2 System-level SMART 2017  University of Michigan USA [12]
Manufacturing and
Automation Research
Testbed
3.1 Soup Factory SF 2007  SmartFactory®" Germany  [13]
3.2 Production Level 4 PL4 2020  SmartFactory®" Germany  [14]
4 Darmstadt process DPLF 2007 TU Darmstadt Germany [15]
learning factory
5 AutFab AF 2012  University of Applied Sciences Germany [16]
Darmstadt
iFactory IF 2012  University of Windsor Canada [17]
MTA SZTAKI Learning MS-LF 2013  Hungarian Academy of Sciences Hungary [18]
Factory
8 Smart Mini Factory SMF 2014  University of Bolzano Italy [19]
9 Automated Classroom AC 2015  University of Applied Sciences Germany [20]
Emden Leer
10  Braunschweig Learning BLF 2016  TU Braunschweig learning Germany [21]
Factory factory
11 FASTory Simulator FAST 2016  Tampere University of Finland [22]
Technology
12 NIST Smart SMS 2017 National Institute of Standards ~ USA [23]
Manufacturing Systems and Technology
13 TU Wien Pilot Factory W-PF 2017 TU Wien Austria [24]
14 Cyber-Physical CPPT 2018  Chalmers University Sweden [4]
Production Testbed
15  University of Aalborg ASM 2019  University of Aalborg Denmark [25]
Smart Factory
16  SUPSI Mini factory SUPSI- 2019  University of Applied Sciences ~ Switzerland [26]
MF and Arts Southern Switzerland
17.1 RICAIP Brno testbed RICAIP- 2019 Central European Institute of Czech [27]
Brno Technology Republic
17.2 RICAIP Prague testbed RICAIP- 2019  University of Prague Czech [28]
Prague Republic
17.3 RICAIP Saarbriicken RICAIP- 2019 DFKI and ZeMA Germany/  [29]
testbed Dz Czech
Republic
18  Industrial loT Testbed 110TT 2020  University of Applied Sciences Germany [30]
Dresden
19  Modular Factory Testbed MFT 2020 Ulsan National Institute of South [8]
Science and Technology Korea
20  Open-Digital-Industrial ODIN 2021  University of Patras Greece [31]
and Networking
21  Omnifactory OMNI 2023  University of Nottingham UK [32]
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3.3. Machines and manufacturing processes

Table 2 shows the key components of the smart factory demonstrators identified.
The most common features include automated part dispensers, robotic assembly, and co-
robotic assembly stations. CNC milling machines are the most common machining
process utilised. Production processes are most often monitored using RFID tracking,
visual cameras, and energy use; temperature and vibration monitoring is not utilised as
frequently. This could be because they are utilised more frequently in research older than
20 years, and researchers have avoided repeating work already done. AGVs are used in
only five demonstrators for transporting parts, with the predominant mode of transport
for parts being a conveyor belt.

The ASM [25], I1OT [30] and iFactory [17] demonstrators are based on the same modular
components made by Festo. These allow easy reconfiguration, but they limit production
to smaller products and set processes.

3.4. Research conducted

Research conducted on the demonstrators often focuses on similar areas. Table 3
shows the most frequently identified research topics. Research on machine-to-machine
communications, product tracking, process monitoring, reconfigurable manufacturing
and AR/VR training is the most frequently investigated. Less research was identified for
DT, factory simulation or Al. However, there has been significant academic research in
these areas; work conducted may not have been directly applied to a demonstrator and
focused instead on industrial trials, simulations, or individual machine tests. The modular
nature of many demonstrators has led to lots of research in distributed control and
reconfigurable manufacturing. Internal factory communication research has focused on
machine-to-machine communication with protocols such as OPC-UA or MTConnect
used. Less research has focused on the vertical connection of shop floor IoT to enterprise-
level ERP and MES functions, potentially because many demonstrators are not utilising
this software or do not require this level of integration.

Table 2. Summary of the machining processes, assembly methods, transportation, sensors and monitoring and
other capabilities or equipment used in each demonstrator.
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2.1 DRFT v v v v v
2.2 SMART v v v v v v v
3.1 SF v v v v v
3.2 PL4 v v v v v v v
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4  DPLF v v v v v v
5 AF v v v v v v

6 IF v v v v v v

7 MS-LF v v v v v v v
8 SMF v v v v v v v

9 AC v v v v v v

10 BLF v v v v v
11 FAST v v v v
12 SMS v v v v v

13 W-PF v v v v v v v

14 CPPT v v v v v
15 ASM v v v v v v v
16 SUPSI-MF v v v v v v v v
17.1 RICAIP -Brmo v v v v v v v v v
17.2 RICAIP -Prague v v/ v v v v v v v v

17.3 RICAIP - DZ v v v v

18 IIOTT v v v v v v v

19 MFT v v v v
20 ODIN v v v v

21 OMNI 4 v v v v v v

Total S 113 4 9 7 1612 6 105 4 137 4 3 9 4 3 129

3.5. Discussion

Tables 2 and 3 give a good overview of existing demonstrators and show what
technology has been utilised and research conducted. As noted in other reviews, robotic
or co-robotic assembly is a common process seen in nearly all demonstrators in some
form [5]. Unlike Salunkhe et al. [4], few research was identified related to cyber security
on these testbeds. Gaps in the existing demonstrators’ design and use were identified:

Research has predominantly focused on single operations or multiple,
closely connected operations. There has been little consideration of the
connection between factory sites, suppliers, or customer factories. One
exception includes PL4 [14], which can receive orders from other
factories as part of the EU GAIA-X [27] project. Similarly, the RICAIP
[27] demonstrator aims to share design and order information to enable
cross-site production.

Increases or decreases in the volume of orders are not investigated, only
the product change. Production tests are also limited to low runs of below
five products. This means the full complexity of production and the
transfer of resources within a factory is not accounted for.

Product size is often limed to small, relatively simple products. Gluing or
screwing processes add complexity to assemblies, and snap fittings are
predominantly used for products. The exception is OMNI which
assembles larger-scale aerospace components [32].

Demonstrators are often built on new equipment or components with
built-in sensing or processing capabilities not seen on older equipment.
DPLF [15], SMS [23] and SMART [12] use legacy equipment with no
sensing capabilities added, but data is often not used beyond the machine
level.
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Table 3. Summary of research topics investigated using each demonstrator.
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1.2 DTA v v v v v
2.1 DRFT v v v v
2.2 SMART v v v v v v
3.1 SF 4 v v v
3.2 PL4 v v v
4 DPLF v v
AF v v v v v v v
6 IF v v v v
7 MS-LF v
8 SMF v 4 v v v v v
9 AC v v v v
10 BLF v v
11 FAST v v v v v v
12 SMS v v
13 W-PF v v v v v
14 CPPT v v v v v
15 ASM v v v v
16 SUPSI-MF v v
17.1  RICAIP - Brno v v v v v
17.2  RICAIP - Prague v v v v v
173 RICAIP-DZ v v v
18 IOTT v v 4 v
19 MFT 4 v v v
20 ODIN 4 v v v
21 OMNI v v v v v v v
Total 10 6 11 3 13 9 6 4 8 9 11 5 6 5

4. A Multi-Site Multi-Operation Demonstrator
4.1. Rational

A new multi-site multi-operation demonstrator has been developed to address
several gaps identified in the previous section. The design of the so-called Variable
Operation and Organisation Management (VOOM) demonstrator is outlined in the
section. The demonstrator is one several systems being developed as part of the Made
Smarter Connected Factories (MSCF) project [33]. Most previous demonstrators have
focused on a single assembly line or production site, many collect extensive process
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quality and operation data using it to optimise production in that single site or assembly
line. However, this data can help with operations not only at that location (factory) but
with suppliers and customer factories in the whole value chain. There is an opportunity
for manufacturers, suppliers, and customers to operate as comnected factories with
information exchange within and outside the factory. Th demonstrator (based at the
University of Cambridge) emulates how multiple SME manufacturers can operate as a
connected factory. This will enable research into inter-site operation and the associated
challenges. Production information will be collected and communicated between
production sites.

Many demonstrators are constructed using the latest technology and equipment
many companies may not have. The VOOM demonstrator will utilise new technology
alongside legacy equipment used in earlier projects (CHPC [9] and DTA [10]). This
replicates the situation in many companies where new equipment is often used alongside
old, with different data and information available from each machine.

The short production runs often used in previous demonstrators ([17], [21], [27])
make experimentation easier but means issues of long-term reliability and robustness of
solutions are often neglected. Unlike previous demonstrator experiments, multiple
production runs will be conducted in VOOM with orders of different volumes and
product mixes. The initial product is a fixed-speed gearbox with screw fittings, and 3D-
printed gears, assembled using robots and workers. Future production will focus on smart
sensors and industrial control panels.

Material flow
| coordination

Distributed
information

sharing
Supplier 2 Supplier 3 {
2|

Supplier 1 AR guided
= : manual dssembly

3D printing lab

Packaging and
delivery of
order

assembly line

Figure 2. Diagram of the Variable Operations and Organisation Management (VOOM) Demonstrator,
showing an example of production flow between the sites.

4.2. Aims of Demonstrator System

The VOOM demonstrator has four main aims: (i) To create a coordinated, adaptable
production flow that can change location, volume, mix and production resources. This
differs from previous demonstrators that focused on single production lines or sites.
Other demonstrators [19], have also focused on SMEs but not considered multiple site
interactions. (ii) It will enable adjustable data sharing between companies, facilities, or
labs. This would not be possible in a regular factory environment where researchers
cannot change information-sharing policies and may only have visibility of information
in one site, not throughout the value chain. (iii) it aims to investigate how data sharing
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and Al can be used within and between production facilities or companies to respond to
different scenarios. Scenarios could include the loss of a machine, an unexpected rush
order, delays in production or adaptation to a new product. (iv) Multiple mix and volume
production experiments will be run; the aim is to capture the cost drivers in production
and optimise production to deal with mix and volume changes. (v) The demonstrator will
integrate novel low-cost solutions to support distributed production across multiple
connected factories. This is because costly new technologies are often unaffordable to
SMEs who must be included in the connect factory system.

4.3. Development

A diagram of the final demonstrator is shown in Figure 2. Production is coordinated
across multiple factory sites, each in a different location (factory) in the Institute for
Manufacturing at Cambridge. 3D printing production is used to create a variety of parts
with low change over time and worker input; production is supported by machine
learning which autonomously corrects errors in production using Al [34]. AR assembly
is used before or after robotic assembly to handle complex assemblies unsuitable for
robots. AR guides train users to assemble the required components or repair machines
[35]. The robotic assembly utilises a monorail to move trays between stations with Fanuc
SCARA and LR Mate robots to perform different assembly actions. Low-cost digital
solutions developed as part of the Digital Manufacturing on a Shoestring [36] project are
integrated into all the factory sites to support production and enable the collection of data
from legacy equipment. Suppliers are replicated with different warehouse facilities on
different sites.

4.4. Future experimental plan

Future research on the demonstrator is being conducted in four different phases. The
phases were planned in collaboration with other university partners and based on the
demonstrator’s and labs’ existing capabilities. Later phases build on the work in the
earlier project phases.

Phase 1 will focus on manufacturing gearboxes with different gear ratios, materials,
and volumes. Sensors will collect data on production, especially factors impacting
production cost and time.

Phase 2 involves the integration of MES functions to help manage the production
process. Data on production progress and orders will be shared between sites to enable
multi-site production coordination. Challenges, such as a missing worker or broken
machines, will be replicated in experiments.

Phase 3 will see new products produced alongside the initial gearbox. Data sharing
will be expanded to include information from other sources, such as machine availability
and production quality. Concepts such as federated learning, distributed control, and data
sharing will be tested.

Phase 4 will expand the demonstrator to more sites integrating production
demonstrators from other Made Smarter Connected Factories Centre universities, such
as Omnifactory [32] at the University of Nottingham and the University of Sheffield.



108 S. Brooks et al. / Design of a Demonstrator Environment for Investigating Multi-Factory Production

5. Summary

This paper reviews 21 different demonstrators previously used in smart factory
research. The review identified that existing demonstrators are predominantly restricted
to a single production line in a single factory site, and often only a single production run
was shown in the results. A newly developed demonstrator simulating production across
multiple sites is outlined. The demonstrator aims to enable advanced manufacturing
research in new areas not previously validated on a physical demonstrator, including
inter-factory coordination and data sharing between sites. Future research is outlined,
with the final demonstrator aiming to be integrated with other institution demonstrators.
The researchers also aim to investigate architectures, frameworks and standards that
could support multiple site production and the integration of multiple low-cost digital
solutions.
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Abstract: This study intends to bridge the extant literature and knowledge gap by
investigating UK textile manufacturing to demonstrate the eftect of supply chain
practices and organisational performance. The significance of this research cannot
be understated and will be of great significance to textile companies in the UK and
globally as it will offer beneficial preferences into the idea of effective supply chain
management practices and their impact on unit performance. In addition, their
stakeholders will gain a better understanding of the barriers to implementing
effective SCM practices and make relevant recommendations on how to address
them. Policymakers and governments will also benefit from this research on
appropriate strategies for implementing supply chain management practices. In
addition, this research also has great importance for other scholars and students who
are interested in conducting similar research, so it can be used as a reference for the
literature. This study will open avenues for the UK scholars, providing them the
opportunity to establish the relationship between supply chain practices and
organisational performance.

Keywords: Supply Chain Management Practices, UK Textile, Manufacturing

1. Introduction

Supply chain management (SCM) as demonstrated by Ashby et al. [1], defines the
strategic and effective collaboration of all conventional business functions and strategies,
which are important to enhance the overall supply chain. Therefore, SCM mainly focuses
on the complete integration of material flow and information flow throughout the supply
chain as an effective competitive advantage. As a result, many textile companies have
recognised that SCM is the key to enhance performance and gain competitive advantage
[2]. Because of the nature of the industry and its intense competition, textile companies
must understand the powerful relationship between SCM practices and organisational
performance.

Companies have high anticipations for effective SCM practices, seeing them as the
core to increase profits, increasing competitive advantage and increasing market share.
Jack and Powers [3] point out that strategic supplier partnerships provide companies with
significant benefits through improved financial performance. Kumar et al. [4] argue that
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customer/partner practices further contribute to organisational performance. Effective
supply chain information sharing is associated with cost reduction and organisational
performance. Therefore, the textile industry must regulate under a wide variety of
information. Information is often important for planning and implementing decisions. A
significant number of managers have revealed significant emphasis and challenge to
enhance the quality of information. On the contrary, many companies experience
widespread changes in information because of demand and supply uncertainties, which
can lead to changes in customer tastes and preferences. Subsequently, the researchers
suggest, this has led to more companies adopting effective supply chain practices to
increase supply chain information sharing. Despite the high hopes of management and
the numerous benefits of effective supply chain management, Oelze [5] found in his
study that many textile companies have yet to implement effective supply chain
management practices. Therefore, this results in most of them lack behind in
organisational performance and gaining a competitive edge in the market. There is little
empirical literature examining effective SCM practices, so extensive research and studies
are needed to establish the association between SCM practices and organisational
performance. Thereby, this study intends to bridge the extant literature and knowledge
gap by investigating UK textile manufacturing to demonstrate the effect of supply chain
practices and organisational performance. They will learn information about supply
chain management, its impact on organisational performance, and the challenges
companies face in implementing supply chain management practices. Likewise, they will
learn about the various ways to deal with challenges and thus adopt SCM methods to
improve performance and gain a competitive advantage.

2. Review Analysis

2.1 Supply Chain Management Practices

2.1.1 Customer Relationships

Customer relationship is a core strategy in supply chain management. It has been
observed that organisations excelled in customer relations, a situation that contributes to
a competitive advantage over competitors. In addition, organisations should regularly
assess the importance of their relationships with customers. It is also evident from the
body of literature that business relationships are very important to ensure a firm's
performance and competitive advantage. Vivek et al. [6] emphasised that customer
relations require multiple ways to manage customer reviews and feedback, build
relationships with them, and enhance customer value and service. Likewise, Cho et al.
[7] confirmed that increased business relationships help to improve demand analysis and
thus assist in the planning of resources and materials and ensure operational efficiency.
Building a positive relationship with customers helps businesses connect more closely
with customers, allowing them to stay tuned to their wants and needs. By doing this,
customers become loyal and most of them are retained with the company, which brings
a lot of profit to the company. Loyal customers are always good ambassadors, so it is
good to promote the company and thus create a good image for the company and attract
more and more new customers.

2.1.2 Information Quality and Sharing
This is clearly stated in the literature, where information quality is considered an essential
factor in production. The concept of quality information is to provide customers with



S. Komal and S.M. Saad / A Review Paper on Supply Chain Management Strategies 115

diverse and effective information to help customers understand and obtain services and
products. Nikolaou et al. [8] argued that information quality is believed to enhance firm
performance by providing accurate descriptions of services and products. Information
sharing develops cohesive trust among supply chain partners, encouraging each of them
to achieve organisational goals [9]. Hence, this helps in increasing the performance and
productivity of the organisation.

2.1.3 Supplier Partnership

Supplier cooperation plays an important role in securing a competitive edge. Supplier
cooperation includes the alliance that exists between a company and its suppliers. Strong
relationships are formed when companies review the regulations of suppliers, hold
regular meetings, and link their policies to them [10]. With this, companies can receive
raw materials as needed in the shortest possible time and thus shorten the delivery time.
As a result, the product arrives at the customer's bench as specified and increases
customer satisfaction. Moreover, through strong supplier partnerships, suppliers provide
high-quality raw materials and produce high-quality products and services, thereby
increasing the company's profits.

2.1.4 Outsourcing

Mohiuddin and Su [11] believed that in today's highly competitive market, several
companies choose to outsource some services to increase efficiency; in addition, they
hope to reduce administrative costs to focus on general business. Outsourcing refers to
activities where a company outsources services performed internally to a third party.
Usually, most companies focus on outsourcing part of their business after looking at their
core business. Some of the main advantages of outsourcing are: increased expertise,
reduced costs, positive brand image, augmented productivity, greater emphasis on
employee well-being, and elevated knowledge of procedures and new systems
introduced by third parties.

2.2 Effects of SCM Practices on Organisational Performance

2.2.1 Reduction of Manufacturing Costs

Outsourcing is described as one of supply chain management. As mentioned in the above
section, outsourcing is conceptualised as an approach to contract with third parties for
services that an organisation cannot provide internally. According to the study, one of
the obvious advantages of outsourcing is lowering production costs. Companies get work
at the lowest cost and with the highest quality. In addition, it eliminates the cost of
technology and infrastructure investments. In today's economy, technology advances at
an ever-increasing rate, and the faster it advances, the more expensive it is to integrate it
into business operations. Instead, third parties undertake business processes and help
develop their infrastructure [12]. SCM practices are also outlined to increase operational
efficiency, so there are no machine breakdowns or breakdowns that could be detrimental
to the business, resulting in cost savings.

2.2.2 Product Innovativeness

Di Benedetto [13] argued that innovative products and services broadly break through
stagnant markets and meet customer needs and wants. Innovation often allows a
company to remain pertinent in the marketplace and drive growth and success. Product
innovation refers to the process by which companies create new products or improve
existing products to meet customer needs. SCM practice helps to increase product
innovation. Through strategic supplier partnerships, suppliers provide companies with
high-quality raw materials suitable to enhance current products as well as developing
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new ones. Building strong relationships with consumers allows businesses to keep up
with their needs, preferences and demands. In this regard, companies can adapt to
changing trends and patterns and thereby meet the wants and needs of customers by
offering products for customers to choose from.

2.2.3 Improved Efficiency and Quality

SCM practices facilitate to automate business operations and processes. Having access
to new technology facilitates in ensuring operational efficiency. Information can further
be shared promptly with supply chain partners, simplifying the decision-making process.
Likewise, organisations can anticipate customer needs and thus produce products that
are tailored to customer needs. Automation can capture high quality information. With
the help of high-quality information, organisations can make excellent decisions that
increase operational efficiency and improve the quality of services and products, thus
increasing consumer satisfaction and attracting more market share to the organisation.

2.2.4 Improved Delivery Time

With better supplier collaboration, products and services can be provided to the
customer's door as accepted on the order receipt. Most of the time, companies lose money
on slow shipments to consumers. Customers often get frustrated when a product is
delivered later than anticipated. This impacts their satisfaction and eventually they
require these services from suitable firms. Consumers are always satisfied when the
product reaches their site within the stipulated time. Therefore, they could buy products
from the firms and share their experience with their friends, thereby covering more new
customers. In contrast, it is possible by implementing supply chain management
practices. If a company experiences delivery delays, it can opt for outsourced logistics
services to meet customer needs and demands by assuring speedy delivery of goods and
services [14]. Some manufactured products can be fragile, so delays can cause product
damage, costing the company a lot.

2.3 Challenges Experienced by Organisations to Implement SCM Practices

2.3.1 Complicated Social Media Platforms

Technological advances, cloud communications and the Internet have recently developed
in importance for businesses. Companies are trying to keep a close eye on consolidation
trends and advancements, making sure to leverage them to increase the efficiency and
productivity of business processes. However, a major problem with this advancement is
that it leads to many devices, resulting in complex networks that are difficult to
administer. With the complexity of the Internet, more risks and security threats are
introduced to survive and run a business. Berger and Jones [15] stated that cybercrime is
evolving as technology and networks evolve, allowing hackers to gain access to sensitive
corporate data and information. This can cause harmful losses and affect the survival and
development of the company. As a result, most organisations fail to adopt SCM practices
in their processes and operations.

2.3.2 Failure to Engage the Stakeholders in Decision-Making

All parties have a direct or indirect impact on supply chain operations. Without one party
involved, supply chain inefficiencies can result. When a person is marginalised in
decision-making, he feels that he does not belong in the company and is therefore not
ready to work towards the goals and objectives of the organisation. For example, failure
to include suppliers in decision-making can create unfavourable costs for the company
as suppliers may delay the delivery of raw materials or provide materials of lower quality.
All this is due to adverse leadership within the organisation. Some managers find it best
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for making decisions themselves regardless of engaging other parties. In particular, the
preferences of all stakeholders are overwhelmed and become negative. Input allows
supply chain partners to express their opinions and views, which are considered in the
final decision-making process.

2.3.3 Paucity of Responsiveness by Customers and Suppliers

Communication is the core to the growth and success of an organisation and to building
alliances between companies, suppliers, and customers. It has been argued that better
supplier relationship management depends on open communication and transparency
between companies and their consumers along with suppliers. In a situation where a
company is communicating with a supplier or customer, the company should seek a
variety of approaches for re-establishing a full relationship. On the contrary, this is not
the case and most organisations face challenges that affect the adoption of SCM.
Majority of them do not communicate openly with suppliers, which damages their
relationships. When the alliance breaks down, companies cannot restore the relationship
and explore the root cause of the breakup. Some suppliers end up damaging the
reputation of the company and therefore it is complicated for the company to acquire
more suppliers. This impacts the operations and procedures of the organisation as raw
materials become restricted or more expensive to acquire.

2.3.4 Higher Extent of Operational Costs

Adoption of SCM practices does not come empty-handed, it requires resources and
funding. Human resources are the implementer of SCM practices. Training is important
to ensure that supply chain stakeholders effectively execute their intended roles and
responsibilities. Regular training sessions and courses require considerable resources.
Some managers believe that the implementation of SCM methods is a waste of time and
resources due to higher costs. However, even though an integrated SCM practice might
seem a little expensive, it can pay off big in the long run. As the literature review shows,
SCM practices can facilitate in increasing product innovation. Through strategic supplier
partnerships, suppliers provide companies with high-quality raw materials adequate to
enhance current products along with developing new ones. Building strong relationships
with consumers allows businesses to keep up with their requirements, preferences, and
demands. In this regard, companies can focus on changing trends and patterns and meet
customers' wants and needs by offering a diverse range of products for consumers to
choose from.

3. Suggestions on Appropriate Initiatives in Overcoming the Challenges

Assuring the competitive adoption of SCM practices can be complicated and complex,
but companies can engage in several factors to significantly improve the implementation
of SCM practices. It is crucial for companies to have a good understanding of the supply
chain and the business plans associated with it [16]. By gaining a better understanding
of the supply chain, companies can identify the strengths and weaknesses of the supply
chain and thus take proactive initiatives for enhancing its weaknesses and reducing
potential risks.

Second, companies must pursue for forming supply chain committees. Lambert and
Enz [17] argued that without a supply chain council, a visible and well-defined SCM
practice or strategy cannot be accomplished, which leads to less efficient business
operations and processes. It also provides supply chain leadership and management
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support and helps to improve cross-functional communication to improve SCM
throughout the company.

Third, companies must seek to form a properly staffed supply chain structure. The
supply chain should continuously be properly organised and staffed for maximising
efficiency. Supply chain leaders should enhance their strategic thinking to create value
for the company by using strong communication abilities and relationship management.
Effective communication can convince employees and staff to work towards the stated
goals of the organisation.

Providing training and workshops to supply chain stakeholders can help ensure the
successful adoption of SCM practices. Training facilitates in imparting skills, abilities
and knowledge related to the supply chain. On the contrary, organisations must evaluate
trainers during training sessions to ensure that training is effective. This helps gauge their
understanding and pinpoint areas for improvement so that preventative action can be
taken.

4. Conclusion

In today's world, companies operate in a dynamic and changing business environment.
Due to increased competition in the market, most companies are going out of business.
Managers look for ways to maintain market power and gain a competitive edge over
competitors. SCM is the mere opportunity for many firms. Companies have high
anticipations for effective SCM practices, considering them as the core to elevate profits,
increasing competitive advantage and increasing market share. The UK textile industry
is also not left out and is working hard to ensure it stays in the market. In conclusion, the
operating environment of the textile industry is volatile, seasonal, and growing trends
have a great impact on the growth and survival of most textile firms. Therefore, this study
explored the effect of SCM in the UK textile industry.

The study has clearly identified that there is a significant positive relationship
between SCM and organisational performance. The study identifies different approaches
to SCM, such as “customer relationships, information sharing, information quality,
outsourcing, and supplier collaboration”. According to the findings, building a
constructive relationship with customers facilitates companies to engage more with
consumers and thus be competent enough for monitoring their needs and wishes. This
way, customers will be loyal, and most customers will stay with the company, so the
company can earn massive profits. Loyal consumers are continuously better
ambassadors, so it is good to promote the company and thus create a better portrayal for
the firm and attract new consumers. Information and high-quality data in the supply chain
has been described as useful in the decision-making process. Information is often shared
between decision makers in the organisation and other supply chain partners, not only
for comparison, review, or development of competitive strategies, but also to manage
day-to-day operations and thus solve problems in real time base. Furthermore, the study
reveals that supplier collaboration is the relationship that exists between a company and
its suppliers. By reviewing supplier terms and conditions, holding regular meetings, and
communicating its policies with suppliers, the company creates a strong supplier
partnership that allows the company to gain a competitive advantage. Most importantly,
as a research gap, a comprehensive framework is needed to identify the most appropriate
SCM strategy to enhance the related performance measures associated and eliminate
nonvalue-added practices.
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Abstract. The rapid emergence of digital technologies is revolutionising the
manufacturing industry, with digital twins (DTs) emerging as a transformative
innovation. DTs, virtual counterparts of physical entities or systems, hold immense
potential for optimizing and overseeing manufacturing processes. By proposing a
three-dimensional classification framework that considers DT integration levels,
supply chain (SC) structural hierarchies, and SC processes, this study examines the
evolution of manufacturing DTs to encompass the SC. An analysis of existing
literature reveals a significant gap in extending manufacturing DTs to the SC system
level without incorporating structural and process aspects of DT models. The paper
also investigates the key performance objectives, including efficiency, resilience,
and sustainability, as well as the challenges associated with DT implementation. The
insights provided in this paper contribute to a better understanding and practical
application of DTs in the dynamic contexts of manufacturing and the SC.

Keywords. Digital twins, manufacturing systems, supply chain process, supply
chain structure, sustainability, resilience.

1. Introduction

The rise of Industry 4.0 has brought about a significant digital transformation in
manufacturing processes. Digital twins (DTs) play a crucial role in driving this
transformation, consisting of a physical object or system, a virtual replica, and the
connecting data [1]. DTs enable an interactive and dynamic relationship between the
physical and virtual entities, emphasizing real-time bidirectional data flow. DTs a viable
solution across a multitude of sectors, including manufacturing, aviation, healthcare,
maritime and shipping, urban management, and aerospace and power plant management.

Implementing DTs is a complex undertaking that necessitates interactions among
humans, technology, and processes [2], as the modelling process, which incorporates
personnel, equipment, materials, and the environment, is dynamic and subject to
evolution over time [3]. Applying DTs is not straightforward. It involves interaction
among humans, technology, and processes [2]. The modelling process, which includes
elements such as personnel, equipment, materials, and environment [3], is not static and
changes over time. The structure of SC is multi-scale in nature, and the interconnections
among the SC entities are not simply linear and may involve return processes. The
direction, type and volume of SC flows are dynamic and human-related, further
complicating analysis. These factors highlight the potential value of a framework to
guide the design and implementation of DTs across SC hierarchy. These factors indicate

1Corresponding Author. yujia.luo@york.ac.uk
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the necessity for a framework to guide DT design in SC hierarchies. The potential of DT
to sustainability lies in its ability to handle a wide scope beyond efficiency, offering
scalability for system-level enhancements.

Therefore, this paper delves deeper into the exploration of the multifaceted nature
of DTs within multi-level and multi-scale manufacturing systems. We start by reviewing
the evolution of DTs and their deployment in manufacturing systems, while considering
DT integration levels, SC structural hierarchy, and SC processes. Following this, we
discuss the performance objectives in use and identify the challenges and prospects
associated with implementing DTs in manufacturing systems. There is a particular
emphasis on sustainability and resilience in the paper, motivated by the scarcity of
literature in this space.

2. Scaling up manufacturing DTs to SC system level

DTs can facilitate the interaction at components or parts, products or service, machine,
processes, and the system integration in SC systems. DTs can be viewed from multiple
perspectives, such as hierarchical level, life-cycle phase, functional use, the maturity
level and data flow of DTs [4]. Based on the data integration levels, DTs can be
categorised into three groups [4]: (1) digital model, with no automated data exchange;
(2) digital shadow, allowing one-way data flow from physical to digital entities; and (3)
digital twin, enabling bidirectional data flow between physical and digital entities. Our
use of the term "DT" specifically refers to the two-way flow of data between virtual
models and physical objects.

Current studies focus more on DT implementation at machine, product, or shop floor
level [5], where the integration of multiscale nature of SC system is considered less [6].
However, a big picture of smart manufacturing and 14.0 requires the scope of DT
application to be expanded beyond the boundary of manufacturing systems but with the
inclusion of business partnership in the context of SC. Therefore, our study emphasises
the analysis of DT implementation in manufacturing systems by prioritising the
examination of SC processes and structural hierarchy (see Figure 1), which implies the
supplier and customer relationship management and the complexity of SC systems.

Given the complexity of interconnected SC entities, this study defines a SC as a
network of sub-systems that evolve over time into new SC structures. The complexity
and evolution of these structures depict how SCs deliver products or service and generate
desired performance. The DT-enabled SC system can be considered as a complex and
dynamic Cyber-Physical system (CPS), where the DT synchronisation across SC
hierarchy can achieve high-level interoperability [6]. Understanding the spatial-temporal
dynamics of SC structures and processes, DTs can be implemented at the SC system
level to simulate, analyse, predict, monitor, and optimise SC behaviours [7].

We consider four basic structural hierarchy levels in SC systems [8]: (1) SC block,
representing a specific business function; (2) SC module, a collection of blocks that fulfil
a particular business function and may involve geographic changes; (3) SC member,
referring to firm-level operators comprising one or more modules; and (4) SC system,
which represents the interconnected network of SC members.

Extending from product life cycle, our study considers SC system and utilises the
Supply Chain Operation Reference (SCOR) model as a basis for investigating DT
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implementation, spanning entire SC. The SCOR model identifies six primary processes:
plan, source, make, deliver, return, and enable (Council, 2017). These processes are
designed to prioritise cross-functional operations and coordinate flows of materials,
products, and potentially energy, water, and other resources within the SC [8, 10]. Across
the SC structural hierarchy, SC processes manifest at different scales and scopes within
operational units or "blocks" through the entire SC to deliver the products and service.
By integrating DTs of these processes, organisations can enhance their operational
efficiency and achieve a seamless coordination of various functions involved in the SC.

DT levels SC structural hierarchy SCOR processes
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Figure 1. Dimensions of DTs in manufacturing and SC systems

3. Implementation of DTs in SC context

The scalability of implementing DTs in manufacturing systems to encompass the SC
level plays a pivotal role in the umbrella concepts of smart manufacturing and Industry
4.0 [11, 12]. This emphasises the significance of extending the application of DTs
beyond individual manufacturing units to achieve a holistic and interconnected approach
throughout the entire SC.

In extant studies, DT technology has been employed across various industries,
infusing technical functionalities into product design, flow shop design, scheduling,
planning, assembly, logistics, and more [13]. However, clusters of DTs applications tend
to operate in isolation, focusing on the application scenarios (e.g., job-shop scheduling,
smart manufacturing, virtualising manufacturing system, product assembly process,
alternative manufacturing), enabling technologies and techniques (e.g., information
models) [14], and functionalities (e.g., information management, data analysis,
manufacturing operation management) [15, 16]. Yet, these propositions often focus on
individual process such as logistics planning ("plan") [17] and manufacturing production
("make") [6, 18], rather than holistic solutions that interconnects complex SC processes.
In general, "plan" (e.g., job-shop scheduling), "make" (e.g., micromachining), and
"enable" (e.g., optimisation techniques) are the dominant SCOR processes investigated.

Literature indicates a scarcity in system-level applications of DTs in SC context,
neglecting SC complexity in structural hierarchy. The focused areas of DT application
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are generally based on the individual SC structural levels in "blocks" (e.g., machine tools,
turbomachinery, rotating machinery fault diagnosis) [19-21], "modules" (e.g., logistics
and assembly) [18, 22], and "members" (e.g., the manufacturer) [11, 20]. For instance,
Bao et al.[22] examined the ontology of assembly workshops ("modules"), focusing on
simulating assembly resources and tasks but without addressing the embeddedness of
assembly "blocks" or extend to the SC level ("systems"). Similarly, Park et al.[17]
introduced a DT information model that encompasses the entire manufacturing
abstraction, focusing on the "members" level of application but without connections with
SC partners and the embeddedness of SC structural hierarchy.

Existing research on DTs in SC context suggests their potential for SC-level
integration with systematic thinking but lacks enabling methods and techniques for
achieving bidirectional data integration across multiscale SC structures and processes.
For instance, Ivanov et al.[7] introduced the concept of data-driven, cyber-physical SCs
without proposing a technical pathway. Serrano-Ruiz, Mula and Poler highlighted DTs
as an enabler for SC resilience and sustainability within the 14.0 framework but did not
emphasise model fusion across multiple levels and scales. While Aheleroff et al.[2]
proposed architectural models for DT application, but lacked clear representation of
elements and scopes of the system development lifecycle dimension (referring to SC
system in this study). In general, these propositions of DT models overlook
comprehensive multiscale integration of SC structures and processes and
underemphasise DT design for desired performance (e.g., resilience and sustainability).

4. Performance objectives of DT-enabled manufacturing and SC systems

DTs in manufacturing and SCs can strategically align with key performance (e.g.,
sustainability development and system resilience) [13]. Efficiency, resilience, and
sustainability emerge as major objectives of DT application, especially in the agri-food
SC context [23]. However, the lack of comprehensive modelling supporting these
metrics limits the scope and depth of performance objectives.

The integration of DTs helps to manage disruption risks and fosters SC resilience [7,
24]. DTs enhance resilience by improving asset management, maintenance, and
mitigating equipment failures and production disruptions. The use of what-if scenario
analysis through DTs aids in SC coordination and enables proactive and predictive
management in the face of SC challenges such as bullwhip effects, ripple effects, and
disruptions [7]. Resilience, measured in terms of recovery speed or the magnitude of loss
from financial or operational perspectives, reflects SC business aspects rather than
specific DT attributes. The literature lacks a universal resilience framework of DTs that
can be implemented across SC structure hierarchy and processes in different industries.
Therefore, there is a gap in quantifying resilience enhancement to validate the superiority
of DT-enabled manufacturing systems.

DTs significantly contribute to sustainability in smart manufacturing, enabling real-
time monitoring, predictive maintenance, and dynamic simulations that reduce waste and
resource consumption [25]. By promoting collaboration and transparent lifecycle
management, DTs support eco-friendly practices, carbon emission reduction, and the
attainment of Sustainable Development Goals (SDGs) [26]. However, capturing the
sustainability benefits of DTs poses challenges due to limited integration of sustainability
into DT models, lack of empirical evidence, and the absence of a universal sustainability
measurement framework. This hampers the simulation of sustainability practices across
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different scales and scopes, making it difficult to align sustainability measures with
complex structural hierarchy and processes.

5. Challenges of DT implementation in manufacturing and SC systems

Despite the potential benefits of DTs in manufacturing systems, their successful
implementation presents challenges. Firstly, data quality and management are critical.
DTs depend on accurate, comprehensive data, but uncertainties in manufacturing make
data collection difficult [18]. High-quality data necessitates appropriate sensors and data
management practices. While technologies like IoT have eased data collection, real-time
data accessibility remains challenging in industrial practices. Secondly, designing and
measuring resilience attributes for DTs is complex. Manufacturing systems and SCs are
dynamic and susceptible to disruptions, and resilience attributes must account for this
variability. To ensure consistency across industries, a generic framework is needed, yet
developing this framework is complicated by issues with data availability and accuracy.
Thirdly, sustainability considerations are vital for achieving SDGs. Although ISO
standards for DTs exist, there are no standard guidelines for incorporating sustainability
into DTs consistently, limiting performance measurement, especially at SC scale.
Complexities of sustainability dimensions, evolving goals, regulations, and data
availability challenges add further complications. Finally, DT implementation involves
organizational changes, requiring new skills and continuous adaptation of organisational
structures [27]. These dynamic alterations necessitate comprehensive change
management strategies and a learning-oriented culture to ensure smooth transitions and
effective navigation of this transformative journey.

6. Conclusions

DTs have significant potential for Industry 4.0, highlighting the importance of system
integration. While recent advancements focus on SC level frameworks, systematic
integration with SC structural hierarchy and processes is still lacking. The recognition of
KPIs for DT implementation, particularly resilience and sustainability, is increasing.
However, developing a standard assessment framework remains challenging due to the
complex nature of SC and DTs. Data quality, management, and organizational changes
present additional challenges. Nevertheless, DTs hold promise in transforming
manufacturing, driving innovation, enhancing competitiveness, and promoting
sustainable smart manufacturing and SC systems aligned with SDG principles.
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Abstract. Although Industry 4.0 and the Internet of Things (IoT) have been
implemented in various manufacturing sectors, medium and small enterprises have
limited integrations with this strategy, especially those that still rely on conventional
production lines and lack the capacity for transition in near future. This paper
presents a work demonstrating how conventional production lines could be
upgraded for implementing an Industry 4.0 strategy, using plastic injection
moulding as a case study. This transformation helps to achieve a real-time optimised
value chain, considering factors such as cost, availability, and resource consumption,
while the implementation cost is kept low.

Keywords. Industry 4.0, Internet of Things (IoT), Plastic Injection Moulding (PLM),
Manufacturing Execution System (MES), Data Acquisition System (DAQ)

1. Introduction

Today many enterprises are adopting new intelligent manufacturing
concepts which depend on digitalisation and advanced technologies to achieve
improvements in factory management and production automation [1][2]. Injection
moulding is one aspect that has received attention from an Industry 4.0 perspective [3].
Automation layers are applied according to the automation standard ISA-95, and equal
attention is paid to each level from the shop floor to the business level. Where in-mould
and in-machine sensors are installed [4][5], and at the control level, Data Acquisition
System (DAQ) is utilised to collect and refine the data coming from the machine [6].
Also, the Manufacturing execution system plays an essential role as the link between the
shop floor layer and the enterprise layer. Many studies and applications explain the
methodology of the communication between the DAQ, MES, and Enterprise resource
Planning (ERP) systems [7][8] and the approaches that should follow to achieve the right
communication between these systems, such as the OPC-UA [9] and APIs [10] to
monitor the production process in real-time. As the digitalization trend continues, small
and medium-sized enterprises (SMEs) necessarily need to adapt their manufacturing
processes to align with Industry 4.0. They face many challenges in incorporating IT and

1 Corresponding Author: Yi Qin, qin.yi@strath.ac.uk
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automation to compete in a globally interconnected market. So, upgrading their
production lines will be the optimal solution instead of replacing them due to the
excessive costs associated with replacing outdated machinery with advanced alternatives
and the time consumed to automate all production lines.

2. Analysis of the Current Systems

Injection moulding is a crucial manufacturing process that combines mass production
capabilities, rapidity, and low cost. To ensure continuous production and maintain the
quality of moulded parts, it is essential to integrate injection moulding into the Industry
4.0 framework. This entails real-time monitoring of the process, capturing
comprehensive process data, and optimizing factors such as pressure, temperature, and
speed that influence the part quality and machine stability.

The project partner, Pascoe Engineering Ltd, has eighteen plastic injection moulding
machines and offers injection moulding services such as design and produce moulded
parts. Most of the machines were made between 1992 and 1998. The main control panels
of machines are basic and unable to communicate with any external modern industrial or
business equipment or systems by any type of communication protocol. Digital signals
are limited to open and close mould, ejector position and switch-over point. The
machines lack the ability to control the moulded parts' quality and monitor the total
production process, additionally, the inability to connect to any advanced systems makes
the process of enhancing productivity, quality, energy consumption, and minimizing cost
very difficult, especially in terms of rapid production of high-quality parts which are very
critical in this kind of manufacturing in industries such as the medical, electronics, and
aerospace industries.

In this study, a Battenfield BA 600 CDC injection moulding machine, which is
equipped with a basic control panel and manufactured in 1998, is utilized. The company
owned an ERP system (e-max) where all data and information from the shopfloor and
the management level are entered into the system manually. This is considered a
challenge to the time and accuracy of transformed data, and this will reduce the efficiency,
availability, and the quality of the total production process.

3. Proposed System Description
3.1. Accessing the IMM parameters data

The BA 600 machine is equipped with a basic control panel that allows for tracking
simple signals such as mould open/close, switch over point, and ejector functions.

To gather process data from the machine and the mould, a set of sensors is installed
on the machine and the mould (Fig.1). A hydraulic pressure sensor (type 4262A, Kistler),
Nozzle temperature sensor (type 4021B, Kistler) and Screw position sensor (type P510,
Kistler) are installed on the machine. At the same time, the mould cavities are equipped
with two combined pressure-temperature sensors (type 6188A, Kistler). Additionally, a
cooling water temperature sensor (TRACER® vm base) is placed on the main pipe that
supplies cooling water to the mould.
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Figure 1. The design of experiment
3.2. Acquisition of machine Controller and sensors data

At the control layer, data are collected by Data Acquisition System, ComoNeo
developed by Kistler. This system captures data from both the control panel and the
installed sensors. ComoNeo is available with different communication protocols such as
ProfiNet and Ethernet/IP and is able to collect digital and analogue signals, so it can
connect with different models of injection moulding machines. For the analogue signals
that come from machine sensors, it is necessary to utilise a charge amplifier to convert
the signals to digital. The system contains Up to 128 monitoring functions that enable
sorting the good parts from defects on the basis of recorded data.

3.3. Implementing of Manufacturing execution system

At the business layer, the manufacturing execution system (TEMI+) is used which
has been designed by ICE-flex for the needs of the plastic industry. To provide advanced
overall equipment effectiveness (OEE) calculations and data integration of the plastic
moulding machines, many communication languages of press manufacturing like
Euromap77 and the OPC-UA are available. These allow communication between
auxiliary equipment located around the injection machine. The system acts as an
intermediate layer between the enterprise resource planning (ERP) system and a machine
control system (Fig. 2).

The system operates across multiple functions such as job planning, process
monitoring, product life cycle, resource scheduling, order execution and dispatch,
production analysis and downtime management for overall equipment effectiveness
(OEE), product quality, and materials track and trace. The data of customers, materials,
inventory, and orders can be collected from the ERP system or by uploading the data to
the MES system. After transferring or uploading the data to the MES system, the
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enterprise is able to distribute the orders to the machines by setting up the time and date
of each order.

e o .
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Figure 2. The final design of the production line includes the four automation layers.

4. Production trials with new setup

Analogue signals are obtained from sensors and digital signals are obtained from the
machine controller. These signals provide the data acquisition system with the required
information. The closing mould signal indicates the beginning of a new injection cycle,
while the switch-over signal indicates the switch from the injection phase to the packing
phase during the cycle. All signals’ threshold values can be defined in real-time during
the cycle by the ComoNeo. These thresholds specify the values of each variable that
ensure the quality of the final moulded part.

Any parameters that exceed the threshold limits indicate the moulded part will be
classified as a defect. The values of each threshold will be obtained after analysing the
process depending on the complexity of the part's geometry, the utilized material, the
shape of the runner and sprue, and the design of cooling water channels inside the mould.
DoE is applied to obtain the optimal values of the parameters which lie within the
thresholds, from these values the bad or good moulded part is specified.

This data is transformed into the manufacturing execution system TEMI through the
OPC-US architectural standard which supports the TCP communication standard. The
TEMI" process planning defines each operation and its sequence through the production
cycle, starting with the raw materials and ending with the final product. TEMI+ covers
decision-making and process scheduling. TEMI+ receives the orders created at the ERP
level. The MES will check the resource and materials' availability and then try to
implement the planned schedule for a specific operation period and respond to any
sudden fault in the production process by resolving the issue without disrupting the order
schedule. The communication between DAQ and MES will specify the number of
moulding cycles in real-time and then the number of good parts. This provides the
enterprise with accurate data about the total moulding process.

The efficiency of the production equipment is evaluated and visualized using
Overall Equipment Effectiveness (OEE) (Fig. 3), while the quality of parts will provide
a comprehensive overview of the manufacturing process.
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Figure 3. OEE of production process which shows the accurate values.

5. Discussion and Conclusions

The company faced many challenges due to following the traditional methods of
manufacturing. Most of the obstacles fell within the scope of management. There was
poor monitoring of the quality, management of production time, determination of the
technical and management jobs within the enterprise, and difficulty in resolving the issue
of paperwork. Even with the enterprise's own ERP system, communication between the
different levels was inflexible and unable to provide management with accurate
information about the production process. The trial described here indicated significant
advancements in the production line as a result of integrating different systems at
different levels in terms of improving productivity, reducing inspection, maintenance,
and production cycle time, and increasing overall equipment effectiveness (OEE) for the
entire manufacturing process. These improvements have enabled the enterprise to bridge
the technological gap between its conventional production line and modern technologies
which are the foundation of the manufacturing sector.

Intelligent manufacturing systems and interconnection protocols were used without
the need for any modifications. This meant hardware integration, software integration
and a consolidated database was achieved while maintaining flexibility and reliability.
In addition, easy data transfer in real-time between the systems with zero error was
obtained.

DAAQ played an essential role by collecting and translating signals coming from the
shop floor. This enabled full control of the process and sorted out the good parts from
the defective ones. The MES enabled management to access real-time data on products
and markets thus empowering the management team to comprehend market responses
and trends and make necessary adjustments to the enterprise strategy. The data coming
from the DAQ, such as the operation and job time and the number of good/bad moulded
parts, was able to help determine much information at the management layer such as the
amount of raw materials used for each batch, required time to complete each job and the
time-plan for following batches.

Reducing production time and the total production cost, and increasing productivity
were the main results that were achieved during the trial. This resulted from the accurate
control of the process starting from the required time to start the work to the ready
packaged products.



M. Al-Ahmad et al. / Upgrading Conventional Production Lines 131

During implementation of an upgrade, there are many challenges facing the
enterprise such as supporting and developing the security of the network and how to deal
with cyber espionage. Moreover, each machine is unique in terms of design and structure
so this factor should be considered when planning to upgrade a conventional production
line regarding choosing the compatible hardware and software. Future work aims to
extend this work to include all accessories of the machines and cover communication
with different systems such as the supply chain management system and customer
relationship management system.

This study aimed to upgrade and evaluate a conventional injection moulding
production line to be compatible with Industry 4.0 and explained the type of
communication protocols utilised by applying the ISA-95 Standard. This paper also
explained the methodology followed to monitor the moulded part quality within the
supervisory control and data acquisition layer. It also explained how the parts quality
data transformed into the MES layer to be translated by the Overall Equipment
Effectiveness (OEE) added as an essential value to the total process quality.
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Abstract. With the evolution of Industry 4.0, the most advanced technologies have
been invented and due to rapid globalisation, supply chains (SC) have become
vulnerable to various risks and reconfiguration of supply chain design has gained a
significant consideration in recent years. This paper intends to provide a critical
literature review on the current research practices and identify the key factors
influencing the reconfiguration of supply chain design in the digital environment
and prioritise the factors considering relative importance and develop a framework
to mitigate the risk level. A systematic literature review is conducted to identify and
analyse the key factors that influence the reconfiguration of supply chain design,
and Analytical Hierarchy Process (AHP) method used to develop a conceptual
framework. The findings of this study revealed that reconfiguration of supply chain
design in digital environment sheds light on future research and focuses on the
potential to enhance supply networks' efficiency and responsiveness.

Keywords. Supply Chain, Industry 4.0, Reconfiguration.

1. Introduction

In the era of Industry 4.0, digitalisation has been the basis for supply chain (SC) design
and the reconfiguration; SC management is a key driver in gaining a competitive
advantage [1]. Supply chain involves a series of interconnected activities connecting
suppliers and customers, that includes planning, managing, and controlling the products
and services. Supply chain design decision involves a wide array of decision categories,
including network and product design and strategies to effectively navigate uncertainties
and variations, ensuring responsiveness within the supply chain [2] .With the digital
revolution, opportunities are open to reconfiguring the supply chain to provide a more
collaborative value network [3].

Reconfiguration of SC is required due to various external and internal reasons for
the company and the related industry. Furthermore, new competitive suppliers are
entering the market with new technologies, and the existing suppliers are required to
modify their products or services with the latest technologies [4]. Risk management
performs a key role in operating SC effectively in a variety of uncertain circumstances.
Dynamic reconfiguration of the supply chain for risk management has gained the
consideration of the researchers over the last two decades due to the influence of digital
technology in the SCM [5]. With the evolution of Industry 4.0, the most advanced
technologies are invented, and advanced software and tools are used to reconfigure the
existing design and its correlated support activities [6].It is vitally important for supply
chain designers to reconfigure SC using advanced technologies and Industry 4.0. SC

1 Corresponding Author. S.Saad@shu.ac.uk
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designers need to have a better understanding of the key factors that influence the
reconfiguring of the SC to mitigate the risk level and improve the efficiency and
responsiveness of the SC.

2. Research Methodology
2.1. Systematic Literature Review

Literature review is essential for academic research, and this research work contributes
to the systematic literature review (SLR) on the key factors that influence the
reconfiguration of supply chain design. According to [7] , SLR is a methodology that
effectively evaluates and consolidates the existing knowledge, selects and assesses the
contribution from several researchers, conducts data analysis and synthesis, and presents
a comprehensive summary of the existing knowledge for further studies to identify future
research problems. The SLR approach is selected for finding the key factors that
influence the reconfiguration of supply chain design as its capacity to provide a clear
judgment and sequence that can be traced.

2.2. AHP Software

The analytic hierarchy process (AHP) is one of the most widely used methods in the
Multiple Attribute Decision-Making (MADM) problems, which was proposed in 1980
by Thomas L. Saaty [8]. By using AHP software for multi-criteria decision-making,
supply chain managers can effectively evaluate and prioritise the criteria to identify the
key factors that influence the reconfiguration of supply chain design.

3. Findings and Discussions

As per the systematic literature review, Figure 1 displays the developed framework to
indicate the correlation between variables to understand the key factors that influence the
reconfiguration of supply chain design.

Developed Conceptual Framework
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F igure 1. The developed conceptual framework to identify the key factors that influence the
reconfiguration of supply chain design.
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3.1. Key factors influence the reconfiguration of supply chain design.

e Internal risk
Internal risk can be defined in the literature as organisational risk as process and control
risks [5]. One of the other classifications as internal risks are caused due to inefficient
and unreasonable resource allocation.

Three approaches were recognised as process improvement, introducing Industry 4.0,
and financial mitigation to mitigate the internal risk factors in supply chain management.
Process improvement enhances operational efficiency by analysing existing processes,
eliminating unnecessary costs associated with the supply chain, and improving overall
performance. This leads to improved customer satisfaction, reduced response time and
enhanced agility [9]. Introducing Industry 4.0 in the digital era, integrated the SC with
advanced technologies such as Internet of Things (IoT), big data analytics, artificial
intelligence, and cloud computing. Adaptation of digital technologies increase visibility,
gives access to real-time data, and optimise the decision making. Industry 4.0 enhances
supply chain transparency, operational efficiency, and enables innovative business
models [10]. Financial mitigation approach involves applying strategies to mitigate the
financial risks associated with the supply chain. This approach mitigates the potential
disruptions by effectively managing financial aspects such as cash flow, payment terms,
and financial stability. This leads to defending the financial uncertainties while increasing
the profitability of the company [11].

e  External risk
External risks are the risk that is outside of the focal company's control, but it is within
the supply chain network. External risks are caused due to the failure to accept and
respond to the sudden changes in market demand [12].

Supplier selection and development, managing the demand, and blockchain
technology contribute to mitigating the external risks in the supply chain. Supplier
selection and development can reduce the supplier-related issues by wisely assessing and
selecting the suppliers based on criteria such as reliability, quality standards and
responsiveness. Developing strong mutual relationships with suppliers leads to mitigate
the risks related to quality issues, lead time and supplier failures [11]. Managing the
demand and accurate forecasting of the demand ensures sufficient inventory levels are
maintained to fulfil the customer's requirements. Managing the demand is essential for
mitigating the external risks in the supply chain and that enables to response to the
customer demand fluctuations [9]. Identification of demand patterns leads to managing
the risks associated with changing market conditions, demand variability and changing
customer buying behaviour [13]. Blockchain technology improved the supply chain
transparency, traceability, and security and helps in mitigating the external risks [14].
Furthermore, Blockchain technology allows to create decentralised applications which
enable to track, and store transactions functioned by many users and devices [15]. This
enables end-to-end visibility of products, verifying authenticity and ensuring accordance
with regulations [16].

e Environmental risk
Environmental risks can be defined as all the risks that happen outside of the supply
chain network. For instance, governmental interventions like tariffs, tsunamis, hurricanes
are considered.
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Three sub-criteria were identified as policies and politics dumping approach, natural
catastrophes and creation of recovery plan, and globalisation. When considering the
politics and policies, government interference greatly impacts the supply chain network
and any business. Policies and politics dumping approach involves executing regulations
to the trade practices of dumping. The government can impose anti-dumping duties on
imported goods to ensure fair competition and safeguard local businesses from harm [17].
Natural catastrophes and creation of recovery plan: Natural disasters do not happen
frequently, but natural disasters like hurricanes, floods, storms, and earthquakes cause
severe disruptions. In 2011 Tohoku earthquake and tsunami resulted in nearly 210 billion
USD costs. Identifying natural disasters is important to manipulate the risk by creating a
disaster response and recovery plan. These plans should include the diversifying sourcing
locations and implementing disaster response and recovery strategies [18]. With the
globalisation, new SC related concepts are used as outsourcing and offshoring, and it
leads to entering the global supply chain network. Even though globalisation offers more
improvements and benefits as global sourcing, it incurred a considerable level of risks.
Organisations can adopt the best practices, share knowledge, and implement environment
friendly technologies that can contribute to mitigating the environmental risk through the
global supply chain [9].

e  Physical aspect
The physical aspect is more critical as it needs the investment to construct the physical
structure by considering the capacity utilisation, storage facilities and the manufacturing
capacities.

Three sub-criteria were identified as reconsidering facility location, optimising
distribution networks, and applying digital technologies. When reconfiguring the SC
design, facility location is relocating the facilities to reduce the expenditure. Cost-
effective facility locating is reduced the outbound transportation costs while decreasing
the lead time, and it improves the quality of service to the customer [19]. Companies may
have more alternatives when designing the distribution network and inappropriate
networks can have a major negative impact on SC. Optimising distribution networks can
have a great impact on the supply chain and strategical reconfiguration of network can
reduce the lead time, transportation cost and improve the overall efficiency [20].
Application of digital technologies can greatly impact the supply chain and Industry 4.0
technologies such as cloud computing, blockchain, and Internet of Things (IoT) can
increase the real-time visibility of inventory, transportation status and enhance the
proactive decision-making and optimise the operational efficiency [21].

e Business process
In a SC, the core function is the business process, and it directly affects the performance
and the profit of the focal firm. Three sub-criteria were identified as supply chain costing,
inventory optimisation, and big data analytics.

Supply chain costing involves evaluating and managing all the costs related to supply
chain activities. The analysis helps to identify the cost drivers and opportunities for cost
reductions. Optimisation of supply chain cost, improve the profitability and enhance cost
competitiveness [22]. Inventory has a major impact on a business process, and
maintaining safety stocks creates a cost to the business. It is critical to keep a minimum
stock in the inventory and find the right balance between inventory levels and customer
demand. Organisations can reduce inventory while maintaining sufficient inventory by
using techniques such as safety stock analysis, just-in-time, and demand forecasting. This
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helps to reduce the carrying cost and risk of stockout while enhancing the cash flow [20].
Big data analysis facilitates the real-time data, and it provides a real-time view of SC for
risk monitoring. This expedites the decision-making process by reducing the data
complexity, and it leads to reducing the SC risk. Big data analytics facilitates better
demand forecasting accuracy, improved inventory management, enhanced risk
assessment, and more efficient supply chain planning [2].

3.2. The relative importance of the criteria and sub-criteria of the proposed framework

According to the results presented in Figure 2, it is evident that the physical aspect holds
a relative importance of 27.25% compared to other criteria in the proposed framework.
Additionally, the sub-criteria with the highest significance is the application of digital
technologies, accounting for 9.07%. More results will be presented at the conference.

[I‘”. T

Figure 2. The relative importance of the criteria and sub-criteria of the proposed framework.

4. Conclusions and Future Research Directions

In summary, this paper has discussed the systematic literature review on the key
factors that influence the reconfiguration of supply chain design and prioritise the relative
importance of the factors using Analytic Hierarchy Process (AHP) software.
Furthermore, this paper points out the opportunities for supply chain designers to
enhance the supply chain design by identifying the key factors influencing the
reconfiguration of supply chain design. Moreover, identifying the key factors for
reconfiguration of supply chain design is vital for maintaining an effective supply chain
and providing outstanding customer service. Future researchers can further consider the
dynamic nature of these key factors and their interactions with Industry 4.0 and
technological advancements. Even though, many articles identified the key factor, there
has been limited focus on quantitative analysis. This gap presents an opportunity for
future research, which can provide a deeper understanding of the relationships and
impacts of these factors on supply chain performance.

Overall, this study highlights the potential of Industry 4.0 technologies and how key
factors influence the reconfiguration of supply chain design, while also suggesting areas
for future research.
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Abstract. Surface finishing of aluminium is a challenging task due to its soft nature
and achieving nano level surface finish on aluminium surface is a daunting task even
for the most advanced of the finishing processes. The material removal demands
precise control of forces from these processes. Ball end magnetorheological
finishing (BEMRF) process is one such process that can deliver precisely controlled
forces and that too at confined and localized spaces. However, as aluminium is non-
magnetic in nature it does not allow formation of an opposite magnetic pole for the
process and hence the applied forces are low. To overcome this, a permanent magnet
opposite pole is introduced beneath the sample surface which facilitates better forces
and magnetic flux between the work surface and the tool tip. This research study is
on the optimization of polishing fluid composition for the finishing of aluminium
using BEMRF process. With the optimum fluid composition, the surface roughness
of the aluminium sample is brought from 95.7 nm down to 53.6 nm in 32 minutes
of finishing. The topographical analysis shows that the light scratches are
completely removed from the surface and the deep scratches have turned into light
discontinuous scratches after finishing. The finished surface is also free from the

embedment of abrasive particles.

Keywords. Magnetorheological, Nanofinishing, Polishing, Aluminium, Surface

roughness.

1. Introduction

Finishing of soft and ductile materials is a challenging task in terms of accuracy,
complete scratch removal, damage-free surface, and sub-micron level of surface
finishing [1]. Due to the softness, these materials are very prone to scratches even when
finishing is carried out. Hard abrasive particles leave their own scratch marks while
finishing under uncontrolled finishing forces [2]. It is also reported by researchers that
during loose abrasive finishing, a common problem of abrasive getting embedded in the
workpiece surface is often observed. Hence, it is difficult to get a flawless surface finish
on soft materials by a majority of the finishing processes [3-5]. In this work, aluminium

is taken as the soft and ductile material for the study purpose.
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Ball end magnetorheological finishing (BEMRF), a variant of magnetorheological
finishing, is a recently developed nanofinishing process and incorporates all the features
of magnetorheological finishing process [6]. In its working, it resembles the vertical ball-
end milling cutter. However, in place of multiple cutting edges, it has abrasive laden ball-
shaped MR fluid whose stiffness is controlled magnetically. This abrasive laden ball-
shaped MR fluid changes its compliance according to the surface to be polished and the
gentle finishing can be achieved by changing the stiffness of the ball. This process has
shown its capability to polish a wide range of materials like metallic, non-metallic,
magnetic, and non-magnetic materials and all types of surfaces (2D and 3D) [7-11].
BEMRF produces scratch-free surfaces of nanometer-order surface roughness by
controlling the finishing forces [12]. Due to marginal finishing forces applied while
finishing, no surface or subsurface damage occurs in this process. Despite its application
on different materials, there is hardly any literature available on the finishing of
aluminium using BEMRF process and hence the present work relates to finishing of
aluminium using the same.

2. Experimentation

Commercially available aluminium 6063 is used as the workpiece material for its good
yield and ultimate tensile strength. The samples were prepared by lathe operations in the
form of discs (35 mm diameter x 6 mm thickness). The experiments are performed on a
3-axis CNC BEMREF setup. As aluminium is a paramagnetic material, the magnetic flux
density in the working gap between tool tip and the workpiece is not sufficient for
effective finishing. To increase the magnetic flux density, a permanent magnet of 0.3
Tesla has been used beneath the workpiece using a fixture made of aluminum. The
experiments are performed using magnetorheological (MR) polishing fluid composed of
electrolytic iron particles (EIPs) of 300 mesh size and alumina abrasive of 1000 mesh
size. The experiments have been conducted to analyze the effects of abrasive and EIPs
concentrations on process performance in terms of reduction in surface roughness (%
ARa) in a predefined finishing time and the optimum MR polishing fluid composition
has been searched out.

2.1. Parametric analysis of MR polishing fluid composition

In this study, the effects of abrasive and EIPs concentrations have been analyzed on
process output in the form of reduction in surface roughness (% ARa) in a predetermined
finishing time. Other fixed parameters and corresponding conditions/values are
summarized in table 1.

Table 1. Fixed process parameters and conditions for aluminum finishing

Parameters Conditions
Abrasive Alumina (Al,05), mesh size 1000
EIPs 300 mesh size
Base medium wt. 80% heavy paraffin + wt. 20% grease
Energizing current 6 A
Working gap 1.2 mm
Rotational speed 300 rpm
Feed rate of workpiece table 10 mm/ min
Finishing time 32 min (8 cycles)

Finishing length 20 mm along the diameter
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The viscosity of MR polishing fluid is affected by the overall concentration of solid
phase (abrasives and EIPs) in the fluid. Beyond vol. 45 % of solid-phase concentration,
the fluid loses its fluidity and acts like a rigid body when it interacts with the magnetic
field. Hence, in the experimentations, the abrasive and EIPs concentrations are varied
from vol. 10 to 20 % and vol. 15 to 25 % respectively keeping in mind that total solid-
phase concentration should not go beyond the upper limit of solid-phase concentration
i.e. vol. 45 %. For the experiments, a two-factor central composite design (CCD) has
been implemented to create a statistical model of the process and analyze the individual
effects of abrasive and EIP concentrations. The levels of the fluid composition
parameters (abrasive and EIPs concentrations, denoted by “A” and “B” respectively) in
coded and actual forms have been summarized in table 2.

Table 2. The specified fluid composition parameters' coded levels and real values

Levels
Parameters
-1.414 -1 0 +1 +1.414
Abrasive concentration (vol.%) - A 10 11.50 15 18.50 20
EIPs Concentration (vol.%) - B 15 16.50 20 23.50 25

Experiments have been conducted as per the plan of experiments but in random
order. The responses (%ARa) are calculated on the basis of initial and final surface
roughness values. To determine the true value of the reduction in surface roughness,
surface roughness values are measured at the same location on the workpiece surface
before and after the finishing. After removing insignificant model terms and including
the nonlinear terms of the input parameters, the quadratic equations that best suit the
experimental results has been derived as follows:

In terms of coded factors:

%ARa =26.37 - 4.86A + 6.49B +1.35A% +1.31B? (1)
In terms of true factors:
% ARa=76.58 - 4.61A -236B+0.11A%+ 0.11B? 2)

The experimental results have a significant positive correlation (R? = 98%) with the
developed quadratic equations of percentage change in surface roughness.

3. Results and discussion

The effects of volumetric concentration of abrasive and EIPs in MR polishing fluid on
process performance (%ARa) have been plotted and discussed in the following
subsections using the derived quadratic model (equation 1 or 2).

3.1. Effect of abrasive (A1:03) concentration and EIPs concentration

At varying concentrations of EIPs, the effect of abrasive particle concentration in MR
polishing fluid on the process response (%ARa) has been investigated, as shown in figure
1(a). Some abrasive particles gripped amid the EIPs chains as the abrasive level in the
MRP fluid grew, and some abrasive particles broke the EIPs chain during the chain
formation process. Due to these abrasive particles which broke the EIPs chain, the EIPs
chain becomes weaker in strength and deflects from their position when the load is
applied on them. As a result, increasing the volumetric concentration of abrasive in MR
polishing fluid caused a decline in %ARa. Figure 1(b) shows the change in %ARa against
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the variation in concentration of electrolytic iron particles (EIPs) at different abrasive
concentrations. The stiffness of the MRP fluid depends on its magnetic permeability.
When MR polishing fluid with higher magnetic permeability is exposed to a magnetic
field, it exhibits higher fluid stiffness as compared to MR polishing fluid with lower
magnetic permeability. The amount of magnetizable content in the MR polishing fluid,
i.e. the volumetric concentration of EIPs, determines its magnetic permeability. Adding
more amount of EIPs content in MR polishing fluid performs two major functions, one
of them is that it increases the magnetic permeability of the MR polishing, hence, the
EIPs chains grow in length and width which eventually results in an increase in stiffness
of MR polishing fluid. In more stiff MR polishing fluid, the abrasives are gripped more
firmly and perform more cutting while finishing due to which %ARa increases. The
second function is that adding more amounts of EIPs in MR polishing fluid grip more
abrasive particles which could not be gripped previously. These more number of gripped
abrasive particles perform more cutting during ball end MR finishing. Due to these two
facts, the %ARa increases on increasing the concentration of EIPs in MR polishing fluid
as also shown in figure 1(b).

EIPs concentration

% AR,

Abrasive concentration (vol%)

vol 20%
=« =vyol 23.5%
— =vol 25%

EIPs concentration (vol %)

Abrasive concentration)
——vol 10%
=== vol 11.5%

vol 15%
-+ =vol 18.5%

— =vol 20%

(a)

(b)

Figure 1. (a) Effect of abrasive concentration on %ARa and (b) Effect EIPs concentration on percentage
reduction in surface roughness (%ARa)

3.2. Optimum polishing fluid composition

The MR polishing fluid composition was optimized to maximize the output of the
process i.e. the percentage reduction observed in surface roughness (%ARa). For this
purpose the quadratic model developed from response surface regression analysis has
been optimized subjected to a minimum and a maximum limit of concentrations of
abrasive and EIPs in the design space. The optimum values of concentrations of abrasive
and EIPs are found as 10% and 25% by volume respectively. Table 3 shows the
experimental and predicted response (%ARa) values computed from the quadratic model
at optimal MR polishing fluid composition parameters.

Table 3. Validation of optimized results

. o o .
Parameters Experimental %ARa Predlcted.A»ARa by ) .Error in
A B quadratic model predicted value
10 vol% 25 vol% 43.99 47.91 -8.92

The error in predicting the response by the quadratic model at the optimum MR
polishing fluid parameters is found as -8.92, which shows the good repeatability of the
experimental result. In 32 min of finishing (8 cycles), the surface roughness (Ra) of the
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aluminum sample at optimum MR polishing fluid composition reduces from 95.7 nm to
53.6 nm with an improvement of 43.99%. Figure 2 (a) and (b) illustrate the aluminium
sample's surface roughness profiles before and after the finishing respectively. The other
surface roughness parameter such as Rz reduce from 427.60 nm to 265.50 nm and Rt
reduces from 656.70 nm to 418.80 nm. From roughness profiles, it is clearly shown that
after finishing the larger-sized roughness peaks transformed into smaller sized peaks.
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Figure 2. Surface roughness profile (a) before finishing (b) after finishing with optimal fluid composition

Surface morphologies of the initial and final aluminium workpieces with the optimal
polishing fluid composition are examined by SEM (Figure 3) and AFM (Figure 4) images.
The SEM image of the initial surface (fig 3a) shows that the initial surface had scratch
and ploughing marks. Lots of cavities were also observed on the initially prepared
workpiece. These surface defects were due to rigorous abrasive action under
uncontrolled normal finishing force in the manual lapping process. After 32 min (8
cycles) of finishing, the SEM image of aluminum finished sample (fig 3b) shows that the
ploughing marks and cavities are completely removed from the surface but the scratch
marks have been removed partially. Still, some scratch marks are observed on the
finished surface which can be reduced by optimizing the machining parameters.

(b)

Figure 3. Scanning electron micrograph (a) before finishing (b) after finishing

The AFM images in figure 4 show the rectification of the initial profile's unevenness,
resulting in a superior surface profile after finishing. Higher degree unevenness of
surface profile transformed in a lesser degree of unevenness after finishing and resulted
in a true and precise surface.
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(a) (b)

Figure 4. Atomic force microscopy image (a) before finishing (b) after finishing

Conclusion

The following conclusions are drawn from this study on nanofinishing of aluminum
using BEMRF process:

e The volumetric concentration of abrasive and EIPs in MR polishing fluid play
important role in finishing of aluminium using BEMRF process.

e Increasing the volumetric concentration of abrasive in MR polishing fluid
caused a decline in %ARa. Also, the %ARa increases on increasing the
concentration of EIPs in MR polishing fluid.

e The concentration of EIPs is the most important parameter, contributing the
most to the response. The optimal EIP and abrasive concentrations are found
to be vol. 10% and vol. 25%, respectively, with the maximum percentage
reduction in surface roughness reported at 43.99 %.
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Abstract. Ball burnishing is a finishing process, in which a ball burnishing tool is
used to remove the surface flaws such as scratches, ploughing marks due to previous
manufacturing/machining process, indentation, etc. The burnishing operation
generates a reflective surface by plastically deforming the roughness peaks and
filling the scratches. In the present research, the ball burnishing tool having a hard
ball made of carbide has been used to finish the copper samples. Since copper is a
soft material, it is very prone to scratch while finishing by most of the finishing
processes employing bonded or loose abrasives. In the present study, the effect of
different process parameters has been explored on the output performance i.e.
Percentage change in surface roughness. From the experimental results it has been
observed that in ball burnishing of copper, the maximum improvement in surface
finish was about 94% when kerosene is used as a coolant.

Keywords. Ball burnishing, copper, finishing.

1. Introduction

Surface quality is crucial for the technological excellence of machined components.
Material characteristics, form, and dimensional correctness are also significant
considerations. Engineering components endure extreme strains, temperatures, and
speeds. More investigation is required to comprehend and enhance the connection
between the form and functionality of surfaces. The ideal surface specification depends
on its intended application, necessitating the separation of surface geometry and function,
particularly in tribological research. Surface roughness greatly influences qualities like
wear resistance and fatigue strength in engineering parts [1]. It is impossible to achieve
perfectly flat surfaces because they inherently contain imperfections in the form of peaks
and valleys. Surface finishing processes vary in terms of their actions, thermal aand
mechanical damage, residual tensions, and materials used. There are two categories into
which these techniques can be classified based on their mechanisms: material loss
methods like grinding, and plastic squeezing methods that redistribute material without
loss, seen in processes like burnishing [2]. Ball burnishing, a chipless machining method
involving superficial plastic deformation, focuses on surface polish and the creation of
compressive residual stresses. When the burnishing is used as a final step after turning
or grinding a workpiece, it can improve its ability to withstand wear, last longer under
repeated stress, become stronger when pulled, and be more resistant to damage caused
by corrosion [3]. It can serve as a viable alternative to grinding for achieving desired
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surface smoothness on hydraulic machine components such as piston rods. In this study,
the burnishing operation was conducted on a lathe machine [4]. Ball burnishing is a
mechanical finishing process that utilizes small, spherical balls to polish and enhance the
surface quality of metal components. It improves appearance, texture, and functionality
in various materials, including metals. The process, also known as ballizing, ball rolling,
and ball polishing, excels at enhancing surface smoothness and texture. The rolling
movement of balls on the workpiece surface removes flaws like burrs, roughness, and
machining marks, resulting in a smoother and refined surface [5]. This is particularly
advantageous for high-quality surface finishes in automotive parts, aircraft components,
and medical equipment. Besides enhancing surface finish, ball burnishing induces
compressive pressures that produce beneficial residual stresses, elevating the fatigue life,
strength, and resistance to cracking and failure of the component. Thus, ball burnishing
is an attractive solution for improving the mechanical performance and lifespan of metal
products. It can be used on many different types of materials, including steel, aluminum,
brass, copper, and various types of alloys [6]. It is a flexible and adaptable technique that
can be applied to a wide range of substances. It can be employed on flat and curved
surfaces, with the choice of ball size and type tailored to meet specific requirements for
surface polish [7].

2. Experimentation

Copper was chosen as the experimental material due to its industry significance. It holds
relevance for the study. A total of 60 Copper workpieces in a disc form with dimensions
of [diameter = 25.4 mm] x [height = 12 mm] were prepared for the trials. Turning, Parting
and Facing operations were performed on lathe machine to make the samples ready
before doing the final operation i.e., Ball Burnishing. In surface finishing procedures, a
ball burnishing tool is employed to enhance the workpiece's quality and appearance. It is
formed of a spherical ball of carbide, which is noted for its hardness and durability. The
ball burnishing tool is intended to be used in conjunction with a lathe machine. Its
function is to apply pressure and roll over the workpiece's surface, causing plastic
deformation and surface refinement. The burnishing tool's shank is designed such that
mounting it to the tool holder of the lathe machine is simple. The lathe machine's three-
jaw chuck holds the workpiece. During operation, the carbide ball comes into liaison
with the workpiece surface. The applied pressure and rolling action of the ball create
plastic deformation of the material. The roughness of the surface (Ra) is examined using
a surface roughness profilometer both before and after the burnishing procedure. The
bulk of the samples in this investigation has an initial surface roughness (Ra) that ranged
from 2.18 to 3.13 um. Before performing the ball burnishing procedure, the workpieces
are cleaned with acetone. To stop hard particles from getting onto the contact surface
between the tool and the workpiece, continuous ball cleaning is done. On the polished
surface of the workpiece, such hard particles frequently cause significant scratches. This
technique smoothes out any surface abnormalities like as roughness or tool marks,
resulting in a more consistent and polished surface finish.

Experimental Design and Analysis: Examining how the parameters of the ball
burnishing process affect the characteristics of the work material is the main objective of
this work. Response surface methodology (RSM), a simple and acceptable experimental
design, ended up being suitable for our study. A total of 60 experiments were performed.
The ball burnishing parameters for the finishing action are shown in Table 1.
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Table 1: Selected parameters and their values

Factor | Name of Units Type Sub Type Minimum Maximum
parameters level level
A Speed rpm Numeric Continuous 150 400
B Feed mm/min Numeric Continuous 0.100 0.50
C Infeed mm Numeric Continuous 0.15 0.45
D Lubricant - Categoric Without Paraffin Kerosene
Lubricant

Table 2: Fit Summary

Source Model Lack of Adjusted Predicted
p-value Fitpvalie R
Design <0.0001 0.3933 0.8986 0.7396 Recommended
Model
Linear <0.0001 0.0007 0.6260 0.5666
2F1 0.0038 0.0042 0.7289 0.6409
Quadratic <0.0001 0.0483 0.8280 0.7319 Suggested
Cubic 0.0009 0.7602 0.9197 0.7710 Aliased

In our experimental analysis, we have utilized the Quadratic Source of the model to
formulate our linear regression equation, as per table 2. The adjusted and predicted R?
values of the model are in good agreement, indicating a reasonable fit. Additionally, the
p-value for lack of fit is considerably larger than the threshold, indicating that the model
is not overfitting and has adequate generalization capability.

Table 3: Fit Statistics

Std. Dev. 0.0381 R? 0.9028
Mean 0.7464 Adjusted R? 0.8634
CV. % 5.11 Predicted R? 0.7905
Adeq Precision 20.3123

e The predicted R? value of 0.7905 and the adjusted R? value of 0.8634 are quite
close to each other, with a difference of less than 0.2, table 3. This means that
they are in reasonable agreement, indicating that the prediction made by the
model is fairly accurate and reliable.

e Adeq Precision is a measure that tells us how clear the important information
(signal) is compared to the unwanted noise. It is desirable to have a ratio greater
than 4, as it indicates a strong and clear signal. In your case, with a ratio of
20.312, the signal is more than adequate, table 3. This means that the model
provides a clear and reliable understanding of the data, and it can be confidently
used to explore and make decisions within the design space.
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Final equation in terms of coded factors:

Ra =0.7617 -0.0710xA+ 0.0329xB+ 0.01543 xC+0.0043375xD [1] -0.0748xD[2]
-0.0239xAB+ 0.0212xAD[1] -0.0323xAD[2]+0.0496xCD[1] -0.0033 xCD[2]+0.0275
xA2-0.0790 xB2+0.0209xC2-0.0504x A2D[1]+0.0566 xAZD[2]+0.0533 xC2D[1]-0.0617
xC?D[2] (1)

The equation 1, which employs coded factors, allows predictions about the response
variable to be produced based on precise levels of each factor. In this context, the high
levels of the components are frequently labeled as +1 and the low levels as -1. By
comparing the coefficients of the elements, the coded equation can be used to determine
the respective importance of the components.

3. Results and Discussions
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Figure 1. Effects of speed , feed, infeed and lubrication on % ARa.

Effect of speed on the % change in surface roughness (%ARa): According to the
final model analyzing the link between the input ball burnishing parameters and change
in surface roughness, lower speeds result in higher reduction in surface roughness. In
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contrast, as speed increases, the change in surface roughness steadily decreases, figure 1.
This is because, slower ball movement allows for more time per unit area of the surface,
improving its smoothness by continuous plastic deformation.

Effect of feed on the % change in Surface Roughness (%oARa): The reduction in
surface roughness is clearly affected at the lowest feed rate, according to the final model
that links the input ball burnishing parameters with the change in surface roughness.
However, as the feed rate rises from 0.1mm to 0.3mm, the reduction in surface roughness
increases, peaking at 0.3mm. Beyond this point, as the feed rate climbs to 0.5mm, the
change in surface roughness starts to decrease. The graph shows a peak value at 0.3mm,
indicating that the highest reduction in surface roughness can be obtained at this feed
rate, figure 1. It is worth noting that an excessively high feed rate results in a decrease in
the change in surface roughness. A lower feed rate allows the ball of ball burnishing tool
to work for a longer time on the roughness peaks and causes them to deform plastically
in the repetitive action of the ball, whilst a larger feed rate may cause the ball of ball
burnishing tool to be in contact for less time that results in a decrease in the change in
surface roughness (%oARa).

Effect of infeed on %change in Surface Roughness (%ARa): It is evident from
the graphs of figure 1 that initially as the infeed increases, the change in surface
roughness decreases because at the higher infeed, higher forces act at the contact of ball
and workpiece that results in taking out the embedded chips at the surface of the
workpiece. But at higher infeed beyond a certain limit, the forces become so high at the
contact of ball and workpiece that all the roughness imperfections suppress and deform
plastically to give an increase in percent change in surface roughness value.

Effect of Lubricant on %change in surface roughness (%oARa): Based on the
data, different lubricants have different effects on the surface finish. Kerosene as the
lubricant produces a surface polish that is noticeably superior. Similar to how the surface
finish is of intermediate quality when using paraffin as the lubricant. However, the
surface finish deteriorates greatly when no lubricant is used. From the graphs of the
effects of lubricants on the percent reduction in surface roughness, it is evident that the
change in surface roughness is higher when paraftin or kerosene is used as the lubricant
and it falls drastically when no lubricant is used figure 1. At no lubricant condition, the
roughness peaks and other imperfections are likely to adhere to the carbide ball and may
result in a decrease in %ARa.

4. Conclusion

The ball burnishing tool can successfully be employed to finish the surface of nonferrous
metals that are difficult to grind with traditional grinding. From this study it can be
concluded that slower ball movement allows for more time per unit area of the surface,
improving its smoothness by continuous plastic deformation. an excessively high feed
rate results in a decrease in the change in surface roughness. An excessively high feed
rate results in a decrease in the change in surface roughness due to contact of the carbide
ball with the roughness peaks for a lesser time. Higher infeed increases the forces on the
roughness peaks and other surface defects and smoothens them. No lubrication condition
causes a reduction in the percentage change in surface roughness due to the sticky nature
of copper with the carbide ball at no lubrication condition. The model’s predicted R? and
adjusted R?indicate that model is fairly accurate and reliable.
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Abstract.

Traceability and transparency are crucial aspects of humanitarian supply chains to
ensure the efficient delivery of aid. Existing research emphasises the need for
improved traceability and transparency to address challenges like corruption,
counterfeit goods, and inefficient distribution. Traditional systems, however, often
lack the necessary infrastructure and mechanisms to achieve these objectives
effectively. Blockchain technology offers unique capabilities to enhance traceability
in humanitarian supply chains. This paper presents a conceptual blockchain-based
system designed to record and verify the movement of humanitarian goods and
resources and facilitate collaborations of key stakeholders throughout the supply
chain. By enhancing traceability, transparency, and stakeholder collaboration, this
system could contribute to the effective delivery of humanitarian aid, ultimately
benefiting the affected communities in their time of need.

Keywords. Blockchain, Humanitarian Supply Chain Management, Traceability.

1. Introduction

In humanitarian supply chain management, ensuring the efficient, transparent, and
accountable movement of goods and resources is crucial for providing timely assistance
to affected communities [1]. However, challenges such as fraud, corruption, and lack of
visibility often hinder the effectiveness of humanitarian operations [2]. To address these
issues, emerging technologies like blockchain have shown great promise in
revolutionising supply chain management by enhancing the traceability and transparency
of processes [3].

This paper presents a blockchain-based system designed to record and verify the
movement of humanitarian goods and resources throughout the supply chain, while
considering the involvement of stakeholders such as the government, Non-Governmental
Organisations (NGOs), and local communities. By leveraging the immutability,
transparency, and decentralised nature of blockchain technology [4] and [5], this system
aims to overcome the limitations of traditional humanitarian approaches and foster
greater efficiency, integrity, and accountability and thus contribute to the effective
delivery of humanitarian aid, ultimately benefiting the affected communities in their time
of need.
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Smart contracts are utilised to automate verification processes, such as customs clearance,
quality checks, and compliance with regulations. These contracts execute predefined
rules and conditions, ensuring transparency and accountability throughout the supply
chain [2]. By automating these processes, the system minimises manual intervention,
reduces human error, and accelerates transaction processing, thereby increasing the
overall efficiency of humanitarian operations.

2. Blockchain Technology Application in Traceability, Transparency and
Collaboration in Humanitarian Supply Chain

Traceability and transparency are crucial aspects of humanitarian supply chains (HSCs)
to ensure the efficient delivery of aid. Existing research, such as [6] and [7] emphasised
the need for improved traceability and transparency to address challenges like corruption,
counterfeit goods, and inefficient distribution. However, traditional systems often lack
the necessary infrastructure and mechanisms to achieve these objectives effectively.
Blockchain, which is a decentralised and distributed database that maintains a growing
list of transactions, offers unique capabilities to enhance traceability in supply chains.
By leveraging distributed ledgers and smart contracts, blockchain enables real-time
tracking and verification of goods and resources [8] and [9].

It also facilitates donation management ensuring transparency in fund allocation and
facilitating trust amongst stakeholders [1] and [10]. [11] and [4] highlighted the
importance of stakeholder collaboration, trust-building, and participation in designing
and implementing blockchain-based systems. Effective engagement ensures a shared
understanding of goals, encourages data sharing, strengthens the overall resilience of the
supply chain, and enhances stakeholder awareness about the technology and its
importance in minimising coordination challenges of a lack of trust and information
sharing [6].

2.1 Blockchain-enabled system: Transparency, Traceability, and Coordination
applications

While designing the systems displayed in Figures 1, 2 and 3, important considerations
should be made. One is the selection of the blockchain platform [12]. In this case, we
recommend a permissioned platform, such as Hyperledger Fabric, which ensures
controlled access to and privacy of sensitive data as only authorised parties can join,
write, read, and commit in the network [13]. The data structure and smart contracts
should be defined to include clear conditions and rules for contract execution [14] of
relevant information like product identification, location, timestamp, responsible
partners, and quality assessments. Network governance and access control guidelines
[15] ensure that stakeholders have appropriate visibility levels and share data based on
their roles and responsibilities. The user interface should be user-friendly [16] with
appropriate access levels to enable stakeholders to input and access information related
to the movement of goods/funds, tracking shipments, and reporting any anomalies.

For an effective implementation, these systems should be interoperable with existing
systems used by stakeholders [15]. Privacy and data protection considerations must be
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integrated in the systems [17] and Zero-Knowledge Proofs (ZKPs) or selective disclosure
to protect sensitive information shared on the blockchain can be used [18] and [19].

In this way, the humanitarian partner can establish trust and credibility in their
qualifications without exposing sensitive information, and the verifier can be confident
that the partner possesses the required qualifications without needing to access or store
any personal or sensitive data. The cryptographic techniques behind ZKPs ensure that
the proofs are valid, verifiable, and secure while preserving privacy [20].

An example of the use of blockchain technology to ensure transparency in disaster
response is illustrated in Figure 1.

N | I
2 " $P )
Humanitarian isti i
Coordinating Entity (CE) Logistics Service
Partners Provider (LSP)
Smart Contract delivery Disaster Zone
A |
anly —————
'@\ 'i‘a
Supplier Logistics Service Warehouse
Provider (LSP)

Figure 1: Blockchain-enabled transparency system in disaster response

The key steps of Figure 1 above are highlighted below:

1.

a) Coordinating entity (CE) enters a smart contract with a pre-qualified supplier
b) CE creates an order of the aid goods to the pre-qualified supplier and defines
the consignee (central warehouse). They enter the details in the blockchain.
c¢) Supplier enters the goods and carrier details into the blockchain and initiates

delivery to the logistics service provider (LSP). He then handover the goods
to the LSP, who accepts them, and enters these details to the blockchain.
d) LSP handover the goods at the central warehouse and the consignee inspect
and accept the goods and they both enter these details in the blockchain.
a) CE informs humanitarian partners (NGOs, donors, private companies) on the
aid items required.
b) Partners hand over the goods to the LSP who accepts them, and they both
enter these details in the blockchain
¢) LSP handover the goods at the central warehouse and the consignee inspect
and accept the goods and they both enter these details in the blockchain.
The goods are ready to be dispatched to the disaster zones/ to the victims who
will then be identified through a pre-determined means, for instance verifying
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their identity through fingerprints scans to authenticate the biometric
information registered in the blockchain.

HSCs rely on donations for their operations and there has been a shift in how donations
are made from giving physical items like food, medicines, and clothes to giving cash
[21]. Cash donations are preferred as they are easier to make and empower victims to
make more choices, thus restoring their dignity [22]. Organisations like the World Food
Programme (WFP) accept donations in digital forms such as cryptographic currencies
[1]. Figure 2 illustrates how blockchain can be used in disaster response and recovery to
track donated assets, ensuring transparency, and reducing fraud and corruption.

iii

Coordinating Entity (CE)
define project goals &
budgets for stakeholders

0 % B @

’ Digital token is Beneficiaries
Stakeholder e.g. donor CE Blockchain fem to the
Platform
creates an accou:t and selected
puts money on the CE BCT beneficiaries
platform

Stakeholders traces
the movement of the
token of value along
the chain

Figure 2: Blockchain-enabled traceability system for funds transfer

The following steps explain the Blockchain traceability system for funds transfer

depicted in Figure 2 above.

1. The CE defines the project goals and the budget required from the stakeholders
or the public, including the project details to register to the platform. Any
willing stakeholders, e.g., a donor, creates an account in the CE platform and
receives an encrypted private key and an anonymised public key.

2. The stakeholder then deposits some currency to the CE blockchain platform. If
the currency received is in a fiat currency, the CE converts it into a digital
currency and records its value as a token. The stakeholder can also trace the
token movement.

3. The digital token is sent to the affected victim, who takes it to a local partner to
the CE, e.g., a bank that converts the digital currency to fiat currency. The
beneficiary can meet their needs and use the donation for income generation
activities which helps victims to gain resilience after disasters.

Coordination is vital in any disaster management process [23], and Figure 3 illustrates
how blockchain can aid in the coordination of stakeholders. Since each disaster is unique,
the trusted CE is responsible for coordinating all the humanitarian partners and
registering the ones needed for each disaster. In elaborating on blockchain usage in
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coordination in our paper, we categorise stakeholders into Primary and Secondary
stakeholders as represented in Figure 3 in a circle and rectangle, respectively. Primary
stakeholders can trigger the disaster management, while Secondary stakeholders are
needed in a complementary basis. For instance, NGOs who are primary stakeholders can
get into smart contracts with suppliers, who are secondary stakeholders to supply key
medical supplies. In some disasters like terrorism, the host government adds the military
to the blockchain for improved response. Smart contracts can be used with shelter
providers like hotels for temporal accommodations.
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\ //
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edla PP Telecommunication Military
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Figure 3: Blockchain-enabled system for coordination of humanitarian supply chain partners

In Figure 3 above

1.

The government, NGOs, local communities/beneficiaries, and donors are
represented as separate entities, indicating their primary involvement and
participation in the humanitarian process.

The blockchain network acts as a shared infrastructure, connecting the
stakeholders and providing a transparent and immutable ledger for recording
and verifying humanitarian data.

HSC participants, represented in the circle (primary participants) and rectangle
(secondary participants) interact with the blockchain network through smart
contracts to verify and execute supply chain processes, thus ensuring
transparency, accountability, and adherence to predefined rules and conditions.
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3. Gaps and Further Areas of Research

This research recommends the following areas for further investigation.

1. Research on the legal and regulatory challenges associated with implementing
blockchain-based traceability solutions in HSCs.

2. Evaluate the impact of blockchain-based traceability systems on the efficiency,
effectiveness, and accountability of HSCs and quantify the benefits.

3. Investigate innovative approaches to improve the scalability and performance
of blockchain-enabled networks specifically tailored for HSCs.

4. Focus on developing interoperability protocols and standards that enable
seamless integration between different blockchain platforms and existing
information management systems.

5. Examine new governance models and incentive mechanisms for blockchain-
based HSCs. Investigate how decentralised decision-making processes and
token economies can promote collaboration, accountability, and fairness among
stakeholders.

Conclusion

In this paper, a Blockchain-Based Traceability System for enhanced humanitarian supply
chain management was developed. By leveraging the inherent features of blockchain,
such as data immutability, cryptographic security, and smart contracts, the traceability
system can provide a comprehensive and trustworthy view of the humanitarian supply
chain. It enables stakeholders to coordinate and accurately track the movement of
humanitarian goods, verify their authenticity, and ensure compliance with regulations
and standards. However, successful implementation requires careful consideration of
technical, organisational, and regulatory factors to ensure the scalability, interoperability,
and sustainability of the Blockchain-Based Traceability System. By embracing this
technology and addressing its associated challenges, the humanitarian sector can unlock
new possibilities for improving the delivery of essential goods and services, ultimately
contributing to positive social impact and sustainable development.
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Abstract. Social media facilitate research outcomes dissemination using tools and
functions that simplify the sharing among academics and users. This paper aims to
develop the relationships among the critical factors influencing knowledge sharing
through social media based on three aspects: individual, organizational, and
technological dimensions. An interpretive structural modelling approach for
knowledge sharing through social media in Engineering HEIs in the Kingdom of
Saudi Arabia was employed. Critical factors emerging with high dependence
contribute to enhancing the use of social media for knowledge sharing. A key
finding of the modelling is that clearly defined ease of use of social media, technical
support, perceived usefulness of social media, the popularity of the tool, and
appropriate content are significant factors influencing the technology aspect of
knowledge sharing through social media. This research will help engineering and
manufacturing educational institutions to know how to support the use of social
media tools for knowledge-sharing purposes by focusing on critical factors.

Keywords. Knowledge Sharing, Social Media, Interpretive structural modelling.

1. Introduction

Social media tools for knowledge sharing present an opportunity for higher education
institutes (HEIs). Owing to the fact that use of social media tools in the academic area
has been on the increase, it is vital to explore and develop an understanding of their utility
and efficacy as a tools for knowledge sharing among academics in HEI [1]. Online tools
are possibly much more practical facilitators for sharing knowledge than the traditional
way of sharing such as face-to-face especially in the present worldwide and
geographically dispersed organisations, as several researchers have proposed [2].
Besides having a clear understanding of the numerous benefits that accrue to people from
the use of social media tools, it is useful to better understand the implications of social
media tools on knowledge sharing among academics and researchers.

The concept of knowledge sharing refers to how knowledge, information, expertise,
or skills are transferred or exchanged among peers, people, families, communities, or
within and/or between companies [3]. Social media is a term with no universally agreed-
upon definition [4]. In higher education, social media has assumed increased importance.
The advent of social media with its core characteristic of sharing ideas, concepts, and
content, can revolutionise knowledge sharing in higher education platforms worldwide.
In this regard, the proliferation of social media use in HEIs has bolstered the ability to
facilitate communication, group establishments, and idea generation [2].
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This paper aims to identify and rank the key critical factors for enhancing knowledge
sharing through social media in KSA HEIs, to establish the relationships among the
identified critical factors using the interpretive structural modelling (ISM) approach and
to discuss the implications for practicing academics of this research and suggest
directions for future research. These factors influence each other. Therefore, it is
important to recognise the nature of these factors so that the dependent factors and
driving factors are recognised.

2. Identification of critical factors

An extensive literature review identified the diverse critical factors influencing
knowledge-sharing through social media. Keywords used included “knowledge sharing”,
“social media”, “barriers factors for knowledge sharing among academics” and “success
factors for knowledge sharing in higher education”. A total of 48 papers were reviewed.
Through this literature review, 19 critical factors were identified. These were discussed
with an expert group of academics and professional users of social media tools working
in the KSA HEIs with more than 5 years of experience in the sector.

Individual factors influence the decision to share knowledge through the Internet.
Knowledge sharing is based on the ability and willingness of individuals to create and
share information with others for different purposes. Enjoying for example, a specific
knowledge-sharing medium encourages people to continue developing and sharing
information [5]. Promoting the awareness of social media platforms used for knowledge
sharing within the higher education community helps increase the potential impact of the
themes, issues, and concepts covered [6]. Lack of awareness reduces access to
knowledge sharing platforms, reducing the shared knowledge's rate and effectiveness [7].
At the individual level, factors such as altruism, enjoyment of helping others and self-
efficacy play a central role in shaping the effectiveness of knowledge sharing. Altruism
facilitates the voluntary and continuous sharing of knowledge within a community,
including facilitating knowledge sharing at one’s own cost (money, time, and effort) [8].
The enjoyment of helping others is often viewed as a mediator for knowledge sharing
and diffusion. Time for sharing knowledge through social media is another critical factor.
The process of sharing knowledge takes time, depending on the quality and quantity of
knowledge being shared. The lack of time leads to incomplete sharing of knowledge,
while the sender may decide against starting the process if they feel that the process will
not be completed. Self-efficacy is a self-evaluation that affects the decision of the person
to participate in a particular activity [8].

The differences in the size, scope and other characteristics of organisations are often
viewed as having a direct influence on knowledge sharing. The relevance of the
organisational factors arises from the fact that knowledge sharing presents several
benefits to the institution [9]. Organisations have developed specific strategies for
sharing knowledge which is designed to make the activities and processes more objective.
The absence of an overall strategy for knowledge sharing also limits establishing
collective goals, which limits the ability of employees to act in a particularly predictable
manner, since there are no assurances that the self-interest of other employees regarding
knowledge sharing has limited potential for leading to adverse effects. As a result,
organisations that do not actively develop and sustain a culture that enhances and
facilitates knowledge sharing are likely to fail at these attempts and miss out on potential
value creation. HEIs must realise the importance of developing environments for
knowledge sharing, such as informal surroundings, quiet spaces, relaxed physical spaces,
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and online or technology-driven platforms that encourage the flow of knowledge.
Rewards are often viewed as interventions aimed at encouraging knowledge sharing, as
well as the development of a knowledge-sharing culture.

Studies on technological factors revolve around models such as the technology
acceptance model [2]. Under TAM, the perceived ease of use and perceived usefulness
are key determinants of the extent to which novel or existing ICT tools are viewed as
improving the antecedents and outcomes of knowledge sharing, such as improvement in
job performance and plans. The differences in the abilities of users of social media
platforms to utilise the various functions and modules influences how and whether
knowledge is shared. Knowledge sharing is sometimes a technical process [10],
especially when complex systems and processes are involved. The ease of use is linked
to the evaluation (by the technology user) of the efforts required to utilise the technology.
Thus, a technology perceived as easy to use for knowledge sharing involves limited
efforts and is easy to operate. As a result, the user faces limited barriers when sharing
knowledge. The proliferation of IT tools, customised to share knowledge, also plays a
key role in the process [8]. Improvements in the functionalities of ICT have made it
possible for novel forms of interactive sharing of knowledge [2]. Training for using
social media for knowledge sharing is another technology-critical factor. Some aspects
of social media use require technical knowledge that can only be acquired through
training [11]. Technical support plays a key role in reinforcing the intensive socialisation
among communities and solving the emergent challenges that limit the utility of social
media for knowledge sharing. Since some of these technical challenges are unique, their
solution can only be implemented where technical support is available to implement the
propositions by the community involved in knowledge sharing. Technologies, especially
social media-based tools, are continuously changing with the incorporation of Artificial
Intelligence (Al) and the Internet of Things (IoT) [12-14]. Consequently, there is a need
to consistently train, support, and enhance the skills and capacity of the stakeholders in
HEIs. Security and privacy are important technology factors. Security and privacy are
important technology factors. The security of knowledge-sharing channels is a key
determinant of knowledge-sharing since it plays a role in ensuring that the knowledge
shared reaches the targeted individuals only. The concerns about security influence the
willingness of individuals to share certain types of knowledge, as well as the extent to
which they participate in knowledge-sharing activities. Security concerns also influence
the willingness of community members to join social media platforms. The concerns
around privacy also lead to emergent costs and the need for additional efforts associated
with verification of the knowledge shared therein, as well as the lack of willingness to
share sensitive knowledge across social media.

3. Interpretive structural modelling

The 19 critical factors (CFs) listed in Table 1, summarize the findings from the literature
review. The interrelation between the factors can be revealed through interpretive
structural modelling (ISM) [15]. Subsequently interviews were conducted and focused
on revealing if there is an interrelationship among the factors that have been predefined.
The outcome of these interviews was analysed through the development of matrixes that
allow the visualisation of the interrelationships. ISM is composed of eight consecutive
steps, that have been presented in detail in past [16, 17]. The CFs were presented to the
expert group and were discussed in detail. Participants were asked to reach a consensus
for every pair of variables, identifying the existence or not of the relationship between
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them. This information was used for the development of the SSIM matrix (Table 1). Four
symbols have been used to denote the direction of the relationship between the variables
(i and j) are: V when variable i impacts variable j, A when j impacts i, X when i and j
impact each other; and finally, O when i and ; are unrelated.

Table 1. Critical Factors and structural self-interaction matrix (SSIM)
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For the next step of the ISM, the reachability matrix is calculated. The initial reachability
matrix (IRM) is first drafted, followed by the final reachability matrix (FRM). The IRM
is based on the SSIM after it is transformed into a binary matrix, substituting the symbols
by 0 and 1, applying rules described in detail in [16]. The FRM is calculated after
considering transitivity. If the transitivity rule is not satisfied, an iterative process is
followed, with experts being asked to review and modify the SSIM until the rules are
met [18]. The FRM is presented in Table 2. The FRM is further analysed through level
partitioning. The CFs are ranked through this process, and the digraph can be developed.
The reachability and antecedent set for each factor are obtained from the final
reachability matrix. The level portioning process is iterative until all variables are ranked.
For the present study, it required 8 iterations. Figure 1 illustrates the final ISM model.

Table 2. Final reachability matrix including transitivity (with asterisks)
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Figure 1. ISM-based Model of Influential Factors of social media for knowledge sharing.

4. MICMAC Analysis

MICMAC analysis is an indirect classification technique based on the driving power and
dependence of each factor that helps to understand the impact of each factor. The data
for the MICMAC is extracted from the FRM. The driving power is the count of all the
variables affected by the variable. In contrast, the dependence power can be calculated
by the count of all the variables affecting it. The MICMAC represents a quadrant that
shows the factors as either driving, linkage, autonomous or dependent.
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Figure 2. MICMAC analysis.
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5. Discussion

The presence of many factors and interactions between them makes it difficult to
understand any system and resolve issues arising. Such interactions can result in
unforeseen and unintended consequences, highlighting the need for a system of systems
approach. ISM method can help decipher such consequences, as it creates a
comprehensive model that depicts relationships between them. In the current research,
19 Critical Influencing Factors (CFs) were identified. These have been listed in table 1.

The matrix of cross-impact multiplications applied to a classification analysis
(MICMAC) shown in figure 2 helps classify the factors in autonomous, linkage, driving
and dependent CFs. The autonomous factors were the ones displaying weak dependence
and drive power. These factors, if segregated from the system, and they do not have much
impact on other factors. The current research did not reveal any autonomous factors.
Driving or independent factors have a strong drive but weak dependence power.
Dependent factors, in contrast, have a weak drive and strong dependence power. Linkage
factors were strong on both but were found unstable in action. The current research found
that factor 14, training, was linked with many other factors, including altruism,
awareness, self-efficacy, security, privacy, technical support, ease of use. The popularity
of the social media tool was found to be connected to enjoyment, ease of use, security,
and privacy. Links were also apparent between verification mechanism and other factors
like security, ease of use, and technical support. The culture was also found to affect
perceived usefulness, time, and verification mechanism. The perceived usefulness of the
social media tool was specifically connected with the culture. As the literature suggested,
segregating the components into different levels makes it easier to understand the
relationships; upon inclusion of transitivity, an updated model was derived by
partitioning the elements to create a reachability matrix (RM), including a reachability
antecedent set, intersection set, and the level.

The 19 IFs were partitioned based on the identified levels. On Level 1 were included
altruism, enjoyment of helping others, awareness of the importance of knowledge, ease
of use of social media, technical support, perceived usefulness of social media, training,
popularity of the tool, and appropriate content. This level suggests that these factors are
the direct contributors in taking decisions related to knowledge sharing on social media.
This means that a lack of technical support, lack of training, and lack popularity of the
tool in the community would be some other reasons why people in the academic sector
may not use a social media tool for knowledge sharing. The second level included self-
efficacy and the verification mechanism as important deciding factors for social media
sharing. Other factors like organisation environment, functionality and knowledge-
sharing strategy, culture, security and privacy, and rewards systems plotted at 3, 4, 5, 7
and 8 levels were less important for academic, social media users when considering
knowledge sharing in a direct manner, but they have strong influence to the L1 factors
and as such they need to be considered in the decision making.

6. Conclusions

The study aimed to identify and rank the key critical influential factors for enhancing
knowledge-sharing through social media in KSA HEIs. Identifying these factors
discloses that enhancement and utilisation of knowledge sharing through social media in
the HEIs can only be achieved within a particular set of procedures and processes. In this
research, individual, organisational, and technological factors were used to develop the
ISM models and the relationship among these factors.
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The critical influencing factors for knowledge sharing through social media are
limited to HEIs among academics. Moreover, this research covered all three categories
of individual, organisational, and technological factors for enhancing knowledge sharing
through social media in HEIs. The proposed model encourages academics to share
knowledge by understanding the potential factors that influence them and hinder the use
of social media.
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Abstract: This research delves into the complexities and potential obstacles
associated with implementing Lean and Green (L&G) methodologies within the
construction sector of Saudi Arabia. Using qualitative research methods, 22
interviews were conducted with industry experts. The findings revealed several
primary impediments to the successful deployment of L&G principles. These
include a significant deficit in understanding and appreciating the fundamentals of
L&G practices, a prevailing focus on financial gains over environmental
sustainability, increasing construction and energy costs, deeply ingrained cultural
and organisational norms, and a notable shortage of requisite skills and resources.
The insights gathered underscore the urgent need for a harmonised, multi-
stakeholder initiative involving government bodies, industry leaders, and academic
institutions. Such a coordinated effort, in line with Saudi Arabia's Vision 2030 and
the commitments under the Paris Agreement, can help in fostering efficiency and
environmental sustainability in the construction sector, provided these identified
impediments are effectively addressed and overcome.

Keywords. Lean and green; Construction Sector; Challenges.

1. Introduction

"Lean and Green" (L&G) is a strategic approach that integrates Lean methodologies,
focused on efficiency and waste reduction, with sustainable or green practices to
minimise environmental impact [1-3]. Strategically, the L&G approach amalgamates
efficiency-oriented "Lean" methodologies with environmentally considerate "Green"
practices to diminish deleterious environmental repercussions. Industries such as
manufacturing and construction have deployed this strategy to enhance efficiency and
curtail costs [1, 2, 5]. In the realm of construction, a L&G strategy signifies the utilisation
of Lean techniques to augment efficiency and reduce waste while simultaneously
integrating green practices to mitigate the environmental harm engendered by building
construction [5]. Notwithstanding their disparities in emphasis and context, L&G
principles are harmonious rather than discordant, and should be perceived as
complementary resources instrumental in achieving enduring operational excellence [7].

Realizing a comprehensive incorporation of L&G principles into the construction
industry necessitates a strategic, multi-faceted course of action. Various stakeholders,
including government bodies, the construction sector, and educational institutions, must

! Corresponding Author.
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propel this transformation. Governments exert substantial influence on the construction
industry by promulgating policies, standards, and legislation that encourage or mandate
adopting L&G practices, potentially including punitive measures for noncompliance and
incentives for green building techniques, waste reduction, and energy conservation [8].
However, the onus for implementing L&G principles falls predominantly on
construction companies. They may need to invest in training and technology, apply Lean
procedures to streamline operations and minimise waste, and integrate environmental
considerations during the design and construction phases of their projects [5]. The role
of educational institutions in equipping the future workforce with the requisite
knowledge and skills to effectively apply L&G practices also remains paramount [6, 7].
Project managers well-versed in both concepts can facilitate introducing L&G practices
more efficaciously. Lean tools such as value stream mapping and kaizen events can aid
in identifying and eliminating waste. In parallel, green practices like recyclable materials
and emissions reduction can be incorporated for additional benefits [5].

Given the Kingdom of Saudi Arabia's (KSA) commitment to environmental
sustainability and economic diversification, adopting L&G practices is highly important.
KSA, a leading global oil producer, is undergoing a significant shift as part of its Vision
2030 plan. It aspires to reduce the country's reliance on oil and stimulate the growth of
public sectors such as the construction industry [9]. As Hussain et al. [5] posit, L&G
principles, which underscore operational efficiency and sustainability, align with the
country's endeavours to diversify its economy and decrease its oil dependence. By
enhancing resource efficiency, reducing waste, and promoting environmentally friendly
building practices, L&G could yield widespread implications [10]. Moreover, these
measures could facilitate KSA's compliance with its commitments to curtail greenhouse
gas emissions under the Paris Agreement [11]. Nevertheless, numerous obstacles stand
in the way of a complete L&G transformation in the Saudi construction industry. These
challenges include limited awareness of the benefits of L&G practices, resistance to
change, and inadequate training and education [5]. The lack of technical experts and
state-of-the-art facilities, coupled with an absence of supporting governmental legislation
and incentives, could further limit the adoption of L&G. Thus, to fulfil its sustainability
and diversification objectives, KSA must address these barriers L&G construction. All
layers of government, industry, and education need to collaborate in seeking solutions.
Governmental incentives and robust policies can be crucial in disseminating L&G
methodologies. Furthermore, construction companies should invest in training initiatives
and implement advanced technologies to adhere to L&G principles.

Multiple reasons underscore the importance of scrutinising the barriers to
implementing L&G in the KSA construction industry. Firstly, due to the colossal
infrastructure projects initiated as part of the Vision 2030 endeavour, the construction
sector holds significant importance in the Saudi economy [9]. Integrating L&G practices
into these undertakings has the potential to bolster their productivity, longevity, and
success [5]. Accelerating the widespread adoption of L&G practices requires a
comprehensive understanding of the impediments hindering their implementation.
Secondly, KSA, despite being the world's largest oil producer, is striving to diversify its
economy and reduce its dependency on fossil fuels [9]. The implementation of L&G
practices in one of the country's most vital industries could aid in this endeavour.
However, these benefits may remain unrealised without a clear understanding of the
obstacles that must be overcome. Thirdly, as a signatory to the Paris Agreement, KSA is
legally obligated to reduce its greenhouse gas emissions [11]. Given the construction
industry's significant contribution to these emissions, implementing L&G practices could
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greatly influence the country's ability to meet its environmental commitments. The
construction industry in the KSA confronts various challenges that can be addressed
through L&G practices, but these challenges first need to be identified and understood.
The country's economic, environmental, and infrastructure goals stand to benefit
immensely from this. This research promises to contribute to the existing body of
knowledge by elucidating the unique challenges of implementing L&G in KSA, a major
Middle Eastern economy with its distinct socio-economic conditions. Moreover, it holds
the potential to guide policy decisions, shape educational initiatives, and steer future
research directions.

2. Challenges in implementing lean and green

Implementing L&G principles in the construction sector presents notable challenges,
many shared with other sectors. Foremost among these obstacles is the significant initial
investment required in terms of time, financial resources, and other forms of capital. This
requirement may deter organisations from undertaking such a transformative journey
[12]. It is highlighted that there is a lack of knowledge or expertise in L&G principles,
making it difficult to implement these practices effectively [12, 14]. In the context of
Industry 4.0, which is often associated with advanced manufacturing and digitisation,
there are challenges related to integrating L&G principles with advanced technologies.
This could include difficulties in optimising resource use, managing energy
consumption, and minimising waste in highly automated and complex production
environments [15]. The application of L&G practices in other sectors [16], might face
challenges related to the specific characteristics and constraints of those sectors. This
could include regulatory issues, market dynamics, technological limitations, etc. Table 1
highlights challenges in implementing L&G generally, specifically in the construction
industry context.

Table 1. Challenges in the implementation of lean and green

Challenge Description References
Traditional mindset and The construction industry often shows reluctance to adopt new methodologies [17]
resistance to change due to a lack of understanding or knowledge about L&G methodologies.

Lack of training and The understanding and successful implementation of L&G principles require 5, 18]
education specialized training and education, which is often lacking. >
Insufficient government The lack of robust policies and incentives from the government can hinder the
. . . [19,20]
support and regulation adoption of L&G practices.
Financial and economic The initial costs of implementing L&G can be high, deterring companies from [5, 6]
concerns adopting these practices. >
Complexity in The integration of L&G in the construction process can be complex, requiring 6, 7]
coordinating L&G a significant amount of coordination and planning. >
. Implementing L&G methodologies can be labour-intensive and may require
Lack of skilled labour skiﬁ)led work;grs, which are oﬁengin short supply in the construction inﬁustgy. [19,21]
Unstructured Without a clear and structured plan, L&G implementation can be fragmented [5,19]
implementation and ineffective.
Inadequate technology The lack qf advanced technology can limit the effective implementation of [5,22]
L&G practices.
Difficulty in Measuring the effectiveness of L&G practices can be challenging due to the
. . [19,21]
measurement lack of clear and standardized metrics.
Reluctance to share Organizations might be unwilling to share information due to fear of losing [19,22]

knowledge competitive advantage, affecting the implementation of L&G practices.




172 S.A.M. Alhassan et al. / Challenges in Implementing Lean and Green in Saudi Construction Sector

Implementing L&G principles often requires multi-disciplinary collaboration,

Lack of collaboration which can be difficult due to siloed working practices. (21]
Inadequate supply chain ~ Supply chain partners may lack commitment to L&G practices, impeding [6, 16]
integration implementation. >
Lack of leadership If leadership does not fully support the implementation of L&G, it can lead to 9, 11]
commitment inadequate allocation of resources and lack of motivation among employees. ’
Cultural barriers Cultural faqors, such as values, beliefs, and norms, can hinder the adoption of [6,23]
L&G practices.

Traditional mindset and The construction industry often shows reluctance to adopt new methodologies (7
resistance to change due to a lack of understanding or knowledge about L&G methodologies.
Lack of training and The understanding and successful implementation of L&G principles require

. - - . o . [5, 18]
education specialized training and education, which is often lacking.
Insufficient government The lack of robust policies and incentives from the government can hinder the 19, 20]
support and regulation adoption of L&G practices. ’
Financial and economic The initial costs of implementing L&G can be high, deterring companies from 5, 6]
concerns adopting these practices. ’
Complexity in The integration of L&G in the construction process can be complex, requiring (5.7]

coordinating L&G

a significant amount of coordination and planning.

3. Challenges in KSA construction sector

The findings from the literature review were verified through interviews in the context
of KSA. The 22 interviewees comprise construction contractors, project managers,
developers, and engineers. The criteria to recruit the Interviewees comprised: prior
experience with five projects at least; working currently in KSA; at least possessing five
years of experience in the sector. The following findings emerge from these interviewees:

1. Conceptual Understanding of Lean in Construction: There is a lack of universal
application and limited understanding of L&G concepts in the construction industry.
Although concepts like Total Quality Management, Six Sigma, Just-in-Time, and
Kaizen have evolved and are being practiced, integrating L&G materials and
technologies can make a project more complicated.

2. Goals and Usefulness: There is a lack of awareness and training programs, lean is
about the reduction of wastage and improving organizational performance, the focus
on green construction is often ignored.

3. Culture and Practices: The cultural and organizational focus in KSA is often
geared more towards economic gains rather than ethical business practices and
environmental protection.

4. Skills and Resources: The lack of training, workshops, and education on L&G
practices in the construction industry is a significant barrier to their adoption.

5. Cost and Performance: The rising construction cost and energy consumption in
Saudi Arabia increase the pressure to adopt L&G practices.

6. Understanding and Applications of Advance Techniques: While there is some
understanding that green construction is about protecting natural resources, there is
a lack of intention or focus on green construction in organisations.

7. Economic Challenges: The volatility of oil prices and the global shift towards
renewable energy sources pose economic challenges. The country has tried to
diversify its economy through its Vision 2030 initiative, but transitioning from an
oil-dependent economy is a significant challenge.
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8. Political Challenges: Saudi Arabia is an absolute monarchy, and this type of
government brings challenges. Issues such as human rights, freedom of expression,
and political participation are often raised by international organisations, although
improvements have been reported recently.

9. Social Challenges: Despite recent reforms, gender inequality remains an issue.
Women have only recently been allowed to drive and attend public events, and
guardianship laws still restrict their rights.

10. Environmental Challenges: KSA serious environmental issues such as water
scarcity due to its arid climate, over-reliance on fossil fuels, and rapid urbanisation.
The country is also one of the largest consumers of water in the world, with water
consumption in the domestic sector being the highest.

4. Discussion and conclusions

Implementing L&G methodologies in the construction industry presents several
challenges. A primary challenge is a traditional mindset and resistance to change that
often permeates the construction industry, which can make the adoption of new
methodologies difficult [24, 25]. Resistance to change can be attributed to a limited
understanding of the benefits associated with L&G methodologies. Additionally,
substantial investments in terms of both effort and finance are typically required during
the initial stages of implementing such initiatives. Construction companies, particularly
smaller ones, may face financial constraints that serve as a deterrent to adopting L&G
practices [26]. Insufficient resources present a significant obstacle to implementing the
L&G methods. The lack of standardised metrics and benchmarks for evaluating the
performance of L&G methodologies in construction can also present a challenge.
Without clear metrics, it can be difficult for construction firms to assess the effectiveness
of their L&G initiatives and to identify areas for improvement. Regulatory and policy
barriers can also pose challenges. While some countries have policies that encourage or
mandate the use of L&G methodologies in construction, others do not. The absence of
supportive policies can make it difficult for construction firms to adopt these
methodologies [23].

This study elucidates the multifaceted challenges hindering the adoption of L&G
practices in Saudi Arabia's construction industry. While theoretical understanding of lean
concepts exists, their practical application remains erratic, further complicated by the
integration of green technologies. A considerable gap in awareness and training
programs is evident, with a preference for traditional, cost-efficient methods over green
construction practices. This is amplified by a cultural emphasis on economic gain,
overshadowing ethical business practices and environmental protection. The study
identifies a significant lack of training and education in L&G practices as a key barrier,
coupled with rising costs and increased energy consumption intensifying the urgency for
their adoption. Despite some appreciation of green construction benefits, such as natural
resource conservation, this awareness is not translated into organizational intent or focus,
indicating a need for increased education and aligned incentive structures. Beyond the
industry-specific challenges, the study also underscores broader economic, political, and
social issues in Saudi Arabia, including the transition from an oil-based economy, human
rights concerns, gender inequality, and environmental challenges. These findings
underscore that promoting L&G practices in construction is not merely an industry issue
but intersects with larger societal and systemic complexities. By meeting its aim to
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comprehend the challenges of adopting L&G practices in Saudi Arabia's construction
industry, this study paves the way for future research and policymaking, aiming to
surmount these barriers and foster a more sustainable and efficient construction sector.
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Abstract. This paper investigates the integration of sustainability into Saudi
Arabian engineering curricula and its impact on students' sustainability
competencies. The study starts by delving into the multifaceted concept of
sustainability, emphasizing its importance in higher education, particularly in
engineering. It identifies a research gap in Saudi Arabia regarding the integration of
sustainability into engineering curricula, underlining its significance in aligning
with the country's shift to a sustainable and diversified economy. The paper
highlights several challenges in implementing sustainability into curriculum
practices, sourced from an extensive literature review. The authors propose a
context-adapted, multi-staged framework to facilitate the integration of
sustainability into the curriculum practices of Saudi Arabian engineering schools.
This framework focuses on identifying sustainability gaps, engaging stakeholders,
adopting adaptive education, integrating sustainability into the curriculum,
promoting awareness, evaluating, and implementing continuous improvements.
This research contributes to the global discussion on sustainability education in
engineering and provides valuable insights for Saudi Arabia's policy and practice.

Keywords. higher education, curriculum, sustainability, engineering, Saudi Arabia.

1. Introduction

Cranfield University, School of Aerospace, Transport, and Manufacturing, Cranfield

Sustainability, as a concept, involves the integration of environmental, economic, and
social dimensions to create a balance that can be maintained over the long term [1]. It
focuses on the wise use of resources and the preservation of natural systems, with the
aim of ensuring the well-being of current and future generations. In further elaborating
the concept of sustainability, it is important to underscore the significance of the three
pillars — environmental protection, economic prosperity, and social equity, collectively
known as the "triple bottom line" [2]. Sustainability transcends simply conserving
resources; it requires a careful balance of these dimensions to ensure intergenerational

equity and the long-term viability of our planet [1].
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Sustainability in higher education extends beyond environmental responsibility. It's
about equipping students with knowledge and abilities to contribute to sustainable
development [3, 4]. Institutions recognize the importance of sustainability, integrating it
into their operations, curriculum, research, and community engagements [5]. This
necessitates a significant transformation in the generation and dissemination of
knowledge. In disciplines like engineering, the incorporation of sustainability into
curricula is crucial due to its substantial societal and resource impact. Engineering plays
a pivotal role in societal development, bearing a responsibility for sustainable growth [6,
7]. It requires not only technical skills teaching but also a comprehensive understanding
of engineering practices' socio-economic and environmental implications. Engineering
schools are hence transforming their curricula to include sustainability, aiming to
cultivate engineers capable of designing sustainable solutions for global issues [7].

2. Challenges in implementing sustainability into curriculum practices

Incorporating sustainability into curriculum practices presents numerous challenges.
There exists a key issue of inadequate understanding and awareness about the
multifaceted nature of sustainability among educators and students alike, which is often
coupled with a lack of professional development opportunities in this field [15, 16]. The
already extensive curriculum can create a crowding effect, leaving little room for the
introduction of interdisciplinary topics such as sustainability, while existing disciplinary
boundaries within the education system may further hinder its incorporation [4, 17].
Assessing sustainability learning outcomes also poses significant challenges, due to the
intricate and multidimensional nature of the topic [18, 19]. On an institutional level,
barriers such as a lack of policy support, leadership, resources, and an organizational
culture that values sustainability can also impede efforts to integrate sustainability into
curriculum practices [20, 21]. The table highlighted the Challenges in the
implementation of sustainability into curriculum practices.

To compile the literature mentioned in Table 1, the authors adopted a rigorous
approach. The search was carried out on databases such as Web of Science using Web
of Science using relevant keywords. The keywords included 'sustainability,' 'curriculum,’
'education,’ 'engineering,' 'challenges,’ and their combinations. The search was also
extended to the bibliographies of relevant articles to find additional sources. The authors
gathered the studies that are conducted in the last ten years while very few and some
important old studies are added from the literature search. The initial literature search
yielded a substantial number of articles. Following a two-stage screening process for
relevance, based firstly on titles and abstracts, and then on an in-depth review of findings
and implications, the authors finalized a selection of 29 articles providing meaningful
insights into the challenges of integrating sustainability into engineering curricula.

Table 1 contains the challenges extracted from 11 sources, with some papers, cited
multiple times across different challenges. The authors ensured a breadth of perspectives
by including a diverse set of sources, covering various geographical locations,
institutional contexts, and engineering disciplines. The references provide a
comprehensive and diverse view of the challenges faced in integrating sustainability into
engineering curricula. The included challenges and their descriptions reflect the themes
most commonly mentioned in the reviewed literature.
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Table 1. Challenges in the implementation sustainability into curriculum practices
Challenge Description References
Curriculum Integration leﬁgulty. %ICS in the. cross-disciplinary nature and consensus on  [4,22]
sustainability education.
Assessment Methods Lack of suitable methods to assess complex sustainability-related  [6,17]
outcomes.
Faculty Engagement Difficulties to hire and retain active, trained, and supported [4,22]
faculty.
Institutional Support Lack of supportive institutional resources and policies. [14,22]
Student Engagement Plfﬁgulty in engaging students in transformative sustainability [6,7]
earning.
Engineering-Specific Difficulty integrating socio-economic and environmental [15,23]
Sustainability Content  principles in engineering.
Curriculum The challenge of adding sustainability topics without displacing [4,22]
Overcrowding others.
Interdisciplinary The need for a cross-disciplinary perspective in a traditionally [7,22]
Approaches siloed field.
Practical and Chall.enge?s. lmplemer.ltmg practical, real-world, prOJect-ba§ed [8,9]
S . sustainability  learning. Complex nature of assessing
Experiential Learning . I .
interdisciplinary, future-focused learning outcomes.
Curriculum Integration leﬁgulty. %ICS in the. cross-disciplinary nature and consensus on  [4,22]
sustainability education.
Lack of suitable methods to assess complex sustainability-related [6,17]

Assessment Methods
outcomes.

3. Framework for integrating sustainability into curriculum practices at
engineering school of Saudi Arabia

In developing a context-specific structure for infusing sustainability into curriculum
practices within Saudi Arabian engineering schools, seven crucial steps are discerned
(Figure 1). Each of these steps is grounded in an extensive range of academic literature.
The first step, named Pathways Identification, concentrates on comprehending the
institution's present situation, spotting voids in sustainability procedures, and plotting
potential ways forward. This step accentuates the influence of Sustainable Development
Goals (SDGs) in molding sustainability within higher education. The subsequent step,
Stakeholder Engagement, brings into play all pertinent groups such as staff, faculty, and
students in sustainability endeavors. Following this, the Adaptive Education phase comes
into focus, highlighting an adaptable mindset and experiential Education for
Sustainability. The fourth step, Integration into Curriculum, emphasizes the urgency of
intertwining sustainability into the institution's educational offerings. The fifth step, the
Promotion of Sustainability Awareness, underlines the use of social media for



178 A.M.Z. Algarni et al. / Integrating Sustainability into Engineering Curricula

propagating sustainability consciousness and adopting a multi-perspective strategy to
augment the institution's aptitude for promoting sustainability. Measurement and
Evaluation constitute the sixth step, with the academic discourse underlining the
significance of a general matrix for merging sustainability and the employment of
evaluation tools for effective appraisals. The concluding step, Continuous Improvement
and Scaling, emphasizes making necessary modifications post-evaluation and escalating
sustainability efforts grounded on practices at other institutions. This comprehensive
framework addresses all facets of integrating sustainability into curriculum practices,
providing a robust foundation for the enhancement of sustainability in engineering
schools within Saudi Arabia.

O? Continuous Improvement and Pathways Identification:
Scaling:
Make adjustments and leam Recognize gaps and determine

from other institutions ways to move forward

06 Measurement and Evaluation: Stakeholder Engagement:
.

Use assessment tools to

measure sustainability progress. Involve staff, faculty, and

students in sustainability efforts

Sustainability
in HE Cycle

0 5 Promotion of Sustainability

Awareness 0 3 Adaptive Education:

Embrace flexibility and
. experiential learning for
sustainability education

Raise awareness through social ~ ®

media and multi-perspective
approaches

Integration into Curriculum: 04
Develop and assess
sustainability curricula

Figure 1. Sustainability in HE cycle.

e Stage 1: Pathways Identification

Understand the current state of the institution [24].

Identify gaps in sustainability practices [25].

Determine potential ways to move forward [26].

Apply the UN Sustainable Development Goals for a systematic approach [7].
e Stage 2: Stakeholder Engagement

Involve staff, faculty, and students in sustainability efforts [14].

Align internal stakeholders' expectations for successful reporting [15].
e Stage 3: Adaptive Education

Adopt a mindset of adaptability to implement changes over time [27].

Use experiential Education for Sustainability in the adaptive process [28].
o Stage 4: Integration into Curriculum

Develop and implement sustainability curriculum [23].
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Thoroughly assess sustainability curricula for validity and effectiveness [29].
e Stage 5: Promotion of Sustainability
Awareness Raise awareness about sustainability, possibly through social
media [21].
Adopt a multi-perspective approach focusing on management education [3].
e Stage 6: Measurement and Evaluation
Use a generic matrix for integrating sustainability in higher education [15].
Utilize assessment tools in the measurement and evaluation process [20].
e Stage 7: Continuous Improvement and Scaling
Implement necessary adjustments and improvements after evaluation [23].
Consider practices at other institutions for insights on scaling up sustainability
efforts [30].

4. Conclusion

This research sheds light on the crucial task of integrating sustainability into Saudi
Arabian engineering curricula, providing an extensive literature review that uncovers the
key challenges faced. It introduces a comprehensive, adaptable framework designed to
enable this integration, considering stakeholders, adaptability, curriculum development,
awareness, and continuous improvement. Although context-specific, the study's findings
and proposed framework provide valuable insights for global sustainability education
discourse. To further enhance sustainability integration, it recommends continuous
research, particularly on assessing impacts on students' sustainability competencies.
Ultimately, these efforts contribute to aligning engineering education with both global
trends and Saudi Arabia's sustainable development aspirations. Future work could
expand on this base by integrating more recent studies, conducting a meta-analysis, or
by focusing on specific challenges in greater detail.
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Abstract. Assessment of costs and benefits of projects in a consistent way is a
challenge due to the inconsistent way benefits are captured and evaluated. This
problem is made worse across organisations as different staff with varied experience
and skillsets get tasked with capturing benefits. Confidence in such assessments can
be reduced by the concern that the analysis is too subjective. Following a more
structured methodology could lead to improved confidence in the assessment of
projects and faster adoption of beneficial improvements in technology, products or
processes. In this paper a framework for such assessment is presented and a case
study from the construction sector presented.

Keywords. Cost, cost-benefit, value, modern methods of construction.

1. Introduction

To support decision-making a cost-benefit analysis is often used. Such an analysis will
often seek to quantify the benefit of a project in financial terms and in this way allow a
comparison of costs and benefits using defined metrics for success. Such analysis is well
supported in guidance documents, but less clear is how to structure the initial
identification of the benefits. This leads to subjectivity in a lot of cost-benefit analysis,
which can erode trust in the analysis and the value of a project. When perceived risk is
high this can result in cancellations of projects that would be transformative to their
organisations.

Many organizations have some values based KPIs which attempt to capture
nonfinancial performance information. For example, most large organizations have
KPT’s related to health and safety performance. Making balanced decisions between two
KPTI’s can be possible with relatively simple processes, such as management intuition. A
more complex lists of KPI’s must be considered if sustainability issues are of concern to
the organization. That means that social, environmental and economical KPI need to be
evaluated as a whole. With increased numbers of KPI’s the process for balancing
decisions will require more rigor. A process for assessing KPIs is described in traditional
cost-benefit approaches, such as included in the ‘Green book’ [1], however the accuracy
of results is strongly dependent upon correctly identifying every Value that is impacted
by a change. A further complication is that not all potential value will be captured by an
organisations KPI’s. Assessing projects between two (or more) organizations with
different KPI’s is also an area of complexity. KPI’s are therefore of less use when
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compared to a more detailed Value framework. Given these details, there is therefore a
research gap for a framework to capture the value of projects in a rigorous way that is
then suitable for feeding into established cost-benefit analysis methodologies. This paper
outlines an attempt at addressing this research gap.

2. Background

Decision making in manufacturing is often considered as only a cost decision, such as
cost of remanufacturing [2], where wider benefits are mentioned but considered outside
the analysis. General guidance on cost estimation methods can be found through the
NASA Cost Estimating Handbook [3]. A more specific treatment of costs suitable for
use within a cost-benefit assessment is outlined in the work of Rybicka et al. [4], which
highlights a generic cost estimating approach that is used to demonstrate a case study for
composites.

Assessment of cost-benefit has Guidance on generating a benefit-cost ratio (BCR)
can be found within the ‘Green book’ [1], for example. The BCR at its simplest is a ratio
of project benefits and project costs. To be meaningful and rigorous both benefits and
costs need expressing within the same measurement unit, which can be challenging.
Should a cost-benefit analysis scope include an in-service phase, guidance can be gained
from the NATO [5] guidance on Lifecycle costing methodologies. The cost modelling
methods outlined are well tested and viable for an organisation to do, but guidance on
rigorous identification of benefits is somewhat lacking.

Searching for a framework for value identification returns many options. For this
work the Construction Innovation Hub (CIH) Value Toolkit [6] will be used extensively.
This framework of Values is structured in terms of relevant capitals and the values that
are derived from these capitals. The capitals of interest are: Natural, Human, Social, and
Produced. Natural capital focuses on the benefit associated with the natural environment,
Human capital focuses on human skills, development and experience. Social capital
includes values that address equality and diversity, among other topics. Produced capital
covers such financial issues as Lifecycle cost and generated Return. The four Capitals of
the value framework breakdown into a total of 17 Values. The 17 Values are considered
a comprehensive list for this work. While this framework was used, it is important to
note that other value frameworks can be substituted into the process, making this
approach widely applicable.

Currently there is little guidance on meshing a value-framework to a CBA. Such a
process would have the purpose of capturing value in a consistent way, reducing that vast
amount of information down and ultimately supporting decision making.

3. Framework

The developed framework is shown in figure 1.
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Figure 1: Framework for repeatable structuring of cost benefit analysis

The framework in figure 1, includes the steps needed to structure the analysis. ‘Project
familiarization’ is when analysts will engage with the project team to understand the aims
and objectives. Selection of value-framework could be set by an organization’s template
document or a relevant industry framework. Alternatively, a detailed down-selection
process could be used. At the end of selecting value-framework the ‘Values’ dimension
of the Value-Changes matrix. Analysis of project changes creates the ‘Changes’
dimension for the matrix; and should aim to note all significant changes from normal
operation introduced by the project. ‘Creating the matrix’ and the ‘expert elicitation’
steps will structure then populate the Value-Changes Matrix. With complex projects that
introduce many changes or a large value framework the resulting matrix can be large;
therefore a process of reduction can be done. If the analyst is confident their findings can
be analysed and presented.

3.1. The Value-Changes Matrix

While the CIH value framework gives a comprehensive list of values to assess a project
against, large or very novel projects are likely to have changes that can impact the 17
values in complex ways. The use of an array of 17 values will not give enough data on
this complexity and therefore the array should be formed into a matrix through the use
of a second dimension. This second dimension is labelled ‘changes’ and is used to track
individual changes that might occur from a complex project.

Value framework

Project changes

Figure 2: Initial matrix of value and project changes

As the assessment matrix is intended for use as a first stage of a detailed cost-benefit
analysis, it is enough that each cell of the matrix is populated with limited information
such as a 5-point Liekert scale, that maps to the terms “strong positive’, ‘mild positive’,
‘neutral’, ‘mild negative’ and ‘strong negative’. By using numerical data to capture this
formation we allow some analytical approaches that verbal responses would not allow.

Data on a given row captures information about specific project changes and the
impacts it has on those values.
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Data on the columns captures value information and gives a view of how a singular
value is impacted by the wider project. For example, a Health & Safety (H&S) value
vertical slice looks at each identified Change caused by a project and the impact on the
H&S value.

The Value-Changes matrix can be used to identify positive and negative impacts
from a project and can be used to highlight areas that need more information. This matrix
can be reduced to allow analysts to focus their efforts on the impactful areas. Once the
Value-Changes matrix is deemed ready the deeper analysis of each value-change
combination can start, using traditional cost-benefit approaches. Analysts and decision
makers can be confident that the analysis has been done in such a way as to capture less-
obvious impacts.

3.2. Metrics

During testing simple averages were found to be inadequate: a sum or average of scores
across a row or column would be potentially misleading. For example a row that had a
lot of very high values and very low values might average out to be fairly neutral looking
which is clearly not the case. To support the use of the framework some metrics were
developed:

o  “Tall” metric: Defined as the sum of Liekert scale scores across a slice (vertical
or horizontal). Gives a comparative score for how impacted a Value is or
impactful a project change is expected to be.

e  “Broad” metric: Percentage of Liekert scale scores that are considered positive
along a given row/column. Gives different insight when compared to the “tall”
metric as it looks for how broadly positive the Value or project change is
impacted.

e  “Threat” metric: Defined as the percentage of a vertical or horizontal slice that
are considered disadvantageous. This metric is of use if there are negative
impacts that would be hidden by the “tall” metrics summing of Lickert scale
scores.

These three metrics give a picture of what is occurring on each row or column in a
more complete way. They could be applied across the entire matrix if a very high-level
view is required of the project, particularly if multiple projects are being compared
against each other.

4. Case-study

The framework was applied to the SEISMIC II project [7], which explored modular
design and manufacture in construction approach to demonstrate how through
standardisation and manufacturing best practice, reduction in delivery times, increase of
safety, quality and sustainability can be achieved. Assessment of benefits for
technologies that are being demonstrated in the program is a key activity to provide
confidence to business decision makers about the risks and potential gains. In this case-
study the impact of SEISMIC II technology and its potential deployment in a public
sector setting has been assessed through Value changes matrix to evaluate how different
metrices change when adapting modern methods of construction. Key assumptions are:
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e Economic changes are derived through the efficiencies expected from
streamlined processes, like improved quality and reduced lead time.

e Reduced onsite waste impacts sustainability metrics in a broadly positive way.

e The skills required from the workforce will change: from the wide range of
skills needed from a craftsman towards more specialised rolls more typically
seen in factory settings

Capturing such a wide-ranging set of changes in a cost-benefit analysis would be
challenging without this outlined framework.

The matrix was formed using changes identified in project documentation and expert
elicitation. For the Values dimension of the matrix the CIH Value-framework was used.
Using the metrics described vertical and horizontal slices of the matrix were analysed,
as shown in figure 3, which outlines a horizontal slice exploring a particular project
change (the wider use of apprentices).
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Figure 3: Impact of wider use of apprentices

As figure 3 shows, there are several strongly positive impacts on the Values from
the CIH. “Production” and “Return” both being positively impacted, providing an
economic impact. Looking at social impact we see good news for the “Equality &
Diversity” value which is driven by anticipated improvements in equality and diversity
measures based on the perception of the trends seen within the relevant industries
(manufacturing is seen to be doing better at diversity challenges than the construction
industry). No significant environmental changes were expected from wider use of
apprentices; hence the very flat line at a “no-change” level.

The “Tall” metric indicated that this was a good but not spectacular change of the
project. The “Broad” metric indicated that 33.8% of values were positively impacted by
the change. In terms of the Broad metric, this was the 6% Broadest change.

The above change does not introduce any negative impact on values and therefore
the slice shown would measure as 0% on the “Threat” metric.

These metrics together indicate that the change “wider use of apprentices” would be
mildly beneficial, doesn’t introduce any significant issues, but maybe wouldn’t be
something to focus exhaustive efforts upon during a cost-benefit analysis as more
impactful changes have been identified. The comparison of metrics between changes
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introduced by the project is a simple task, thereby allowing an analyst to focus on the
areas requiring more attention during detailed cost-benefit analysis.

5. Conclusion

This paper has presented a framework for the structuring of cost-benefit analysis and
demonstrated its use on a construction transformation project — SEISMIC II. A case-
study presented by the National Composites Centre (NCC) [7] highlights improvements
in H&S performance, reduced lead-times and lower carbon intensity of their modular
build approach. All these benefits were initially identified using the framework discussed
within this paper. As the framework can use the organizations KPI to capture benefits
then practitioners can be confident that the benefits captured are very relevant to the
objectives of that organization.

Challenges and areas for potential improvement are focused on usability. Some
respondents noted that completing the first pass of the value-matrix was time consuming.
It became necessary for researchers to guide and facilitate competition in some instances.
The lesson learned from this is to reduce the value framework as quickly as possible and
to group similar project changes together as much as possible. The CIH value-framework
used in the case-study has detailed breakdowns of areas of potential value from a project,
but that detail adds to the volume of data required. Efforts to reduce the value-framework
down to a sub-set of most relevant values before data collection would make data-
collection more efficient.

One last conclusion is that the framework could be digitalized quite easily to take
advantage of internet survey providers. Through such an approach many more
respondents could be consulted and a more complete picture of the likely benefits
gathered. This would be particularly suited for projects with large numbers of relevant
experts to consult.
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Abstract. Numerous biological structures have intricate compositional
arrangements, well-organised pieces and stronger mechanical qualities than the
materials that make them up. Therefore, this study focused on enhancing the
mechanical characteristics of three-dimensional (3D)-printed acrylonitrile butadiene
styrene (ABS) structures. Selected parts/systems of three natural (animal/plant)
materials were designed/modelled and analysed to mimic their natural lattice
structures (biomimicry), using CATIA V5 and finite element method/Ansys
software. The simulation results showed that the tensile strength of the biomimetic-
designed beetle increased by 13.63%, the bending strength of the biomimetic lotus
stem improved by 2.00 and 19.86% in simple and three-point bending tests, and the
compressive strength of biomimetic trabecular bone enhanced by 87.59%, when
compared with their conventional structures. Also, the biomimetic design recorded
10.00% higher compressive strength than a fillet design and nearly 64.00% than the
repeated pattern. It was evident that biomimetic designs enhanced the mechanical
properties of all the 3D-printed ABS structures.

Keywords. Biomimicry, 3D printing, Mechanical properties, Polymeric structures.

1. Introduction

The term biomimicry is obtained from two ancient Greek words: bios - means life, and
mimesis implies - to imitate. A useful idea, known as biomimicry, uses ideas from nature
to create sustainable solutions to human issues [1]. It is a method that takes cues from
and imitates the tactics employed by current-day species as well as other aspects of the
natural world. The objective is to develop sustainable structures, procedures and
regulations or new ways of living that address our biggest design problems and benefit
all forms of life on earth. It is clear from history that techniques resembling the concept,
such as designs drawn from nature, existed before the term biomimicry became widely
accepted. One of these examples is Leonardo da Vinci's initial model of an aero plane,
which was motivated by the flying of birds [2]. Therefore, this study investigated into
the possibility of improved mechanical properties (tensile, bending and compressive
strengths) of three-dimensional (3D)-printed acrylonitrile butadiene styrene (ABS)
structures, leveraging biomimicry, finite element analysis (FEA) and additive
manufacturing (AM) technology.

! Corresponding Author. s.ismail3@herts.ac.uk
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2. Biomimetic designs

2.1. Biomimetic designed suture structure of beetle

The suture structure of Phloeodes diabolicus (beetle) was design to mimic the natural
type, using CATIA VS5 software similar to all other biomimetic plant/animal parts studied
within the scope of this work. Beetle has suture structure in its upper skin, which exhibits
the outstanding mechanical properties, especially tensile strength. Figure 1(a) shows the
image of a beetle and its microscopic suture structure. Figures 1(b) and (c) depict the
biomimetic designed sutures. Due to this structure, beetle can bear a high amount of load.

re

() . (b)
Figure 1. (a) Phloeodes dzabolzcus beetle and its suture structure (inside red rmg) [3], (b) biomimetic and (c)
triangular designed sutures.

2.2. Biomimetic designed lotus stem structure

This biomimetic design of lotus stem with diameter of 40 mm and length of 150 mm was
modelled from the inspiration of natural lotus stem (Figures 2a and b). While, Figures
2(c) and (d) show its biomimetic and circular designed models, respectively. Lotus stem
has many holes and porosity. This porosity serves different purposes for the lotus, it
increases its bending strength. Therefore, a bending test was simulated to check its
behaviours under different bending conditions.

@

(a) (b)

Figure 2. (a) Lotus stem, (b) its internal structure [4], (¢) biomimetic and (c) circular
models.

2.3. Biomimetic designed trabecular bone structure

The intricate cellular composition of trabecular bone has excellent and lightweight
energy absorption properties. Engineered cellular structures can be progressed into a new
generation of protective systems by replicating this revolutionary high-performance
structure. Complex evolutionary processes have honed complicated structure of bone to
reduce weight, increase mobility and achieve the cyclic stress requirements of the human
body [5]. Hence, inspiration was taken from this structure by mimicking its cellular
pattern, as shown in Figure 3.
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Figure 3. (a) Bone trabeculae, (b) trabecular bone closed cell plate-like structure, which was made up of (c) a
Voronoi diagram that mimics trabecular bone, (d) a unit cell that was taken from the Voronoi diagram [5], (e)
biomimetic, (f) square, (g) fillet and (h) repeated designs.

3. Simulation results and discussion
3.1. Biomimetic suture structure of beetle

The exact pattern of suture was mimicked to design and simulate two plates, which were
joined by suture structure, as shown in Figures 4 (a) and (b). Figures 4 (a) and (b) depict
the simulated biomimetic and triangular models. The thickness, total height and overall
length of the plate were 2, 40 and 100 mm respectively. The total height included the
height of both plates. The circle diameter of the suture pattern was 5 mm. Tensile load
of 5 kN was applied at the top surface of the model. Fixed support was applied at left,
right and bottom surface of the lower plate. Static structural analysis was performed.
Figures 4(a) and (b) show the stress distribution region after FEA, whereas Figures 5(a)
and (b) depict stress versus strain plots of biomimetic and triangular designs, respectively.
Table 1 presents of tensile strengths of both designs, implying that biomimetic design
exhibited a higher tensile strength than triangular type.
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Figure 4. Stress distribution in (a) biomimetic and (b) triangular designs under tensile load.
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Figure 5. Stress versus strain plot of (a) biomimetic and (b) triangular designs under tensile load.
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Table 1. Tensile strengths of the biomimetic and triangular suture structures of beetle.

S/No Design/model Tensile strength Minimum safety factor Rank
(MPa)
1 Biomimetic 43.839 0.582 1
2 Triangular 37.860 0.899 2nd

3.2. Biomimetic lotus stem structure

Firstly, a simple bending test was simulated, whereby the left side of the model was kept
fixed and load of 2 kN was applied at the right face in downward direction. Secondly, a
three-point bending analysis was also simulated on both designs similar to the first case.
The left and right sides of the stems were kept fixed and the same load of 2 kN was
applied at their middle.

There were eight holes in the circular design with size of 5 mm, each. All dimensions
of the designs were kept same with that biomimetic design. Figures 6 and 8(a) and (b)
show the stress distribution region and Figures 7 and 9(a) and (b) depict the stress versus
strain plots for simple and three-point bending tests, respectively. In addition, Table 2
presents the bending strengths for both designs, whereby biomimetic design recorded
higher bending or flexural strengths when compared with the conventional circular
design under both normal/simple and three-point bending loadings.

@ ®) PR

Figure 6. Stress distribution in (a) biomimetic and (b) circular designs under simple bending load.
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Figure 7. Stress versus strain plots for (a) biomimetic and (b) circular designs under simple bending load.
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Figure 8. Stress distribution in (a) biomimetic and circular designs under three-point bending load.
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Figure 9. Stress versus strain plots for (a) biomimetic and circular designs under three-point bending load.

Table 2. Bending strengths of the biomimetic and circular lotus stem structures.

S/No Design/model Bending strength (MPa) Rank
Simple Three-point
1 Biomimetic 44.050 38.174 I
2 Circular 43.166 30.592 2

3.3. Biomimetic trabecular bone structure

A compressive test was simulated under a load of 1.2 kN at the top of the various models.
The lower surface of the design was kept fixed. Figures 10(a)-(d) show the FEA (stress
distribution) of the biomimetic design, other square, fillets on all edges and repeated
patterns, respectively. All dimensions, such as overall height, width and thickness, were
kept same for all the four different models. Figures 11(a)-(d) depict the stress versus
strain plots of all the four designs, while Table 3 presents the compressive strengths of
the various designs. It was observed that the biomimetic design exhibited the highest
compressive strength of 50.266 MPa, followed by the fillet pattern with a compressive
strength of 45.538 MPa, when compared with other designs. The lowest or minimum
value of 6.238 MPa recorded by the square design can be attributed to the highest stress
concentration at its four edges or corners, causing premature material fracture under
linear compressive loading.
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Figure 10. Stress distribution in (a) biomimetic, (b) square, (c) fillet and (d) repeated designs under
compressive load.
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Figure 11. Stress versus strain plots for (a) biomimetic, (b) square, (c) fillet and (d) repeated designs under
compressive load.
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Table 3. Compressive strengths of the biomimetic and other designs of trabecular bone structures.

S/No Design/model Compressive strength Rank
(MPa)
1 Biomimetic 50.266 I
2 Square 6.238 4t
3 Fillet 45.538 2nd
4 Repeated 17.588 3

4. Conclusions

The improved mechanical properties (tensile, bending and compressive strengths) of 3D-
printed ABS structures have been studied, using simulation approach as well as
leveraging on both biomimicry and AM technology. Biomimetic designed beetle, lotus
stem and trabecular bone were considered. From the results obtained, the following
concluding remarks can be deduced.

The biomimetic structure of beetle recorded higher tensile strength, lotus stem
exhibited better simple and three-point bending/flexural strengths and trabecular bone
had greater compressive strength when compared with simple/conventional structures.
Hence, mechanical properties of engineering structures can be improved based on
biomimicry and using AM technology to support several structural applications.
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Abstract. Turbines transform thermal energy into work. Traditionally nickel
superalloys are used for the turbine blades. In the present paper five ceramic matrix
composite materials are investigated as alternatives. The first phase of a rotor blade
gas turbine has been structurally and thermally examined in the current work using
Finite Element Analysis. The thermal behaviour, as well as the mechanical
performance brought on by centrifugal, tangential, and axial forces are calculated.
The results indicate which materials can withstand the highest amount of stress
under specific thermal and mechanical loads and will indicate which material will
have a greater life expectancy.

Keywords. CMC materials, Nickel Superalloys, Composites, Thermal analysis,
Structural analysis.

1. Introduction

One of the design objectives when developing turbines is to increase the operating
temperature since such an increase result in higher engine efficiency. Additionally, the
power-to-weight ratio is a significant feature of gas turbines [1]. The turbine blades
should be built so that the steam passage across their surface generates more rotational
energy. The goal of turbine blades is to extract energy from hot gases, and creep is
regarded as the primary cause of turbine blade failure [2]. The service life of such gas
turbine components is affected by their wear, corrosion, fracture, and deformation during
their life cycle [3]. If a problem occurs in the turbine section, it will substantially impact
the overall engine function and, evidently, the safety of the gas turbine engine [4, 5].
Such damage mechanisms limit the life of ceramic materials under dynamic loads.

The turbine's operating temperature, known as the firing temperature, also
influences efficiency, with greater temperatures resulting in better efficiency [2].
However, the thermal conditions the turbine blade metal alloy can withstand limit the
turbine inlet temperature. Gas temperatures at the turbine inlet range from 1200°C to
1600°C; however, unusual conditions and overloading have resulted in inlet
temperatures as high as 1600°C, resulting in fatigue and blade fracture [6].

The present study presents a case study of oxide and non-oxide ceramic matrix
composite (CMC) materials versus nickel superalloys currently used in rotor gas turbine
blades using Finite Element Analysis. Thermal and structural analyses with and without
thermal loads were undertaken. The output findings compare the average temperatures,
deformation, and von Mises stresses, allowing the selection of blade materials.
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2. Gas Turbine Blade Materials

Due to their harsh operating conditions, materials used in modern gas turbines are
in the forefront of the state of the art [7]. Turbine inlets are under the most challenging
conditions operating under extreme temperatures (1400°C - 1500°C), with high pressure,
high rotational speed, vibration, small circulation area, and so on [8].

Iron, nickel, and cobalt are the most common materials utilized in the production of
blades, with chromium serving as a primary alloying element due to its excellent
oxidation resistance [9]. Timken alloys, Hastelloy, Nimonic alloy, and Inconel are the
most often used alloys [10]. According to previous case studies Inconel 625, and
Hastelloy X are the most used superalloy materials for such applications [11]. Both
material mechanical and thermal properties are listed in Table 1.

Materials Inconel 625  Super Alloy  Al.O3/B4C SiC/SiC (35- Al,03/SiO;
Grade X (50%Vf) 45%Vf) Woven (Nextel 720)
Laminate Woven-Fabric
Youngs Modulus (GPa) 208 210 382 199.5 143.5
Density (kg/m?3) 8440 7780 3310 2900 2600
Poisson’s Ratio 0.29 0.3 0.21 0.19 0.2
Thermal Conductivity (W/mK) 21.3 22 23 135 3.495
Thermal Expansion Coefficient (um/m°C) 13.1 10 53 4.295 1.95
Yield Strength (MPa) 1150 1175 517 294 208.5
Melting Temperature (°C) 1350 1370 2100 2050 1800

Table 1 Properties of selected materials (the first two are nickel superalloys and the rest are CMCs) [15].

The use of ceramics for turbine blades is also being studied, and research is being
conducted on this subject [9]. Materials that work under high loads and temperatures
have different creep rates, resulting in variable strains. These cause a gradual change in
blade morphology over time, with the blades filling the original gap at their tips. Failure
occurs because of this contact with the casing.

Because of their light weight, high strength and toughness, and high-temperature
capability, ceramic matrix composites are also considered. For many years, research has
focused on fibre-reinforced ceramics, unlike monolithic materials, which have
appropriate strength at high temperatures but suffer from poor impact resistance [10].
Today's ceramic composites use silicon carbide fibres in a ceramic matrix, such as silicon
carbide or alumina [12]. These materials can operate with no additional cooling at
temperatures of up to 1200°C, which is slightly higher than what coated nickel alloy
systems can achieve. To sustain long-term stability at the highest temperatures in an
oxidizing atmosphere, uncooled turbine applications will require an oxide-oxide ceramic
material system [13]. Alumina fibres in an alumina matrix are an early example of such
a system. Single crystal oxide fibres, which can work at temperatures of 1400°C, can be
employed to achieve the greatest load-carrying capacities at high temperatures.

Two oxide and one non-oxide CMC materials have been selected for the present
study (Table 1). They were selected based on the approach presented by the authors in
[12,13]. The criteria for the material selection considered the aerospace applications'
material requirements with regards to their mechanical, physical, and chemical properties,
such as high strength, stiffness, fatigue durability, damage tolerance, low density, high
thermal stability, high corrosion, and oxide resistance. Commercial criteria such as cost,
servicing, and manufacturability were also considered [13, 14].
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3. Gas Turbine Blade Model

To examine the damage mechanisms of different nickel superalloy and CMC
materials, a gas turbine blade design was built and simulated in ANSY'S software (Figure
1). The gas turbine blade is analyzed under two stress categories. The first type is
centrifugal stresses caused by angular speeds in the blade, and the second is thermal
stresses caused by temperature gradients within the blade material.

Figure 1 Gas turbine blade design.

To analyze the distribution of applied loads, deformation, temperature, and other
consequences during component service, all degrees of freedom (DOF) of a root must be
captured. The main loads acting on the blade include gas pressure and force due to
momentum change, which permits the blade to revolve.

The Gas turbine blade is fixed to the rotor. The half of the gas turbine blade root is
fixed inside the rotor, so the displacement boundary conditions applied to the half of the
blade root can be determined as Uy = Uy = U, =0 and the rotations of all the same nodes
are constrained, Ry =R,=R, = 0. For the rotor blade, the forces components are assumed
to be; the axial component: F, = 500 N, for tangential: F= 15 N, and the centrifugal one:
Fc = 1400 N, similar to the values found in literature for FEA stress analysis [9].
Moreover, an axial rotational velocity of 200rad/s and a tangential coordination rn. = -
0.3345 in the turbine blade is assumed. The tangential coordination was calculated by
measuring the distance from the center point of the Jet-Al combustor liner inlet
(R=% (D? — d?)) and then assuming that rp,=1.5R [16].

For the thermal analysis on the gas turbine blade, a maximum of 1200°C is applied
on the blade structure as the lower melting point of the comparing materials. A root
temperature of 300°C is applied on the rotor of the turbine blade. Moreover, a film
coefficient h=464.7 W/m?C is added to the blade, which is a common value used for
computational simulations of rotor blades according to the literature. [17,18]

L]
0010 0030

Figure 2 Meshing profile of gas turbine blade model.
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For the meshing of the blade, six different grid profiles were tested, with every
subsequent mess having 20% finer elements. The final messing was selected where
further refinement does not change the predictions by more than 2%. Tetrahedral
meshing (curvature and proximity-based) with a constant grow rate of 1.05m was used.
The impact of the meshing on the calculations can be seen in Figures 3 and 4.

.1o-Average Temperature
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Average Temperature (K)
GCI (%)

1 45 5 55 6 65
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Figure 3 Average Temperature vs Number of Figure 4 GCI VS Average Temperature analysis
Elements grid analysis results. results.

4. FEA Thermal and Structural Analysis

Three analyses were carried out for each material: a thermal analysis and two static
structural analysis, one with the applied thermal load and one without it. The maximum
and average temperatures, stresses, and deformations of each different material were
calculated and compared as it can be seen in Tables 2 and 3.

H Tmax TAvg Omax 0'Avg gmax gmin
Material °C) °C) (MPa) (MPa) (mm) (mm)
Inconel 625 1200 734 232.6 28.2 0.80 0.066
Hastelloy X 1200 726 226.38 28.0 0.80 0.066
Nextel 720 1200 843 247.24 28.1 1.16 0.096
Al,04/B,C 1200 664 247.00 28.1 0.44 0.036
SiC/SiC 1200 711 248.53 28.2 0.83 0.070
Table 2 Thermal and Static Structural without thermal load results.

. Omax 0A\/g smax gm\n

Material (MPa) (MPa) (mm) (mm)

Inconel 625 6282 1361 1.8 0.25

Hastelloy X 6631.9 1474 1.9 0.27

Nextel 720 769.23 164.5 1.175 0.12

Al,03/B,C 4492 906 0.79 0.103

SiC/SiC 1922.8 390 0.96 0.105

Table 3 Static Structural analysis results with thermal load results.
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Figure 7 Stress analysis without thermal load.

Figure 8 Deformation analysis with thermal load.

Figure 9 Stress analysis with thermal load.

It can be observed that all selected materials share a maximum temperature of
1200°C. The average temperature varies for each material. Al,03/B4C and SiC/SiC
CMCs showcase lower average temperatures when exposed to 1200°C. This suggests
they can effectively mitigate the heat transfer from the hot gas environment to the blade
structure. It also indicates that such CMCs have a higher thermal resistance and lower
thermal conductivity than nickel superalloys, retaining their cooler temperature under
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the given operating conditions, minimising heat transfer to the blade structure, and
reducing the potential for thermal stresses and material degradation.

Inconel 625 and Hastelloy X demonstrate lower maximum and average stresses
compared to Nextel 720, A1203/B4C, and SiC/SiC when there is no thermal load applied
at the blade structure, demonstrated in Figure 7. This suggests that Inconel 625 and
Hastelloy X are better able to withstand the applied loads without exceeding critical
stress limits. In terms of deformations, Nextel 720 exhibits the highest maximum
deformation, followed by SiC/SiC, Inconel 625, Hastelloy X, and A1203/B4C. Similarly,
Nextel 720 and SiC/SiC also display larger minimum deformations (showcased in Figure
6) compared to the other materials.

In contrast, Table 3 results indicate the mechanical responses of each material when
subjected to the applied thermal loads. The stress values represent the internal forces
experienced by the materials (Figure 9), while the deformation values indicate the strain
they undergo (Figure 8). It can be observed that Inconel 625 and Hastelloy X demonstrate
higher maximum and average stress values compared to Nextel 720, A1203/B4C, and
SiC/SiC. This suggests that Inconel 625 and Hastelloy X experience greater internal
forces and are subjected to higher stress levels under the given thermal conditions. In
contrast, Nextel 720, A1203/B4C, and SiC/SiC exhibit lower stress values, indicating
that these materials can withstand the applied thermal loads with less stress. Similarly,
the maximum and minimum deformations of the CMC materials (Nextel 720,
Al1203/B4C, and SiC/SiC) are lower than those of Inconel 625 and Hastelloy X. This
implies that the CMC materials exhibit lower deformation or strain when subjected to
the applied thermal loads.

These lower stress and deformation values in the CMC materials can be beneficial
for the gas turbine blade's performance and lifespan. Lower stresses help to minimize the
risk of material failure, while lower deformations contribute to improved structural
integrity and dimensional stability. By using CMC materials with lower stress and
deformation characteristics, it is possible to enhance the blade's reliability, reduce the
likelihood of fatigue or creep-related issues, and potentially extend the component's
operational life.

5. Conclusion

The structural and thermal finite element study of the first stage gas turbine
blade was performed. The goal of this investigation was to explore the component life in
terms of individual and cumulative damage criteria of existing superalloy materials
against CMC materials. This would assist in determining which material is preferable
based on better performance outcomes.

Turbine applications require materials that keep the temperature as low as possible
to maximise the creep life and minimise deformations. From the stress analysis, the
materials with lower stress allow for lower minimum and maximum fatigue cycles,
which results in higher fatigue life of the application. Furthermore, from the temperature
analysis, it was concluded that the lower the temperature, the less cooling air is required.
This allows for better overall engine performance.
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Abstract. To fight with global farming, dwindling fossil fuels and waste
management issues in agricultural countries; effort has been made to develop fully
biodegradable hybrid composite rod from fibers of banana leaf waste and sisal fiber
reinforced in polylactic acid (matrix) at a different fiber fraction v/v (0%, 10% (5:5
i.e. B:S), 20%(10:10), 30% (15:15) and 40%(20:20). Rods were made as

per ASTM standard (ASTM D7205) by using single screw extruder. The mechanical
properties namely: tensile, compression, flexural, bending and impact testing with
reference to ASTM standards (ASTM D6641, ASTM D4476 and ASTM D-256
respectively) were evaluated. Results show that pure PLA rod has a maximum
tensile strength of 15.82 MPa, compression 33.48 MPa, flexural strength of 13.64
MPa and impact strength 1.98 kJ/m?. In the case of maximum successful
reinforcement (40% by volume), where 20% is banana and 20% is sisal fiber,
maximum tensile strength comes out to be 41.32 MPa, compression 77.81 MPa,
flexural strength 32.52 MPa and impact strength 4.27 kJ/m? Thermal analysis
(Differential scanning calorimetry) was also done that shows increase of melting
temperature by 14°C-17°C in 40% fiber reinforcement compared to the pure PLA
composite. These rods can be successfully utilized in furniture, construction and
sports industry.

Keywords. Polylactic Acid, Fully Biodegradable Composite Rod, Mechanical and
Thermal Properties.

1. Introduction

Composite materials consists of two or more constituent materials having different
chemical or physical properties and when mixed together, produce a material having
characteristics completely different from parent materials. In this era of development of
new materials with good properties, is going to be a challenge when different processing
methods are available with their merits and demerits concerned with reinforcement
compatibility with matrix. Composites are classified as non- biodegradable and
biodegradable in nature. Biodegradable can be partially or fully,
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depending upon the type of matrix and reinforcement. So where the biodegradability is
the main concern, PLA is proved to be an emerging and high potential material as matrix
for product development. At present PLA (Polylactic Acid) is widely used in most of the
research works and till date work on PLA is going on. PLA are high modulus polymers
having high strength and are thermoplastic in nature. Due to their biodegradable nature
and common process of extraction and utilization of various biodegradable wastes, its
uses are increasing day by day in all the fields of engineering and science. At the initial
stage of research of biodegradable polymer, PGA (Poly- glycolic acid) was the first to
be synthesized followed by PLA (poly-lactic acid) for their use as implant materials for
the repair of various types of tissues (1) (2) (4). In medical field, PLA has been used as
a drug delivery matrices and internal fixation of fractured bones (3). Moreover the
renowned automotive industries like Mercedes Benz, Tata Motors, General Motors etc.
are using these sisal and banana fibers for making plastic based components of their
automobiles. Some uses of bio-based composites include internal door trim, seat-back
trim, dashboard supports, rear shelves and exterior parts, such as transmission covers etc.
These fibers are also used as reinforcement in constructional sector (5-8). Banana plant
is a valuable and important bio resource existing in around 120 countries. The area of
around 48 lakh hectares has been covered by this resource with annual production of
around 100 million (9). The residues coming from the bunch of fruit and the trunk make
it more valuable among other plants. Sisal belongs to the family of Asparagaceae. This
plant grows in the arid and humid environment. Sisal production throughout world is
around 4.5 million tons annually. In India there has been a yield of about 2.5 ton (dry
fiber) per hectare annually from the sisal plant.

2. Development of Composite Rod

Composite rod has been developed by treating the reinforcement and matrix to enhance
the interfacial bonding between PLA and banana/sisal.

2.1 Material and its Treatment
Both the fibers (Banana and Sisal) were extracted from the leaves of the respective plants.

First of all fibers were dried in open sunlight for the removal of moisture for 24 hours
for further chopping of the fibers.

(a) (b) ©
Figure 1. Chopped Banana Fibers (a); Sisal Fibers (b); PLA Pallets (c)
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So to develop the BSFRC rod, treatment of fibers is must to enhance the
bonding between PLA, banana fibers and sisal fibers so that better physical and chemical
properties can be obtained. For the extrusion of rod, there has been a need of fibers in
chopped form. So after drying the banana leaves, sisal fibers chopping has been done in
mixer grinder to get the size of 600 pm as per requirement (shown in Figure. 1 (a) and 1
(b) respectively). Thereafter to remove the dust and other unwanted contents from the
chopped fibers, washing of fibers is done with the use of distilled water at temperature
range of 55-65°C for around 1 hour and then they were laid to be dried in open air for
the time of 48 hours at room temperature. To remove the lignin form the fibers, NaOH
treatment (10%) was given at room temperature, and then again washed with distilled
water before drying in open air. Polylactic acid pallets as shown in Figure. 1 (¢) of 3052D
grade were also dried in oven for 2 hours at the temperature of 70°C to remove the
moisture from the pallets so that proper interfacial bonding between fibers and matrix
can be attained during the extrusion process.

2.2 Development of Extrusion set up

To get the required size of rod as per ASTM standard, die must be developed accordingly.
For the better solidification of rod at the exit, there has been a need of temperature
controlled system to manage the temperature gradient over the length of developed die.
Mild steel die has been made to extrude the rod. As per the requirement of ASTM D7205,
the internal diameter of die has been made. Die is covered by four precisely controlled
heaters so that proper solidification can be attained during the extrusion of the composite
rod. Complete extrusion set up along with die has been shown in figure no 2.

Figure 2. Single Screw Extruder
2.3 Fabrication of Composite Rod

To develop the composite rod, fibers are mixed in the ratio of 0% (pure PLA), 10% (5%
banana and 5% sisal), 20% (10% banana and 10% sisal) 30% (15% banana and 15%
sisal) and 40% (20% banana and 20% sisal) (v/v) respectively in PLA matrix. To mix
PLA with fibers, coconut oil (less than 1% by volume) is used so that the fibers adhere
to PLA granules. Then the required mixture is put down into the barrel having speed of
30 rpm (optimum speed with experiments) and temperature in the range of 130-1600°C
(3 heaters). Samples were made according to ASTM D7205 (shown in Figure. no 3) and
named as PLA, PLA/BS1, PLA/BS2, PLA/BS3 and PLA/BS4 having a volume ratio of
banana fibers and sisal fibers as 0%, 10%, 20%, 30% and 40% respectively as shown in
Figure. no 4.
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N ) ) © @ (@

(
Figure 3. Single Screw Extruder Sketch showing Figure 4. Developed Rods- PLA(a);
dimensions of rod as per ASTM D 7205 PLA/BS1(b); PLA/BS2(c); PLA/BS3(d);
PLA/BS4(e)

3. Results and Discussion

3.1 Mechanical Strength

Figure. no 5(a) to 5(e) indicates the relative variation in mechanical strength of
specimens prepared at various fiber fractions of banana and sisal fibers. With the increase
in fiber ratio, the strength of composite rod increases. This trend continuous up to 40%
fiber fraction.
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Figure 5. Mechanical Strength of the- pure PLA rod (a); pure PLA/BS1 rod (b); pure PLA/BS2 rod (c); pure
PLA/BS3 rod (d); pure PLA/BS4 rod (e)
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All these strength values are maximum when the fiber fraction ratio is 40%. The
reason behind this was good bonding between the fibers and the matrix. So overall there
has been an increase of 161.18 % in tensile strength, 132.40 % in compression strength,
138.41 % in flexural strength and 115.65 % in impact strength with reinforcement of
fibers in polylactic acid as compare to pure PLA sample.

3.2 Thermo-mechanical Analysis

It is one very important method to investigate the effects of temperature on the polymers
known as glass transition. The ratio of heat flow and heating rate is known as heat
capacity of the product under consideration. This testing (DSC) was conducted on the
METTLER TOLEDO Star 3 machine. The DSC curves are shown in (Figure. 6 (a) and
(b)) for the neat PLA rod and banana sisal fiber reinforced composite rod sample having
fiber volume fraction of 40%. Temperature range for the cycle was set between 30°C to
160°C to investigate the thermal transitions. In concern with the melting of the composite
sample, it has been observed that melting began in temperature range of 142°C -148°C
for neat PLA rod sample (as shown in Figure. no 6 (a) ) while for banana and sisal fiber
reinforced composite rod sample with 40% fiber fraction, melting starts between 151°C
to 155°C. So it is concluded that with the reinforcement of fibers, melting point of
developed composite goes up by 14°C-17°C as compare to the neat PLA sample which
proved strengthening of composite.

‘an "ama

Lo METTIER Gl SN M b METILER GIAHT BN 4

(a) (b)
Figure 6. DSC curve for neat PLA sample (a); DSC curve for PLA/B4 sample (b)

In this work, waste fibers are used in chopped form and good tensile strength has
been obtained by developing the fully biodegradable composite rods through extrusion
process. Some of the applications where these rods can replace the synthetic rods or wood
based composites are: Guide rails, Road markers, Flag whips, Wickets, Greenhouse
structures, Selfie stick and Construction of furniture etc.
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4 Conclusion

The following conclusions were drawn from the mechanical and thermo-mechanical
analysis:

e Full biodegradable composite in form of rod has been developed successfully
where both matrix and reinforcement are biodegradable.

e Extrusion found to be the successful method for making composite products
like rod by using any type of fiber in chopped form.

e Tensile, compression, flexural strength increased by around 2.5 times at 40%
fiber reinforcement having tensile strength of 41.32 MPa at 40% reinforcement
whereas for neat PLA it was just 15.82 MPa, in compression testing, maximum
strength was 77.81 MPa at 40% reinforcement and 33.48 MPa with neat PLA
and in flexural testing, value found to be 32.52 MPa at 40% reinforcement and
13.64 MPa with neat PLA.

e In case of impact testing, strength observed was around 2 times with maximum
value of 4.27kJ/m? at 40 % reinforcement and 1.98 kJ/m? when neat PLA
sample was tested.

e Differential scanning calorimetry (DSC) revealed that the melting point of
composite enhanced by around 15.5°C with 40% reinforcement as compare to
neat PLA that shows enhancement in the properties of the developed composite.
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Abstract. Measurement of air flow through a fan is required
during routine testing of several student projects using an existing
two-metre-long wind tunnel at the University. Measurements of
air velocity uses a handheld weather kit anemometer which is
connected to a data logger. Inaccuracies in holding the equipment
resulted in the basis of a project. This paper investigates and
reviews the findings of the project, based on designing,
prototyping, and evaluating a suitable system to hold the
anemometer and allow positioning of it at any desired position
within the cross-section of the wind tunnel. A rail system allows
the anemometer to be positioned in the Z-axis for shorter wind
tunnels, or in close proximity to fans without the tunnel or
ducting. The paper shows the methodology of the design process,
the development of a working prototype and the implementation of
the initial readings.

Keywords: Experimental methods; design and manufacture, design, and
simulation.

1. Introduction

A regular project held in the first year for manufacturing students is to design and
manufacture fan blades. The fan performance is currently determined by evaluating the
velocity of the downstream airflow, a value which is obtained through experimentation
within a wind tunnel. Currently, airflow velocity is measured by means of a handheld
anemometer positioned at the exit of the wind tunnel (Figure 1). Holding the
anemometer for long periods can induce errors in the readings. Ligesa (2018) discusses
some of these errors. This formed the basis for the project: to design, manufacture and
evaluate a rail system, where an anemometer can be mounted and used in conjunction
with a data logger. Furthermore, it was also suggested that the uniformity of airflow
can be evaluated by placing the anemometer at any position within the specified
envelope of airflow, thereby capturing a velocity distribution across a designated
measurement plane. The data logger has a number of modes, where a timed duration of
data collection is required for statistical analysis. This reinforces the need for the
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positioning system as hand movements are likely to induce further errors when
undertaking timed experiments.

Wind Tunnelf Anemometer,

-f \

\
\
Support Section

Figure 1. Existing set-up of the tunnel with positions of the fan and anemometer.

2. Project Methodology

Following the implementation of a Gantt chart, project risk analysis and review of
resources, the development of a full product design specification (PDS) was carried
out. Candidate solutions were then proposed based on the requirements of the PDS and
available materials that would allow the project to be prototyped to the project budget
of £200.

The four concept designs (Figure 2) were evaluated using the Analytical
Hierarchy Process (AHP). Saaty (1987) reviews the key benefits of this analytical tool
for decision-making, which is highly justified for this type of project.

Figure 2. Four concept designs for the proposed new positioning system

Within the concept designs there was a strong desire to utilise the University’s
facilities; in particular laser cutting, additive manufacturing and traditional project
workshop. The system had to accommodate the existing anemometer, which forms part
of a weather kit. Dimensions are shown in Figure 3.

86
140
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f—————= rl

40 24

ALL DIMENSIONS (mm)] EXCEPT HOLE DIMENSION

Figure 3. Drawing showing the anemometer and associated dimensions.
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Currently a 2 m long single wind tunnel is used for project work, but the
University is keen to acquire more wind tunnels of different lengths to enable a wider
scope of projects. The building stage of the project was around 8 weeks, which
constrained the manufacturing time. Designs needed to minimize costly outsourced
parts, whilst balancing the in-house machining. Part sizes and the final design were
based on worst-case scenario loading calculations, and the final design was evaluated
using finite element analysis (FEA) to review von mises stresses and displacements of
members.

3. Detailed design

The final design, as shown in Figure 4, presented a range of challenges. It is important
to emphasize the need to fully evaluate the potential resources for this type of bespoke
project. One of the first key issues was to source a type of economical bearing to use
for the radial movement of the anemometer on the carriage. Given the high cost of
bearings, a common serving table bearing, known as a “Lazy Susan” was utilised as the
main bearing. This was very cost effective did not require any modifications. The rail
system had been investigated early in the project during the definition stage as part of
the feasibility study. Similar previous projects with rail-type components had employed
aluminium alloy extrusion which is readily available in a range of sections and sizes. A
20 mm x 20 mm V-slot was selected which was available with runners.

Another major part of the design was the gantry which utilised prefabricated plates,
although extra members were needed to join them together. A relief gap was included
between the two gantry plates to mitigate issues with poor alignment of the extrusion
rails. This may not have presented itself as a problem on completion of the project,
however over time misalignment can occur due to repeated use and accidental
mishandling. Figure 5 shows the linear stage spacers that were incorporated into the
carriage system and locking nuts, which were removed from bicycle quick-release
spindles.

Figure 4. Final design of the complete rail system.
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DETAIL &

Figure 5. Gantry plates, bottom plate assembly including locking nuts.

A design for manufacture and assembly (DFMA) approach was sought, to help
facilitate the production and assembly. Principles were sought from a range of sources
and are covered extensively by Bayoumi (2000). Areas of the design required moving
parts which had to be locked into position. The vertical movement of the anemometer
required a column mount or dual mounts with a lockable moving bracket. This was
more difficult to source than the extrusion, as the design needed to allow for the
existing anemometer and the surrounding parts. Existing camera mounting equipment
offers a range of brackets in sizes which are suitable. These were obtained but did
requiring further machining (shortening, facing off and tapping a thread for end caps at
the top and the mounts at the bottom). One of the latter challenges was to provide a
locking method for the main rotating bearing. Initially, parts were planned to be
fabricated, however the complexity and lead-time, it was decided that using toggle
clamps, as shown in Figure 6 as these could be fitted directly onto the main supporting
member. Two clamps are required, since at some positions a single clamp would
interfere with the bolts on the main bearing.

Materials selection was carried out using appropriate materials selection software.
The most suitable polymeric sheet for this project considers polycarbonate. However,
this would have increased the project cost and increased the lead time on delivery. For
a working prototype model, PMMA (acrylic) was readily available. Calculations on the
stresses and displacements were completed and verified the suitability for use in the
prototype. The sheet acrylic was used for most of the large section pieces. Laser cutting
was efficient and there were a few changes to the plate designs were required after
student-mentor meetings, which required fresh pieces to be cut. This did not add any
lead time and minimal costs, which had an advantage over additive manufacturing in
this case.

_//f’
*\d

Figure 6. Toggle clamp used to lock the main bearing.

The main concerns governing the final design were to ensure that friction, rigidity,
alignment, and repeatability were not compromised in any way. Rigidity was verified
using finite element analysis (FEA) software. Manufacturing/modifying parts took
around 8 hours. This allowed time for initial testing.
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3.1. Testing and FEA simulation-based results evaluation

Finite Element Analysis (FEA) was conducted on parts to ensure that the factor of
safety was appropriate for all conditions. The factors in some areas were considerably
higher than they needed to be; although there was no benefit from removing more
material and this would have resulted in higher deflections. The maximum stress from
static simulation was found to be 9.2 MPa with a minimum factor of safety (FOS) to be
19 (Figure 7).

Figure 7. FEA static structural simulation shown maximum stress and factor of safety (FOS).

Previous tensile testing of this particular grade of PMMA was found to be 50 MPa.
The presence of holes for bolts added stress concentration sites which could not easily
be avoided. Impact forces are not anticipated for this type of testing however any
attempt to remove material may have made the structure more prone to localised brittle
failure through accidental impacts. Weight was not excessive and any attempt at
reduction through optimisation could have had similar consequences.

Computational Fluid Dynamic (CFD) modelling was carried out prior to testing, so
that some comparisons could be made to the actual initial testing. Figure 8 shows the
results, which evaluated the velocity streams moving through the main bearing and the
pressure on the assembly.

Figure 8. CFD modelling of the air velocity (left image) and pressure (right image) on the main plate.

The initial testing was limited to the length of the wind tunnel, as well as some
close proximity testing to a fan. A grid of velocity measurement points was devised,
and readings could then be taken with the data logger at these points. The layout is
shown in Figure 9. The data logger was operated in statistics mode, which requires a
timed interval from which the maximum, minimum, mean, and standard deviation are
computed with a graph displaying the output overall the interval.
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Figure 9. Measurement points used d{lring initial testing.
4. Conclusions

The project culminated in the production of a successful working prototype, as shown

in Figure 10. 1B " pl

"

Figure 10. Positioning system set up at the end of the wind tunnel to carry out initial testing.

This was tested and yielded interesting results. One area that could be developed
further is to consider adding a coordinate measurement system. concentrations in
design work as well promote laboratory testing. The next stage requires a set of shorter
length wind tunnels which would allow for testing in the Z-plane. Another possible
expansion of this project could include using a smaller anemometer, or possibly even a
pitot tube, which could yield more results in the field area of testing in the X-Y plane.
Reduction of variables in wind speed is another area of improvement, which would
allow for comparisons between measurement equipment used on the wind tunnels, as
well as projects. There is a large scope of research activities which can be carried out,
although factors affecting the anemometer need to be evaluated, as discussed by
Morris, Beck, and Hosni (2001) before projects researching into the fans (or wind
tunnels) can be carried out. This successful project will allow for future projects to now
be undertaken which is likely to attract interest from students, sponsoring companies,
and staff within the engineering department.
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Abstract. This research studies the feasibility of automatically combining the final
turning and roller burnishing processes on Aluminum alloy 6063 (Al6063).
Identifying the optimal process parameters yields the desired surface quality. The
burnishing process is widely used to enhance the machining quality by improving
the surface finish, fatigue layer, and corrosion resistance. this research designed the
single roller burnishing tool with spring constant for the final fishing process by
automatic tool change on the CNC lathe machine. An important part was conducted
experimental design methods to optimize the parameters affecting the burnishing
process and implementation. The results showed the parameters affecting the
surface roughness after burnishing are feed rate and burnishing force. The
implementation of the model prediction can be reduced the surface roughness from
0.365 umRa to 0.090 + 0.002um Ra and 0.927 + 0.04pmRz. while being able to
generate the affected layer of approximately 60 pm.

Keywords. Automatic process of Al6063, single roller burnishing tool, work
affected layer, final finishing surface.

1. Introduction

6063 Aluminum alloy (Al6063) is commonly utilized in such applications due to its
high strength-to-weight ratio and excellent corrosion resistance. A16063 mainly contains
magnesium (Mg) and silicon (Si) with the strength of the alloy. It provides a good surface
finish after machining. The requirements of the high finish surface, it commonly
performed on several surface treatment processes after machining. This leads to a long
period and a loss of surface texture and dimensional accuracy. In addition, the machining
process of the A16063 shaft cannot achieve the surface finish at the nanometre level and
the mirror finishing surface that is lower than 0.1 pm has not been thoroughly addressed
and researched in such a typical method.
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Various researchers have attempted to determine the effectiveness of the parameters
affecting turning operations on CNC lathes. A surface roughness of 0.36 pmRa was
obtained by the automatic turning of A16063 alloy on CNC lathes using Takushi analysis
[1] and the machining of aluminum alloy grades 6063 with tungsten carbide (WC+Co)
insert by deep cryogenic treatment gives a surface roughness of 0.373 pmRa with optimal
parameters [2]. They demonstrated the effectiveness of the parameters in turning A16063.
The burnishing process is widely used as the super-finishing process to enhance the
machining quality by improving the surface finish, fatigue layer, and corrosion resistance.
And it is also well known as the plastic formation process. Important mechanistic
characteristics of that process. After the machining process, the mechanism presses
against the surface at a point (peak to valley) causing a new rearrangement of subsurface
structures as a result, it improves surface hardness, which increases the fatigue layer at
surface stress points the methods utilized to improve the surface finish at the nano-level.

Numerous studies investigated the controlling constant burnishing force that can be
classified into various methods such as the use of hydraulic pressure to apply the
burnishing force of hardened steel [3] a hydrostatic burnishing tool affecting residual
stress of AISI 8620 steel [4] the burnishing tool uses a constant compression of the spring
[5-7] these burnishing tools have been applied to different materials. Due to the use of
hydraulic pressure, it is suitable for burnishing in workpieces with high surface hardness.
On the other hand, the burnishing tool with spring constant force most are suitable for
applications where ductile properties and surface hardness are not very hard materials.

Therefore, this research designed the single roller burnishing tool for the final
fishing process by automatic tool change on the CNC lathe machine. An important part
was conducted experimental design methods to optimize the parameters affecting the
burnishing process and implementation.

2. Experiment procedure
2.1. The single roller burnishing tools.

This experiment aims to design a burnishing tool with spring constant pressure and
considered the shapes of the burnishing roller and tip. Previous research studies, it was
found that there are many techniques for burnishing tools such as flat-faced roller
burnishing tips [8] a ball or sphere diameter of 6 mm [9], and Single toroidal roller
burnishing tips [7] etc. In this study, the single toroidal roller burnishing tip was
considered due to free rotation during the process. Able to press workpieces having a
complex shape, a burnishing tool has been designed as shown in Fig. 1A. The distinctive
feature of this tool is during the burnishing process the spring shaft cannot be twisted and
rotated while pressing because it was controlled by the spring shaft hole with a guiding
groove. A single roller is made from hardened tool steel having a radius of 5 mm installed
with a pin bearing inside. The spring compression of the burnishing tool was performed
on the compression testing machine as shown in Fig.1B. Three levels of spring stiffness
are selected for the burnishing force conditions: 25 N/mm for 50 N, 40 N/mm for 200 N,
and 80 N/mm for 350 N respectively.
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Figure 1. The 3D exploded view of a single roller burnishing tool (A) and spring compression test (B)

2.2. Experimental setup and initial turning conditions.

The experiment was carried out at the CNC lathe machining center (HAAS ST-20L).
The roller burnishing tool was installed on automatic tool changers as shown in Fig. 2.
This study was performed consisted of 3 main processes: the first is a rough turning
process to remove the outer of the workpiece approximately -0.5 mm, the second is
finished turning, in which the parameters have been studied in the previously achieved
machining of aluminum alloy within 0.373 pmRa which can be applied in this finish
turning of Al6063 [1-2]. The turning parameters are a spindle speed of 2500 RPM, feed
rate of 0.5 mm/rev and depth of cut of 100 pm with cutting tool insert MITSUBISHI
code TNMG160402L-2G NX2525. When the accuracy of 10 pieces was determined, the
surface roughness values were 0.365 £ 0.08umRa and 2.359 £ 0.5umRz. Therefore, these
parameters were chosen as initial turning conditions. And the final process is roller

burnishing tool.

Table 1. The cutting parameters and their levels.

Machining parameter Low center High

Feed rate (mm/rev) (A) 0.001 (-1) 0.005 (0) 0.01 (1)
Spindle speed (RPM) ~ (B) 500 (-1) 1250 (0) 2000 (1)
burnishing force (N)  (C) 50 (-1) 200(0) 350 (1)

Figure 2. The installation of the burnishing tool on the CNC lathe machine.

2.3. Analysis of Variance (ANOVA)

In machining, the influence of spindle speed, feed rate and burnishing force on surface
roughness were investigated. The burnishing experiments were conducted based upon
the centered of central composite design (CCD) methodology with 2 replications. Thus,
total of cutting tests including 40 run orders that were carried out as per design matrix.
Furthermore, machining parameters and their levels used for burnishing are shown in

Table 1.
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3. Experimental results and discussion

3.1. Statistical analysis

we obtained the analysis of variance of surface roughness as shown in table 2. The
analysis was performed at significance level of 0.05. Thus, it means factor will be main
effect or interaction effect on surface roughness when their term has p-value less than
0.05.

Table 2. Analysis of variance of surface roughness value

Model 0.8305 9 0.0923 38.26 <0.0001 significant
A-Feed rate 0.0187 1 0.0187 7.74 0.0092

B-Spindle speed 1.86E-06 1 1.86E-06 0.0008 0.978

C- Burnishing force 0.4518 1 0.4518 187.36 <0.0001

AB 0.0012 1 0.0012 0.4871 0.4906

AC 0.0123 1 0.0123 5.09 0.0315

BC 0.0012 1 0.0012 0.5145 0.4787

A? 0.032 1 0.032 13.25 0.001

B2 0.0003 1 0.0003 0.129 0.722

c? 0.1002 1 0.1002 41.55 <0.0001

Residual 0.0723 30 0.0024

Lack of Fit 0.0514 5 0.0103 12.26 <0.0001 significant
Pure Error 0.021 25 0.0008

Cor Total 0.9028 39

R-sq=91.99% R-sq(adj) = 89.58% R-sq(pred) = 85.94%

A variance analysis of the surface roughness (Ra) components was made with the
objective of analyzing the influence of feed rate, spindle speed, and burnishing force.
The main factors significantly influence on the surface roughness were feed rate and
burnishing force. Especially, burnishing force has strongest main effect on surface
roughness. The interaction effect on the surface roughness were between feed rate and
burnishing force. While the square term of feed rate and the square term of burnishing
force have the effect on surface roughness. The interaction plots are shown in Fig.3A,
illustrate the evolution of the surface roughness.

Figure 3B shows the optimized plot of the burnishing parameters. By adjusting
the position of the vertical chain line, variation in the output is evaluated. Which, the
optimized values of the burnishing process are feed rate of 0.0056 mm/min, Spindle
speed of 2000 RPM and burnishing force of 110.61 N. the optimizer model provides the
surface roughness value is 0.0799 pmRa

Speed Force
20000 3500
2000.0] [110.6061)
5000 500

Figure 3. The interaction of burnishing parameters: Feed rate & Burnishing force (A) and the optimize of
surface roughness model (B).
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3.2. Implementation of the surface roughness obtained by the optimized parameters.

Figure 4A shows a comparison of the two finished surfaces generated by the final
turning and the roller burnishing tool, which seen the burnishing process will be
smoother than the final turning when observed from the letters reflected on the surface
of the workpiece. In addition, when observing the magnified SEM image as shown in
Fig. 4B, the surface is smooth without previous machining marks and waviness on the
surface. The implementation of this process can be automatically reduced the surface
roughness from 0.365 um to 0.088 umRa under the conditions of the model prediction
at a spindle speed of 2000 RPM, feed rate of 0.005 mm/rev, and burnishing force of
110N as shown in Figure 4C. In addition, the accuracy of 10 pieces, it was found that
the surface roughness values were 0.090 = 0.002umRa and 0.927 + 0.04pmRz. And the
roundness value of the burnishing process can be reduced from 6.2+ 1.2 ym to 3.3+ 0.2
pm due to uniform rolling pressure, resulting in the workpiece being better roundness.
The results can be confirmed that the burnishing tool under this model prediction can be
used in an application for aluminum A16063.

Burnishing surface

0.088 pm
0.814 pm
1.823 pm

Ver 1.0 pmidi; Hor 0.8 mmdi; 40mm

Figure 4. The finished surface of A16063 by Final turning and burnishing tool (A), the magnified SEM
image (B), and the surface roughness of the burnishing process(c)

3.3. Surface cross-section analysis from EBSD and hardness

Figure 5A shows surface cross-section images by EBSD, the subsurface structure
after the roller burnishing tool can be seen in the grain on top has a finer size and flattened
shape with a depth of approximately 50-70 pm from the edge of a workpiece. which can
be assumed that this phenomenon is caused by the roller burnishing force while being
able to generate the affected layer. When considering the hardness value as shown in Fig.
5B, it was found that the hardness value from the workpiece edge increased by about 140
HV and gradually decreased until reaching the normal hardness value at 81 HV at a depth
of about 60 pum.
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4. Conclusion

An automatic combining the final turning and roller burnishing processes on Aluminum
alloy 6063 (Al6063) specimens was established through an experimental study. The
following conclusions can be made.
e The following ideal single burnishing process parameters were determined
using a CCD experiment and model prediction under a minimum roughness:
Using a spindle speed of 2000 RPM, a burnishing force of 110 N, and a feed
rate of 0.005 mm/rev, the average roughness is expected to Ra =0.0799umRa.
e The implementation of the model prediction can be reduced the surface
roughness from 0.365 pumRa to 0.090 + 0.002umRa and 0.927 + 0.04pmRz.
e The EBSD analysis results confirm the effectiveness of the roller burnishing
tool of (A16063) able to generate the affected layer of 50-70 pm with significant
increase the surface hardness on the edge by 72 %
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Figure 5. The EBSD image of Al 6063 surface cross-section generated by burnishing tool (A) and
Hardness from edge (B)
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Abstract. Additive Manufacturing (AM) has revolutionized the manufacturing
industry by enabling the fabrication of complex and customized components with
unprecedented design freedom. In recent years, there has been a significant focus on
extending the capabilities of AM to produce fiber reinforced composites, which
offer exceptional mechanical properties and enhanced performance characteristics.
This article evaluates the tensile and flexural (three-point bending) properties of
additively manufactured continuous glass fiber-reinforced nylon composites
(CGFRNCs). Composites are designed using constant fiber volume fraction (V) and
variable fiber orientations (8) by US-based Markforged’s ‘Mark Two’ 3D printer.
V¢ is 27% for all composite coupons and 0 is varied by 0°, 45°, 90°, and 135°
(or -45°). Experimental results show the maximum tensile strength of 225.78 MPa
for 0° and maximum flexural strength of 82.84 MPa also for 0°. Damage analysis
has been carried out in X-ray Micro Computed Tomography.

Keywords. Additive Manufacturing, Composites, Fiber orientation.

1. Introduction

Additive Manufacturing (AM), also known as 3D printing, is a layer-by-layer
technique of joining successive layers of materials on top of each other to create objects
from digital 3D CAD model data, opposed to traditional subtractive manufacturing [1,2].
AM has recently attracted significant interest over traditional manufacturing techniques,
owing to its several benefits such as the ability to fabricate complex shapes, design
flexibility, mass customization, low manufacturing costs, automated processes, reduced
waste, improved dimensional accuracy, and fast prototyping [3]. Nowadays composites
are popularly being manufactured by additive manufacturing. Hence, this work focuses
on effective design for additive manufacturing (DFAM), fiber parameterization, and
optimization to get effective mechanical properties. Ibrahim M Alarfi et. al. [4] reported
the tensile and flexural strength for short glass and carbon fiber reinforced nylon
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composites. Andrew N Dickson et. al. [5] reported the tensile and flexural strength for
continuous glass, carbon, and kevlar fiber reinforced nylon composites for 0° fiber
orientation only. Our study claims the variation of fiber orientation using a fixed fiber
volume fraction for glass fiber reinforced nylon composites.

2. Materials and methods

For making composites by Additive Manufacturing, Nylon-6 filament of 1.75 mm
diameter was used as a matrix material and continuous glass fiber bundle of 0.3 mm
diameter was used as a reinforcement material. Both materials were purchased from
Markforged, USA. Markforged produces its own proprietary materials for its 3D printers.
‘Mark Two’, a thermoplastic composite 3D printer by Markforged was used to
manufacture these composites. This printer has two nozzles fitted in a single extruder
where one nozzle is for matrix material, and another is for reinforcing fiber. Before usage,
Nylon-6 was kept in a Pelican-1430 modified dry box that was sealed against the
infiltration of moisture. The fiber bundle contains 1000 individual fiber tows and
appeared to be each of 10 um diameter based on Scanning Electron Microscopy (SEM)
images. These tows are infused and held together by a sizing agent i.e., also Nylon-6.
Printing starts with the deposition of Nylon-6 by nozzle-1 followed by deposition of glass
fiber by nozzle-2. Fig. 1 shows the nylon-6 and glass fiber spools followed by ‘Mark
Two’ 3D printer, schematic of CFF process, and geometries of tensile and flexural

specimens.
Nylon
Spool
. ‘ || |
Glass //
Nylon-6
ylon Fiber
Markforged ‘Mark Two’ 3D Printer Continuous Filament Fabrication
(CFF) Printing Process
Tensile Specimen Flexural Specimen
™ ASTM D3039 ASTM D790
= 1
i
i
1
All dimensions are in mm. All dimensions are in mm.

Figure 1. Materials, methods, and specimens’ geometry
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3. Results and discussion
3.1. Experimental results

Tensile and flexural tests were performed on Zwick Roell 250 UTM machine. For
tensile test, the specimen is securely clamped between upper and lower jaws,
encompassing 50 mm on each side, resulting in a gauge length of 75 mm. Flexural
specimens was having span length of 51.2 mm that is 16 times of specimen thickness.
And the load was applied to the centre of the specimen. Constant rate of elongation
(CRE) theory was followed to perform both tensile and flexural test by applying constant
strain rate of 2 mm/min and 2.2 mm/min respectively.

Tensile strength (o) is a measure of elongation force applied per unit cross-sectional
area and is calculated as

o, =F/A

Flexural strength can be calculated as,

3FL
% = Zbh?

And flexural strain will be calculated as,
6hd
=

Where, o - Flexural stress, € - flexural Strain, F — force applied, b — specimen
width, h - specimen thickness

8 — deflection, L — span length, A — cross-sectional area

Efz

3.1.1. Effect of fiber orientation on tensile strength

TNGT specimen, with a fiber orientation of 0°, exhibited the highest tensile strength
of 225.78 MPa. This outcome can be attributed to the fact that the fibers in this
configuration were aligned parallel to the applied load, allowing for efficient load
transfer along the fiber axis. On the other hand, the TNG2 specimen with a 90° fiber
orientation demonstrated significantly lower tensile strength of 20.06 MPa. In this case,
the fibers were oriented perpendicular to the loading direction, leading to reduced load-
bearing capacity and increased vulnerability to fiber delamination and interfacial failure.
Similarly, the TNG3 specimen with a 45° fiber orientation displayed a tensile strength
of 24.76 MPa, indicating a compromised load-bearing capability due to the inclined
alignment of fibers. Finally, the TNG4 specimen, which incorporated a combination of
0°, 45°, 90°, and -45° fiber orientations, exhibited an intermediate tensile strength of
181.67 MPa.

Table 1. Tensile strength data of specimens

Sample ID Fiber Tensile Tensile Tensile
orientation Strength (MPa) Strain (%) Modulus (GPa)
TNG1 0°/0°/0°/0° 225.78 5.01 3.95
TNG2 90°/90°/90°/90° 20.06 15.63 0.497
TNG3 45°/45°/45°/45° 24.76 12.25 0.505

TNG4 0°/45°/90°/-45° 181.67 5.28 4.48




D. Dubey et al. / Investigating the Influence of Fiber Orientation 223

250 T T T T
0°/0°/0°/0°

90°/90°/90°/90°
200 —— 45°/45°/45°/45°| -
0°/45°/90°1135°

150 —

Stress (MPa)

100 Bl

50 —

Strain (%)
Figure 2. Stress strain curve for tensile strength

3.1.2. Effect of fiber orientation on flexural strength

FNG1 specimen, with a fiber orientation of 0°/0°/0°/0°, exhibited the highest
flexural strength of 82.84 MPa. This result can be attributed to the fact that the fibers
were aligned parallel to the applied load, allowing for efficient load transfer and
resistance to bending stresses. In contrast, the FNG2 specimen, with a 90°/90°/90°/90°
fiber orientation, displayed a significantly lower flexural strength of 24.93 MPa. In this
configuration, the fibers were oriented perpendicular to the loading direction, leading to
reduced load-bearing capacity and increased vulnerability to interlaminar shear and
delamination. Similarly, the FNG3 specimen with a 45°/45°/45°/45° fiber orientation
exhibited a flexural strength of 31.24 MPa, indicating a compromised load-bearing
capability due to the inclined alignment of fibers. The FNG4 specimen, incorporating a
combination of 0°, 45°, 90°, and -45° fiber orientations, demonstrated an intermediate
flexural strength of 69.83 MPa.

Table 2. Flexural strength data of specimens

Sample Fiber orientation Flexural Flexural Flexural
ID Strength (MPa) Strain (%) Modulus (GPa)
FNG1 0°/0°/0°/0° 82.84 4.87 2.78
FNG2 90°/90°/90°/90° 24.93 8.77 0.685
FNG3 45°/45°/45°/45° 31.24 8.48 0.707
FNG4 0°/45°/90°/-45° 69.83 8.63 22
' ' '— 0“/0’/(;“/0"
801 ——90°/90°/90°/90°
|—— 45°/45°/45°/45°| |
0°/45°/90°/135°
= 60
o 4
£
2
9 40
a 4
204 ]
0 T T T T T
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Strain (%)
Figure 3. Stress strain curve for flexural strength
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3.2. Micro CT analysis

In addition to evaluating mechanical properties, micro-computed tomography
(micro-CT) was employed to investigate the internal damage mechanisms in the
composite specimens subjected to varying fiber orientations. The micro-CT analysis
allowed for a detailed examination of the fiber composite structure, providing insights
into specific failure modes. For 0°/0°/0°/0° and 0°/45°/90°/-45° orientations, the analysis
revealed the presence of fiber splitting, which refers to the separation of individual fibers
along their length. This phenomenon was observed due to the high tensile stresses
experienced by the fibers aligned parallel to the loading direction. In contrast, for the
90°/90°/90°/90° orientation, micro-CT imaging highlighted the occurrence of fiber
delamination, where the layers of fibers separated from each other, resulting in a loss of
interfacial strength. Finally, the 45°/45°/45°/45° orientation exhibited significant fiber
breakage, where fibers fractured under the combined effect of tensile and shear stresses.
These micro-CT findings can be utilized to optimize the design and manufacturing
processes, ultimately leading to the development of composites with improved structural
integrity and enhanced resistance to failure.

0°/0°/0°/0°

|

Fiber Fiber

splitting delamination

0°/45°/90°/-45°

i

splitting

§y .
r','.if'. ”

Figure 4. Micro CT images of fractured specimens

Conclusion

In conclusion, our study investigated the effects of varying fiber orientation on the
tensile and flexural strength of composite materials, while keeping the fiber volume
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fraction constant. By examining four different orientations (0°, 45°, and 90°), as well as
a combination of 0°/45°/90°/-45°, we aimed to understand the influence of fiber
alignment on the mechanical properties of the composites. Our findings indicate that the
0° fiber orientation consistently yielded the highest tensile and flexural strengths among
all tested configurations. This result suggests that aligning the fibers parallel to the
loading direction enhances the load-bearing capacity of the composite material. These
findings have significant implications for the design and manufacturing of composite
structures, as they highlight the importance of carefully considering fiber orientation to
achieve optimal mechanical performance. Future research can explore additional factors,
such as the effect of different fiber volume fractions and matrix materials, to further
enhance our understanding of composite behavior and improve the performance of
composite materials in various applications.
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Abstract. The manufacturing sector is a vital component of most economies, which
leads to a large number of cyberattacks on organisations, whereas disruption in
operation may lead to significant economic consequences. Adversaries aim to
disrupt the production processes of manufacturing companies, gain financial
advantages, and steal intellectual property by getting unauthorised access to
sensitive data. Access to sensitive data helps organisations to enhance the production
and management processes. However, majority of the existing data-sharing
mechanisms are either susceptible to different cyber-attacks or heavy in terms of
computation overhead. In this paper, a privacy-preserving data-sharing scheme for
smart utilities is proposed. First, a customer’s privacy adjustment mechanism is
proposed to make sure that end-users have control over their privacy, which is
required by the latest government regulations, such as the General Data Protection
Regulation. Secondly, a local differential privacy-based mechanism is proposed to
ensure privacy of the end-users by hiding real data based on the end-user
preferences. The proposed scheme may be applied for different industrial control
systems, whereas in this study, it is validated for energy utility use case consisting
of smart intelligent devices. The results show that the proposed scheme may
guarantee the required level of privacy with an expected relative error in utility.

Keywords. Data-sharing, Local Differential Privacy, Manufacturing, Privacy-
preserving mechanism, Smart Utility.

1. Introduction

The manufacturing sector, which is the backbone of world economies, experiences
a large number of cyber-attacks that are performed by attackers to disrupt production
processes, compromise, or steal sensitive information, and gain financial advantages. By
integrating Information Technology (IT) and Operational Technology (OT) systems,
organisations open new avenues for adversaries. Vulnerabilities in the manufacturing
sector may be caused by different factors, such as the economic impact of disruption,
legacy systems, and the integration of IT and OT systems. The results of cyber-attacks
range from financial losses and compromised intellectual property to the disruption of
operation processes.

More than 75% of organisations in manufacturing sector unpatched Common
Vulnerabilities and Exposures (CVEs), whereas nearly 40% of these organisations
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suffered malware infections in 2022 [1]. Cloud adoption within the manufacturing sector
has become a solution to support remote workers. Around 38% of respondents
experienced an account compromise at least one, whereas the average for all other
industries was around 31% [2]. According to the report [3], around 85% of organisations
had very little visibility into their OT environments, where 77% of organisations had
poor network segmentation, 70% had outside connections to their Industrial Control
Systems (ICSs), and 44% of companies shared credentials between IT and OT systems.

In this work, a smart utility environment is considered as a use case of the proposed
approach, whereas the proposed model can be applied across all utility infrastructures.
Manufacturing companies produce components that are used by smart utility companies,
as well as industrial Internet of Things (IoT) devices, such as smart meters that are
deployed on the end-users’ side. In this specific use case, the end-users’ energy usage
data that are generated by the smart meters should be protected from any types of cyber-
attacks. Although access to utility usage data brings many benefits, there is a number of
challenges regarding end-users’ privacy. These data are considered as “personal data”,
which means that the operation of smart meters within the EU must be in line with the
General Data Protection Regulation (GDPR) [4]. Currently, security and privacy of the
end-users and their data are highly prioritised in many countries including EU [5], UK
[6], [7], Australia [8].

Differential Privacy (DP) has become one of the most popular approaches to ensure
privacy of end-users’ data, and it is widely utilised both in academia and industry. By
utilising DP, controllable noise is added to the original data, thus hiding the sensitive
data from other parties. Most of the existing DP-based schemes do not allow the end-
user to control the level of privacy. To fill this gap, this paper proposes a Local
Differential Privacy (LDP)-based data-sharing mechanism that preserves privacy of the
end-users, whereas the end-users are able to control the level of privacy. The main
contributions of this paper are as follows:

e A mechanism that allows end-users adjust and control the level of privacy
(privacy budget) based on their preferences.

e A data-sharing scheme that utilises local differential privacy to ensure privacy of
end-users’ sensitive data.

The rest of this paper is organised as follows. Section II summarises the related
works. The system model of a smart utility environment is presented in Section III. The
proposed data-sharing scheme is presented in Section IV. Simulation results are
presented in Section V. Finally, the conclusion is given in Section VI.

2. Related Work

DP has become a very popular technique to ensure data privacy by controlling the
amount of noise added to the data. To reduce the risk of privacy leakage, Zhao et al. [9]
proposed a strategy using differential privacy, which can protect end-users’ data from
being stolen by other parties in the process of data exchange. Lako et al. [10] proposed
differentially private algorithms based on the discrete Fourier transform and the discrete
wavelet transform, whereas the noise is added on the aggregator’s side. To preserve an
individual end-user’s privacy, Gai et al. [11] proposed a privacy-preserving data
aggregation scheme that satisfies LDP based on randomised responses, where sensitive
data are perturbed by randomised response on the end-user’s side. Although these
schemes ensure end-users’ privacy, there is no option for the end-user to control the level
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of privacy, which is required by the regulations, such as [4]. In addition, there are only a
few data-sharing schemes that propose to add noise on the end-user’s side.

Another popular approach to ensure end-users privacy during the data exchange is to
utilise cryptographic techniques, such as Homomorphic Encryption (HE). To address the
issues regarding privacy and security in a fog-based environment, Zhao et al. [12]
proposed a privacy-preserving data aggregation scheme using Somewhat Homomorphic
Encryption (SHE), which requires a trusted authority that is responsible for the
registration of different parties. To provide flexible and efficient data aggregation, while
maintaining data integrity and data privacy, Qian et al. [13] proposed a lightweight data
aggregation scheme using HE. Zhang et al. [14] proposed a lightweight and fault-tolerant
data aggregation scheme using modified version of the symmetric HE, random masking
techniques, and Shamir secret-sharing mechanism. To reduce the complexity of
certificate management, as well as to enhance security and privacy of end-users’ data, a
certificate-based data aggregation scheme is proposed in [15], which utilises
homomorphic encryption. Although encryption-based data aggregation schemes ensure
end-users’ data privacy, a trusted authority is required for registration purposes or
distribution of secret materials. In addition, encryption-based schemes add additional
computation overhead compared to the DP-based models.

3. System Model

Fig. 1 shows the structure of a smart utility environment consisting of N end-users, a
Data Communications Company (DCC) gateway, and grid operators including
Electricity System Operator (ESO), Energy Suppliers (ESs), and Authorized Third
Parties (ATPs). A Smart Meter (SM), which is deployed at the end-user’s side, measures
the electricity consumption of the end-user, and submits the data to the Communications
Hub (CH). End-users’ data are encrypted and sent to the grid operators through the DCC
infrastructure. DCC has no access to end-users’ data because the data are encrypted using
grid operators’ keys. ESs, ESO, and ATPs decrypt end-users’ data using their private
keys to perform their tasks and manage the electricity grid. In case of a key leakage
attack, or an insider attack on the operators’ side, privacy of the end-user might be
disclosed, namely conclusions about the end-user’s behaviour might be drawn by
accessing sensitive data [16]. To address this issue, this work allows end-users to set the
required level of privacy, based on which a controllable noise is added to the original
data before encryption.

Let N= {1, 2, 3, ..., N} denote the set of the end-users, where n is the index of the
end-user and n € N, whereas the total number of end-users is given by N £ |[N|. A smart
meter that is deployed on the end-user’s side measures the electricity consumption in
real-time and stores measurements in memory. The interval at which a smart meter
records and stores measurements may vary depending on the smart meter model. In this
work, a smart meter stores electricity measurements at the end of each time slot, where
each time slot is of 30 minutes. This reflects the minimum time interval, at which a grid
operator may access end-users’ data. Let T = {1, 2, 3, ..., T} denote the set of all time
slots when electricity measurements are stored in a smart meter’s memory, where t is the
time slot index and t € T, whereas the total number of time slots is given by T = 48.
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Figure 1 System Model

Let OD, denote the electricity consumption profile for the end-user n for one day,
and it is defined as follows:

QDn = {QDm, QDnz, ey QDnT}, neN (1)

where OD,,is the level of electricity consumption for the end-user # in a time slot 7 and
0D, € OD,.

4. Proposed Scheme

In this section, a privacy-preserving data-sharing scheme for smart utility
environment using local differential privacy is presented. A smart meter measures
electricity consumption of the end-user and stores these measurements (QD,,) in
memory. End-users have control over the level of privacy that affects the amount of noise
added to the original data. After the noise is added, data are encrypted and sent to the
grid operators. Thus, a smart meter stores the level of privacy set by user and utilises e-
differentially private algorithm to modify electricity measurements before reporting
them.

Definition 1 (e-local differential privacy). A randomised algorithm M: D — S satisfies
e-local differential privacy iff for any output s € S, and two neighbouring datasets d, d €
D:

PriM(d)=s] _ |

PriM(d') =s] ~ ¢ (2)

where Pr[M(d) = s] is the probability of the mechanism M outputting the result s given
the input d, S is the set of all possible outputs that an algorithm M can produce, and € is
the privacy budget that bounds the probability of M outputting the same result for any
pair of values d, d [17]. A smaller value of ¢ provides stronger privacy guarantee, and
larger ¢ provides weaker privacy guarantee. Two datasets (d, d) are called neighbouring
datasets, iff & can be produced by adding, removing, or modifying exactly one element
from d. Let : D — R denote the function that maps datasets (D) to real numbers. In this
work, f'outputs the mean of electricity consumption readings (QD,) of the end-user » for
one day, which is expressed as follows:
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f(@Dn) = ZQDH, 3)

To introduce required noise to the result of a query (f) on individual dataset d, Laplace
mechanism that relies on the sensitivity (L;-sensitivity) of fis used.
Definition 2 (Li-sensitivity). Given a query function f (%), its Li-sensitivity Af is the
maximum L, distance between the results of f over any pair of neighbouring datasets d
and d, which can be expressed as follows:

Af = miax | f(d) — f(d")|| “)

The Laplace distribution is one of the most popular mechanisms to introduce noise
to the result of a query function f. The probability density function of the Laplace
distribution centered around 0 with the scale factor b = Af/e is defined as follows:

1 lz]
Lap(x|t —
ap(zx|b) = 5% exp (— ; —) %)
The LDP mechanism (M) using the Laplace distribution generates and injects the
random noise drawn from the Laplace distribution to query function f, whereas the scale
of the noise is calibrated due to the sensitivity of /- The Laplace mechanism preserves e-
local differential privacy, and is defined as follows:

My (z, f(-).€) = fz) + Lap(b) (6)
Let A" denote the maximum historical sensitivity for the end-user n, which is
stored in a smart meter’s memory. At the end of the day, a smart meter calculates the
sensitivity of f/ based on the measurements of electricity consumption (QD,) recorded
during the day. First, all the possible modifications of a dataset d (d = QD,) are generated
by removing entries one-by-one from d. Let D' ={D’}, D7, ..., Dk} denote the set of all
possible modifications of an original dataset ¢, where £ is the index of a modification and
k € K, whereas the total number of modifications is given by K 2 [D| =7 (T — 1).

By iterating over D' and calculating the sensitivity for all possible pairs of
neighbouring datasets, a new sensitivity A" is obtained and stored in a smart meter’s
memory if AfRE > AS 1t should be noted that to reduce the memory usage, a
smart meter may generate the modifications of the original dataset  one-by-one.

Each end-user has control over the required level of privacy. In other words, the end-
user may adjust the privacy budget parameter € based on his preferences. If the end-user
decides to set € to be a small value, it will provide strong privacy guarantee, which affects
the quality of the services provided by grid operator, such as an electricity bill that is
provided by ES. Otherwise, if ¢ is set to be a large value, it will provide weak privacy
guarantee, while the quality of the services provided by the grid operators will be better.
Thus, the end-user may decide on privacy versus utility by tuning the privacy budget e.
Let ¢, denote the privacy budget determined by the end-user n. Each end-user may set
different privacy budgets for each day of a week or set one privacy budget for a
workweek and another for a weekend depending on circumstances. By combining the
end-user’s privacy budget €,, the sensitivity Af,”*, the proposed local differential private

mechanism may be defined as follows:

A max
M, f().n) = (&) + Lap( 220 o

T
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where x is the electricity consumption profile for the end-user # for one day. Since a
query function f produces the mean of electricity consumption readings, a grid operator
needs to multiply the mean value by 7 to get the total electricity consumption for the
end-user » in a particular day. Let C, denote the total energy consumption for the end-
user » for one day, which a grid operator (ES) receives. Let P, denote the energy usage
cost for the end-user » for one day, which can be calculated as follows:

Pn=C, * ibuy (8)

where A4, 1s the buying price of energy from the utility grid in a particular day. It has
to be noted that in this work, a simple energy usage cost calculation is used to show how
the privacy budget set by the end-user affects the quality of the services provided by a
grid operator (energy supplier).

5. Results

This section presents the simulation results to evaluate the proposed LDP-based data-
sharing scheme for a smart utility environment, which consists of 50 end-users (N = 50)
using real electricity consumption data from [18]. Fig. 2 (a) shows the electricity
consumption for two randomly chosen end-users for one day. An increase in electricity
consumption for the User 2 can be observed at 10 a.m. and at 4 p.m., which means that
the User 2 is highly likely at home and uses some appliances. Conversely, the electricity
consumption for the User 1 does not change significantly during the day. Based on the
electricity consumption data for the User 1, someone could conclude that nobody is at
home turning appliances on and off, which discloses the User 1 privacy. Thus, User 1
may decide to increase the level of privacy by adjusting the privacy budget ¢,.
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Figure 2 (a) Electricity consumption for two randomly chosen end-users for one day
(b) Dependency of the change in electricity consumption on the privacy budget (€,) for
a randomly chosen end-user for a period of 30 days

Fig. 2 (b) shows the dependency of change in electricity consumption on different
privacy budgets (¢,) for a randomly chosen end-user for a period of 30 days. It can be
seen that the lower the privacy budget ¢,, the more change in electricity consumption
may be observed. For example, when the privacy budget ¢, is set to 0.9, the electricity
consumption pattern is almost the same as original with tiny deviations. Changes in
electricity consumption may be clearly observed when the privacy budget ¢, is set 0.5,
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namely on day 9 and 15. The largest fluctuations in electricity consumption may be
observed when the privacy budget €,=0.1.

With the increasing scale factor b of Laplace distribution, the amount of noise
increases. Taking into account that the sensitivity Afyer changes dynamically
depending on the measurements of electricity consumption, the ratio Afe® [en may
lead to a variable scale factor b, which is used in the Laplace mechanism to generate
noise. Thus, if the end-users do not adjust the privacy budget ¢,, it may lead to an
unexpected energy usage cost because of unexpected b. Let P, denote the energy usage
cost for the end-user » for a particular day, which is calculated based on the noisy
consumption data as follows: ) )

])n. = Cu * A"'”.fj ©)

where C7, is the noisy consumption data for the end-user » for one day, which is

calculated by injecting noise to the original data C,. Let RE denote the relative error that

reflects the difference between the original energy usage cost P, and the energy usage

cost r’?, which is calculated based on the noisy consumption data. RE is calculated as
follows:

RE = Po—Pn 100% (10)

n

Fig. 3 (a) shows the dependency of the relative error RE in the energy usage cost on
the scale factor b for 5 randomly chosen end-users for one day. RE is calculated 10 times
for each end-user and for each scale factor b, whereas the final RE is the maximum RE
observed during 10 iterations. It can be seen that when the scale factor b is lower than
0.008, the RE is lower than 10%, whereas the first time RE > 10% is observed at 5=0.008
(RE = 16.5%). The first occurrence of the RE > 60% is observed when the scale factor b
is equal to 0.032 (RE = 65.09%). Finally, RE = 155.5% is observed when 5=0.05. In other
words, Fig. 3 (a) suggests possible scale factors b that can be used in the Laplace
distribution to get expected level of noise. For example, if the end-user agrees to pay up
to 10% more for the energy, the privacy budget ¢, needs to be adjusted in a way, so that
A" /e, < 0.008.

In this work, three levels of privacy are selected based on the results in Fig. 3 (a),
namely Low Privacy (b = 0.008) with the RE < 10%, Medium Privacy (b = 0.032) with
the RE < 60%, and High Privacy (b = 0.05) with the RE < 100%. Thus, if the end-user
selects the Medium Privacy level, an expected RE should not exceed 60%.

Fig. 3 (b) shows the dependency of the absolute relative error in the energy usage
cost on the level of privacy for a randomly chosen end-user for a period of 30 days. It
can be seen that for the Low Privacy level, the amount of noise added is small, and RE
does not exceed 10%. If the end-user selects the Medium Privacy level, the RE in the
energy usage cost increases compared to the Low Privacy level, while it does not exceed
60%. Finally, if the end-user needs the High Privacy level, the fluctuations in the energy
usage cost are larger compared to the Medium and Low Privacy levels, whereas RE does
not exceed 100%. Let us take as an example, the sensitivity Af,”* = 0.0055 on day 4. For
the Low Privacy level, the privacy budget ¢, should be equal to 0.6875, so that Af,"*/e,
=b=10.008, with a resulting RE = 0.23%. Similarly, for the High Privacy level, ¢,is equal
to 0.07 because the sensitivity Af,”* = 0.0035 on day 9. Thus, a large increase in the
energy usage cost may be observed on day 9 for High Privacy level, whereas RE =
99.36%.
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Figure 3 (a) Dependency of the relative error RE in the energy usage cost on the
scale factor b for 5 randomly chosen end-users for one day (b) Dependency of the relative
error RE in the energy usage cost on the level of privacy for a randomly chosen end-user
for a period of 30 days

The results show in more detail how the different variables (sensitivity, epsilon, and
scale factor b) in the proposed privacy preserving scheme affect each other and the final
energy cost for a user. Overall, the proposed scheme allows the user to opt out of sharing
fine grained data about energy consumption with the provider in exchange for a higher
energy cost. More importantly, the user can manage the level of privacy and the resulting
cost increase. It is possible since the noise is added to the original end-user’s electricity
consumption data based on the sensitivity A" of a query function fand the privacy
budget ¢,, which is controlled by the end-user. The ratio A" [€n determines the scale
factor b that is used in the Laplace mechanism to generate controllable noise. The greater
the scale factor b, the greater the noise is injected to the original data. Since the sensitivity
Afae depends on the end-user’s electricity consumption data, the privacy budget needs
to be adjusted in a way, so that the ratio A S [€nleads to an accurate scale factor b,
based on which the noise is generated. If the end-user does not adjust the privacy budget
€x, it may lead to unexpected results in terms of the amount of noise added, as well as the
energy usage cost.

6. Conclusion

In this paper, a LDP-based data-sharing scheme for a smart utility environment is
proposed. To ensure end-users’ privacy, a local deferentially private mechanism is
proposed that takes into account end-users’ preferences regarding the level of privacy.
End-users may adjust the required level of privacy (privacy budget) on daily, weekly, or
monthly basis, thus controlling the trade-off between privacy and utility. The simulation
results show that the proposed scheme may guarantee the required level of privacy with
an expected error in the utility (energy usage cost). To ensure the required level of
privacy, as well as to make sure that relative error in the energy usage cost does not
exceed an expected level, the privacy budget needs to be tuned regularly and carefully.

One of the possible directions for the future work is to design a mechanism that will
automatically adjust the privacy budget based on the dynamically changing sensitivity,
according to the end-user’s preferred level of privacy (low, medium, or high).
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