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PREFACE

The National Engineering Research and Development Centre (NERDC) of Sri Lanka was enacted by an
act of parliament under Special Gazette Neaifion (No 124/6) published under the Industrial Corpora-

tion Act No. 49 of 1957, on 14 August 1974. NERDC became operational during the latter part of 1974,
with Professor K. K. Y. W. Perera as its first chairman. The centre was located in a smallafabion
Industrial Development Board complex at Katubedda, Moratuwa, and subsequently the office was lo-
cated at a more spacious building at Galle Road, Coled8bin September 1978 office was shifted to

its present location at 2P/17B, IDB Industrial Est&kala, JeEla, Sri Lanka.NERDC is a premier
engineering R&D organization in Sri Lanka, engaging in multidisciplinary innovation and Research and
Development activities in the fields of engineering over the last five decades.

This symposium is the anriuengineering and research conference conducted by NERDC since 2014.
This year, NERDC has organized tHe [&ternational Engineering Research Symposium 2025 (IERS
2025) under the theme of "Engineering Solutions for Climate Actions, Digitalization and [Gores-
tries" in partnership with several international and national universities and research institutes, namely,
the6G Flagship, University of Oulu, Finland, Netslab, University College Dublin, Ireland, The Austral-
ian National University and the Cenfer National Online Distance Education Service of the Open Uni-
versity of Sri LankaThe theme of the symposium A Engi neering Solutions for
ization and Green Industries, o0 is bothnttaitnel y an
novation and progress of NERDC in the engineering field. More importantly, it demonstrates the pro-
found dedication to alighERS2025with critical government policies, such e national digital gov-
ernance strategy, and the international commitsjeincluding the Paris Agreemeitite Sustainable
Development Goaland Nationally Determined Contributions for climate actions

IERS2025 is held at Galadari Hotel, Colombo Sri Lanka dhGober 2025. The symposium facil-
itates the inauguration sessiwith two keynote speeches, two guest speeches, a technical paper presen-
tation session, decorated with a cultural performance in the morning. In the afternoon, the technical ses-
sions are conducted as three parallel paper presentation sessions angthprgseEntation session. All
the oral presentations are delivered in front of a panel of evaluators, which comprise of a team of experts
from the academia and industry. IERS2025 provides a platform for academics, researchers, industry ex-
perts, and aspirgn students to share ground breaking research, foster collaborations, and explore the
latest innovations in the field of engineering and technology.

The collaborating international universities and institutes are conducting high caliber research in the
fields of digitalization, 6G network, cyber security, block chain, Artificial Intelligence and green indus-
tries etc. NERDC can pave the way for receiving their collaboration for Sri Lanka's efforts towards an
inclusive digital economy by leveraging advancezhtmlogybased solutions. The industry sectors of
Sri Lanka will be benefitted by the groundbreaking research findings of green industries to achieve its
full potential in the domestic and export markets supported by a strong digital infrastructure. The ex-
change of knowledge and collaboration are essential for capacity development in latest digital knowhow,
entrepreneurship, a robust framework for R&D, digital governance, digital public infrastructure, digital
financial services, cybersecurity, Environm8nistainability Governance (ESG) and Sustainable Devel-
opment Goals (SDG).

The symposium delivers two keynote speeches and two guest speeches on visionary and timely
themes. The first keynote address for IERS 2@2felivered by Professor Rahula Attalagéo is the
Pro-Vice Chancellor Academic at the Sri Lanka Institute of Information Technology (B5Rtdfessor
Emeritusof the University of Moratuwa and the former Deputy Vice Chancellor of University of
Moartuwa.The second keynote address is delivdrgdrof. Saman Halgamuge, a professor of the Uni-
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versity of Melbourne, Australia. Prof. Halgamuge is attached taltH@ptimization and Pattern Recog-
nition Research Grouand hasupervisd 50 PhD studentacluding 20 graduates from Universities in
Sri Lanka on Al and application$le is rankedas a top 2% most cited researcher for Al and Image
Processing in the Stanford databagrd a fellow of IEEE.

A guest speech is delivered by Dr. Madhusanka Liyanage, the DirectoMNétierk Softwarization
and Scurity Labs (NetsLab}the University College Dublin, Ireland. Dr. Liyanage, a senior member of
IEEE, leads research in secure 6G networks, federated learning, and blockuotinas authored over
250 publications, including seven books, in cybersecudi®,networks, and privaegreserving Al
Since 2021he was ranked among the world's top 2% of scienfiststher guest speech will be delivered
by Prof. PMC Thilakerathne, the Vice Chancellor of the Open University of Sri Lanka.

IERS2025 received 110 [fypaper submissions, and after the peer review process, 64 papers were
accepted for publication, out of which 53 delivered oral presentations and 11 poster presentations. All
the papers were reviewed by a panel of academic and professional expertsemitivexexpertise in
their respective fields. Oral presentations are delivered in three parallel sessions:

- Engineering for Digitalization
- Engineering Product Development
- Engineering Solutions for Climate Actions and Green Industries

All the full paper subrissions are the outcome of the research conducted in aligned with the sympo-
sium theme of the symposium. Out of the researches presented in oral presentations, 25 selected leading
full papers are published as a book in Springer Nature Publications basgthposium evaluations,
editorsd evaluation and the quality of the resea
IERS2025 proceedings and included in the Sri Lanka Science Index database, complete with an ISBN
ISBN.
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Message from the Prime Minister of the Democratic Socialist Republic of Sri Lanka

It is with great pleasure that | extend my warmest wishes to the International Engineering
Research Symposium 2025 (IERS2025), meticulously organized by the National Engineering
Research and Development Centre (NERDC) of Sri Lanka.

The theme of the symposium this year, "Engineering Solutions for Climate Actions, Digi-
talization and Green Industries," is both timely and vital. It showcases the unwavering com-
mitment to innovation androgress of NERDC in the engineering field. More importantly, it
demonstrates the profound dedication of NERDC to aligning with critical government policies,
such as our national digital governance strategy, and the international commitments, including
the Paris Agreement and the Sustainable Development Goals. Through IERS2025, NERDC
has successfully created a unified platform for passionate researchers to share their findings
and collaborate on the challenges of our time.

The partnerships forged with intextional institutes and universities exemplify a collective
determination to shape a future distinguished by technological prowess and-climst¢@us
and digitalized economic prosperity. As the world undergoes rapid transformation, engineer-
ing innovatios are the catalysts of change, capable of breathing new life into the economy,
environment and the society.

In IERS2025, | am confident that all the participants will gain a new experience, engage
diligently, share their insights candidly, and nurturdadmrations that will transform the en-
gineering innovations for the betterment of the society and the environment. | wish the
IERS2025 symposium and its outcomes every success.

Hon. Dr. Harini Amarasuriya, Prime Minister of Sri Lanka
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Message from the Minister of Science and Technology, Sri Lanka

Engineering research and development is a pivotal part in technological, economic and social
development of any country. National Engineering Research and Development Centre
(NERDC) of Sri Lanka, wtth is operated under the purview of the Ministry of Science and
Technology is the premier engineering research and development centre in Sri Lanka. The
contribution of NERDC to the engineering research and development in the country is unwa-
vering and reméable to the national development.

NERDC organized this annual international engineering research symposium (IERS) for
facilitating or providing a platform to show case the outcomes of research and development,
to exchange the latest breakthrough of tedty enhancement, to strengthen the mutual col-
laboration and networking amongst various national and international partners. This year, the
symposium theme, dédengineering solutions for
tri eso6 un dvetal soke engiresring phags inpeimagining a development model fit
for a digitally-driven and environmentalgiware world.

| believe that IERS2025 forum, distinguished by its fusion of diverse minds, creates a fertile
ground for unearthing solutions thaill drive the progress of the country and the region. It is
gratifying to see the resonance of this event with our national vision. | commend the NERDC
of Sri Lanka for guiding this symposium in the right direction. Its dedication to fostering a
space folearning, collaboration, and growth is truly admirable.

Prof. Chrishantha Abeysena, Hon. Minister of Science and Technology, Sri Lanka



Message from the Secretary of the Ministry of Science and Technology

It is an honor to extend my waest greetings to the National Engineering Research and De-
velopment Centre of Sri Lanka (NERDC) for organizing this annual International Engineering
Research Symposium (IERS) 2025. This symposium holds significant importance as it aligns
with our shared visn of driving the country towards the sustainable development model in a
digitalized world. Engineering innovations play a crucial role in this journey. NERDC is po-
sitioned in a unique state in the history of engineering in Sri Lanka and it has adiitiorr

of brining innovation in to the development path. It has shown and contributed in many ways
and made an indelible imprint in our society in engineering research and developments.

This year, the collaboration between the NERDC and several interaat&search insti-
tutes and universities epitomizes the forward thinking and collaborative spirit necessary for
cultivating a vibrant and dynamic engineering sector. | trust this symposium will serve as a
crucial platform for researchers, industry expartd academics from around the world to ex-
change ideas, share grodloikaking research, and forge meaningful collaboration that will
propel us towards a brighter future. Through the exchange of ideas and expertise, we can chart
a course that not only reviizes industries but also enhances the quality of life for our citizens.

| thank the IERS 2025 organizing committee, NERDC management and all those who have
contributed their time, resources, and expertise to ensure the efficient execution of this event
towards success. May this symposium be a beacon of inspiration, fostering collaboration that
paves the way for a prosperous and technologically empowered Sri Lanka. | wish you all a
successful and enlightening symposium.

Mr. Y. L. Mohamed Navawi, Secretary, Ministry of Science and Technology, Sri Lanka



Message from the Keynote Speaker 1

| am profoundly pleased and honored to extend this message to the International Engineering
Research Symposium of the National Engineering Research and pmeeib Center
(NERDC) of Sri Lanka, this year, 2025.

Research is an enabler not only for the creation of new knowledge but also to create oppor-
tunities for providing innovative solutions
symposiumEngineenng Solutions for Climate Actions, Digitalization and Green Industries,
which is timely and opportune, opens a different window of opportunities for interdisciplinary
research. It calls for integration of concepts and methodologies of different discqloieas
science, economics, engineering & technology, data science, machine learning, social sciences
etc. and their collaborations for finding innovative solutions for complex problems of high
value to the society. These can lead to new opportunitiesanoapplied research perspective
where a single discipline may not be able to provide.

Therefore, | strongly believe that the deliberations of this symposium will enable the
NERDC to facilitate productive collaborations among the participants and al&RBC to
forge new partnerships where they have a proven track record of typical interdisciplinary re-
search related to this theme.

My sincere appreciations are presented to the contributing authors/presenters and the Or-
ganizing team of NERDC, for orchesting this endeavor envisaging meaningful dissemina-
tion of research findings, synergetic collaborations and working towards contributing to the
sustainable social development.

Prof. Rahula Attalage, Pro ViceChancellor (Academic), SLIT Malabe Campus
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Message from the Keynote Speaker 2

| start my brief message by congratulating Lankan engineers and NERDC for organizing this
important symposium in 2025. | feel privileged to have lived, studied and worked in this won-
derful island that has great legacy on ancient engineering innovations. Interestingly, we do
not even know the names of those ancient engineers although we know the kings and leaders
of the country at the time. Great engineers like D. J. Wimalasurendra known as the "Father of
Hydropower" are also not very well known outside of Sri Lanka. Today, we need to celebrate
the Lankan professionals including engineers who are innovating and contributing not only to
Sri Lanka but also globally.

Adoption of sustainable technologies andvrend disruptive technologies are essential
components of any strategy to develop Sri Lanka. The theme of the symposium is therefore
timely. Sustainable technologies have innovations that can reduce the destruction of our planet
Earth. As a major disruptivtechnology, Artificial Intelligence (Al), which is the focus of our
research group, can help making these technologies more sustainable meaning human and
planet friendly. Al is already helping with good governance in many countries on Earth cutting
wastaye and more importantly closing the room for corruption that has taken over many parts
of the society. Generative Al, for example, can help us to think and design things in ways we
were not able to do in the past. Explainable Al for example can cataigihearts of Al
systems that are unethical and discriminative.

How can these technological developments and new research be used to build a prosperous
Sri Lanka? Sri Lanka should consider specific strengths and weaknesses of the people in for-
mulating tle strategy to make use of new technologies in addition to other key factors like our
geographical location and our main income earners. Our strengths include the ingenuity of our
people, the friendly nature and the ability to engage and collaborate seigmiligk others
globally. Our weaknesses may include silly divisions we still seem to have in our society
which, as some would argue, are the reasons for not celebrating enough our brilliant profes-
sionals including engineers. Today, we can overcome suakngsses and achieve interna-
tional recognition through peer reviewed publications, patents, opinion pieces etc. and there-
fore, promoting research symposiums like this one is a positive step for our discipline.

How did other countries use their strengthsleveloping their countries? Product devel-
opment focused on various export markets is
their economy. The ingredients they turn into include the people, large population and their
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specific abilitesandthei strategic thinking. I ndi aés foc
then tapping into the increased | T human cé
involves food security focusing on the production of basic food items within the country and

tap on to the strengths of the people. Vietnam is increasingly demonstrating their strengths in

the region through hard work and strategy. It is also interesting to see how countries navigate
through the new tariffs imposed by the US using their strengths.

What items do we need to produce within the country for our own consumption and for the
global market? Al may also help in modernizing agriculture and the tea indusiaking it
more ethical and fairer which is increasingly becoming important in luergtbbal markets.
Bringing more technology in to these sectors will also increase the standard of living in rural

Sri Lanka. Alnterpretability and accessibild]i
agriculture and h evartfrebly aacessibld aticdetwe published in 2822a r e
i n Sri Lankads Journal of National Science

and three Lankan universities.

Thanks for the opportunity to send this message. | offer my gratitude to tinsttthat
allowed me to contribute to my beloved island while based overseas: Universities of Perad-
eniya and Colombo and National Institute of Fundamental Studies in the past and Sri Lanka
Institute of Information Technology and the National Academy adi®es at present.

Prof Saman Halgamuge, FIEEE, FNASSL, University of Melbourne, Australia
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Message from the Plenary Speaker 1

It is a privilege to join the International Engineering Research Symposium (IERS, 200

event that continues to serve as a vital platform for fostering innovation and collaboration
among researchers, engineer s, and industry
Climate Actions, Di gital Tr aetts theourgemaytandaer s, a
sponsibility we share in shaping a sustainable and digitally empowered future.

This symposium offers an excellent opportunity to explore emerging technologies, from
Al-driven 6G networks and secure communication systems to eeffigignt industrial solu-
tions. The crosslisciplinary discussions and global participation will undoubtedly pave the
way for impactful research outcomes and stronger collaborations between academia and in-
dustry. It is particularly inspiring to see Sri Lankamy home country taking a leading
role in fostering such dialogues that bridge academic excellence, innovation, and societal im-
pact.

| look forward to engaging with fellow researchers and contributing to the exchange of ideas
that will drive engineerig innovation towards a greener, smarter, and more sustainable world.

Dr. Madhusanka Liyanage, Associate Professor, University College Dublin, Ireland &
Director Netslab
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Message from the Plenary Speaker 2

It is with great pleasure thaektend my warm greetings to all participants of the International
Engineering Research Symposium organized by the National Engineering Research and De-
velopment Centre (NERD) under the timely and thoygbtoking theméi Engi neer i ng
lutions for Climate Aci ons, Digitalization, and Green |1

| strongly believe that this symposium provides a valuable platform for engineers, research-
ers, academics, and industry experts to exchange ideas, share innovations, and explore collab-
orative pathways that adelks some of the most pressing challenges of our time. The selected
theme captures the essence of the global transformation that is reshaping every sector of human
activity, where climate resilience, technological advancement, and sustainable industrializa-
tion must go hand in hand.

The world is increasingly turning to engineering and science not only for innovation but
also for responsible solutions. Especially, solutions that mitigate the impact of climate change,
enhance resource efficiency, and fostehigive and sustainable growth. As we move toward
a digital and green economy, it is imperative that Sri Lanka harnesses the power of engineering
research and innovation to develop technologies that are both environmentally sustainable and
economically viake.

I commend the NERD Centre for its continued leadership in promoting applied research,
indigenous technology development, and practical engineering solutions that respond to na-
tional and gl obal needs. I nitiat itabrelsassauch a
bridge between research and realrld implementation, helping to transform scientific ideas
into tangible benefits for society and industry.

I am confident that the research shared through this symposium and the contributions cap-
tured in this abstract book will inspire new ideas, inform strategic actions and strengthen our
collective journey toward a greener, digitally empowered and sustainable futxtend my
best wishes to the organizers, paper presenters and participants for afguaodsmpactful
symposium.

Snr. Prof. P.M.C. Thilalakerathne, Vice Chancellor, The Open University of Sri Lanka
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Message from the Chairman of NERDC

As the Chairman of the National Engineering Research and Development Centre of Sri Lanka
it is my great honor to extend my warmest greetings to all the participants of the International
Engineering Research Symposium (IERS) 2025 organized by our Centre.

The Symposium is being held under the ti me
luions for Cli mate Actions, Digital Transform
reflecting our unwavering commitment to fostering innovation, collaboration and sustainable
economic growth through engineering excellence.

In an era of rapid technolagil advancements and environmental challenges, the role of
Engineering research is increasingly important. IERS2025 can be defined as an ideal platform
for scientists, Engineers, Academics and Industry Professionals to exchange ideas, share
knowledge and elvelop transformative solutions to address both national and global chal-
lenges.

Through this symposium, NERDC reaffirms its mission to advance applied research and
technol ogy devel opment that contribute meani
more digitally empowered, and economically resilient future. The collaboration and innova-
tion showcased here will undoubtedly strengthen the bridge between research and practical
implementation, paving the way for industrial progress and sustainablaalat&velopment.

| extend my sincere appreciation to all participants, sponsors, and organizers whose dedi-
cation, expertise, and efforts have made IERS 2025 a reality. May this event serve as a catalyst
for meaningful dialogue, lasting partnerships, araligdbreaking innovations that inspire the
next generation of Engineers and Research¥ishing allthe participants a productive, in-
sightful, and inspiring symposium experience.

Dr. H Chitral Ambawatte, Chairman of National Engineering Research and Deviep-
ment Centre of Sri Lanka
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Message from the Director General of NERDC

It is with great pleasure that | extend my warm greetings to all the participants of the Annual
Symposium of the National Engineering Research and Developmene(NERDC), held
under the theme AEngineering Solutions for
tries. o

This yearo6s theme highlights the urgent ne
mate challenges, drive digital transformation, anshpte sustainable industrial growth. As
we face evolving environmental and technological demands, it is our responsibility to ensure
that research and development efforts lead to practical solutions that contribute to a greener
and more resilient economy.

At NERDC, our mission has always been to strengthen national capabilities through re-
search, innovation, and technology transfer. This symposium provides a valuable opportunity
for researchers, engineers, policymakers, and industry leaders to exchangedgeowlild
partnerships, and explore new pathways for sustainable development.

I wish to commend all the researchers and contributors for their dedication and innovative
spirit. Your continued efforts are essential in advancing the role of engineenragidmal
development and in addressing the challenges of sustainability.

May this symposium inspire new ideas, foster collaboration, and pave the way for engineer-
ing solutions that support a sustainable and technologically advanced future for Sri Lanka.

Dr. Jayathu G Samarawickrama, Director General, National Engineering Research and
Development Centre of Sri Lanka
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Abstracts of the Session Chair Speakers

From Simulation to Reality: The Power of Digital Twin in Battery Manager8gsitems

The growing adoption of electric vehicles (EVs) and renewable energy in India demands
smarter battery management solutions. Traditional Battery Management Systems (BMS) rely
on reactive monitoring, often lacking predictive capabildidsading to educed battery life,
safety risks, and unplanned maintenance. Integrating Digital Twin technology with machine
learning creates a retime virtual model of the battery, enabling predictive maintenance, per-
formance optimization, and early fault detecti@mmnulation studies show that digital twins
can i mprove battery efficiency by up to 95 %,
The digital twin monitors key parameters such as State of Charge (SOC), State of Health
(SOH), temperature, voltagelbace, and chargifiglischarging cycles. By mirroring real bat-

tery behavior, it predicts thermal effects, cell degradation, and lifetime performance. Unlike
conventional testing, digital twins allow safe experimentation with fault conditions like over-
voltage or overheating without damaging physical systems.

EV manufacturers can use this technology to optimize thermal management, refine control
algorithms, predict extreme condition performance, and streamline maintenance. This reduces
physical prototyping nets, shortens development cycles, and lowers cOstse validated,
optimized control strategies are transferred to the real BMS, creating a closed feedback loop
where operational data continuously refines the digital model. This ensuréseaionitor-
ing, early fault detection, and improved reli@

The AFrom Simulation to Realitydo approach |
uous innovation, safer systems, and more sustainable energy solutions.

Prof.L. Chitra, Aarupadai Veedu Institute of Te
Foundation, India
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Abstracts of the Session Chair Speakers

Macro-Level Policy Framework for UtilinScale Solar Energy in Sri Lanka: Lessons from
| ndi adienceE x p

Sri Lankads solar energy potenti al i s amon.
tributes less than two percent to the national electricity mix. This research assesses the policy
and institutional barriers impeding the development oftytiicale solar power in Sri Lanka
and benchmarks I ndiabds policy experience to

Using a mixedmethods approach, the study collected data from 200 Sri Lankan and 20
Indian stakeholders representing government, industry, agadand international organiza-
tions. It also reviewed national policy documents and sectoral statistics from 2010 to 2024.
The analysis revealed that institutional and governance barriers constitute the most significant
constraints, followed by financiaind regulatory challenges. Prolonged approval proogsses
averaging 2830 monthd contr ast shar pl y Wwi2ménthprocddurash s st |
highlighting systemic coordination failures among Sri Lankan agencies.

Drawing | essons f ratiomal SolardMissiof, she Sudycidedifies threel N
critical policy interventions relevant to Sri Lanka: competitive bidding mechanisms to ensure
transparency, solar park models to reduce infrastructure bottlenecks, and the establishment of
a single nodal ahority to strengthen institutional coordination.

The proposed mac#evel policy framework emphasizes the importance of governance re-
form, regulatory simplification, financial innovation, and grid modernization. The findings
underscore thainstitutional capacity and implementation efficiency are more critical
than policy proliferation. This study contributes to the discourse on renewable energy tran-
sitions in developing economies and offers actionable guidance for policymakers seeking to
advance SriLankas sustainable energy transition.

Dr. Iresha Atthanayake, Senior Lecturer, The Open University of Sri Lanka
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Abstracts of the Session Chair Speakers
Engineering Solution for Digitization

Digitization is transforming industries by enafgiseamless integration of physical and digital
processes. Digitization focuses on creating a robust framework that enhances operational effi-
ciency, data accuracy, and scalability. By leveraging advanced technologies such as loT, cloud
computing, and Alriven analytics, the solution ensures riisle data capture, automated
workflows, and predictive insights. It addresses key challenges like interoperability, security,
and cost optimization while supporting sustainable growth. The approach empowers organi-
zations to streamline processes, improve decigiaking, and deliver superior customer ex-
periences, paving the way for a fully connected and intelligent ecosystem.

Eng. Eranda Adikari, Head of Data Insight, Dialog Enterprise & Vice Presidenti Data
and Al, H One Puvt. Ltd.
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Message from the Symposium Chairperson

The National Engineering Research and Development Centre of Sri Lanka (NERDC) is
proudly hosting the International Engineering Research Symposium 2025 (IERSRO®S),

we live in an era defined by unprecedented challenges and transformative opportunities within
the country and around the world. On the one hand, climate change demands urgent actions,
technological advancements to reshape our societies, andestoomgern towards sustainable
development in the economic advancements every day. On the other hand, digitalization is
accelerating innovation across every sector. Artificial intelligence, machine learning, the In-
ternet of Things, and advanced data amegydre not just buzzwords; they are powerful tools
empowering engineers to design smarter, operate more efficiently, and predict with greater
accuracy. For Sri Lanka and the South Asian region, with their rich engineering heritage and
unique environmentand developmental needs, these global challenges present both signifi-
cant hurdles and unparalleled opportunities for innovation. Therefore, in this year, we unfold
IERS2025 under the captivating theme of "Engineering Solutions for Climate Actions, Digi-
tai zati on and Green I ndustrieso.

International Engineering Research Symposium 2025 (IERS2025) is a platform for aca-
demia, industry, researchensdsstudents to discuss their groundbreaking research outcomes
and to explore the engineering marvels combatlimgate change and discover how digital
frontiers are shaping our future. As IERS2025 collaborate with several international and na-
tional universities and research institutes, the participants get an incomparable opportunity for
networking and connect witie world.

| extend my sincere gratitude to the IERS2025 organizing committee and NERDC manage-
ment, whose tireless dedication has made this symposium a reality. | am also grateful to our
sponsors, collaborators, partners, staff of the Ministry of SciandeTechnology, reviewers,
advisors for their invaluable support, which has allowed us to create a platform that fosters
meaningful interactions and fruitful collaborations for organizing the remarkable event. At the
end of the day, your dedication andeémgity are the driving forces behind the transformative
changes we envision for our nation and the world.

As the chair of the IERS2025, | invite all the participants to make this a fruitful stage to
discuss your groundbreaking ideas and outcomes and fictoylee part of the solution, con-
tributing to both local and global progress.

Dr. Eng. (Ms.) Manjula Siriwardhana, IERS2025 Symposium Chaiperson
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BIM -Enabled Implementation of Augmented and Virtual
Reality in Sri Lankan Construction: Benefits, Barriers, and
Strategies
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Abstract. The Sri Lankan construction industry is hindered kngigéent challenges

such as project delays, cost overruns, and quality control issues. This paper presents
the potential of Augmented Reality (AR) and Virtual Reality (VR), enabled by
Building Information Modeling (BIM), as transformative technologies itgate

these problems. Following a qualitative study involving ssimictured interviews

with eleven expert Quantity Surveyors, the research investigates the practical appli-
cations and implementation challenges of AR/VR. Key findings reveal significant
benefits, including enhanced design visualization and process automation. However,
the realization of these benefits is challenged by substantial barriers to adoption,
primarily high initial costs, a critical skills gap, and cultural resistance. The paper
concludes by proposing practical, expled strategic recommendations for govern-
ment, industry, and academia. These recommendations outline sstakéholder
approach to foster an ecosystem for innovation, aiming to enhance productivity and
sustainabiliy in the Sri Lankan construction sector

Keywords: Augmented Reality (AR), Virtual Reality (VRBuilding Information
Modeling (BIM), Construction Industry, Technology Adoption, Sri Lanka, Quan-
tity Surveying.

1 Introduction

Project duratiorand cost overrumare the mogstignificant challenges in the construction
industry[1]. Perera et a[2] stated thainadequate project planning, ineffective coordina-

tion among stakeholders, and complex regulatory approval procgssbe major causes

of them. Furthermre, the prevailing subpar quality control practices are the other chal-
lenges [3]. Further, there are challenges related to procurement, project management, skill
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shortage, technological adoption, design and drawings and health and[4h{ély In
addiion, Dlamini and Cumberlege [1] stressed that project delays and cost overruns con-
tinue to plague the Sri Lankan construction landscape, often stemming from poor project
management, inadequate planning, and insufficient risk assesgxgghificant facto
contributing to these inefficiencies is the sladoptionof technologicaldvancements
Consequently, the construction sector in Sri Lanka faces challenges related to outdated
technology adoption and innovation. The sluggish incorporation of modertrdion
techniques, Building Information Modeling (BIM), and other advanced technologies cur-
tails efficiency gains and hinders productivity [6].

Augmented Reality (AR) and Virtual Reality (VR) have emerged as transformative
technologies with significantplications across various domains. AR enhances the user's
perception by integrating digital content into the neatld environment [7] Conversely,

VR immerses users in entirely virtual environments, isolating them from the real world
and providing higly immersive experiencd8]. Both technologies not only enhance pro-
ject efficiency but also elevate safety, collaboration, and stakeholder engagement in con-
struction processes, leading to more informed decisions and-beiftestructures [9].

BIM serves as a digital platform for AR and VR applications, as it provides detailed 3D
models and structured data that can be visualized and interacted with througtaRd
devices or immersive VR systems [10]. The integration of AR and VR technologies holds
significant promise for mitigating project duration and product quality issues in building
construction within Sri Lanka. AR and VR solutions offer immersive visualization and
simulation capabilities that can revolutionize project planning, design, andtiexe@®y
utilizing AR and VR, stakeholders can engage in virtual walkthroughs of construction
sites, enabling them to identify potential design flaws, clash detections, and spatial con-
flicts early in the process [10].

Although the extant literature offevaluable perspectives on strategies that aim to aug-
ment enablers and mitigate barriers, certain gaps continue to exist, particularly about ad-
aptation strategies customized to the distinct dynamics of the construction landscape in Sri
Lanka. It is noteworththat the literature review is deficient in providing thorough strate-
gies for surmounting particular obstacles and supporting critical facilitators necessary for
the successful integration of AR and VR technologies during theth stages of plan-
ning and implementation.

Given this context, the aim of this paper is to investigate the potential of AR and VR to
address key challenges in the Sri Lankan construction industry and pebratsgicrec-
ommendation$or its implementation. To achieve this aithe study is guided by the fol-
lowing research questions: (1) What are the potential benefits of implementing AR and
VR technologies in Sri Lankan construction industry?, (2) What are the major barriers
hindering the AR and VR adoption in Sri Lankan corettan industry?, and (3) What
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strategies can be proposed to effectively overcome these barriers and facilitate successful
AR and VR adoption in Sri Lanka? Furthermotfeis study specifically focuses on the
perspectives of Quantity Surveyors (QSs), as fiay a central role in project cost man-
agement and the interpretation of design data, making their viewpoint critical for assessing
the practical impact of these technologies.

2 AR and VR in Construction

2.1 Use of AR and VR in Global Construction

The combinednfluence of AR and VR has reshaped the dynamics of the built environ-
ment worldwide [11]. Furthermore, AR and VR technologies have revolutionized archi-
tectural visualization and design on a global scale through immersive virtual walkthroughs
[12]. These tehnologies transcend geographical boundaries, fostering collaboration
among architects, designers, and clients, creating a more interconnected global design
community [13].In parallel with design improvementsjvanceechnology has also taken
a central ole in project executiorin the construction sector, AR and VR have become
integral tools for project management worldwide. Construction sites in major cities like
London and Dubai utilize AR for reéime data overlays, enhancing worker productivity,
while VR is employed for collaborative project planning and trainidd. [Moreover, AR
and VR play pivotal roles in shaping smart cities and urban planning initiatives globally
[15].

Thepossibility ofapplyingthese global trends in the Sri Lankan contexignificant.
VR and AR have the potential to completely change the design and visualisation processes
in Sri Lanka's built environment [16]. AR technologies can enable architects and planners
to overlay digital design information onto the physical envinent, allowing for a real
time visualization of proposed structures within the context of existing surroundings [17].
Additionally, VR technologies offer immersive simulations that empower stakeholders to
virtually explore and experience architecturaliges, providing a comprehensive sense
of scale and proportion [18]. AR can enhance precision in cost estimation by overlaying
digital information onto physical spaces, allowing stakeholders to visualize and assess po-
tential challenges and opportunities idgrthe planning phase [19]. Similarly, VR simu-
lations enable stakeholders to experience the proposed construction virtually, facilitating
a deeper understanding of the project scope [11]. AR can assist construction teams by
overlaying digital informatioronto physical spaces, allowing for enhanceesiva plan-



ning and resource allocation. This technology enables stakeholders to visualize and opti-
mize layout decisions, reducing errors and improving the overall efficiency of the con-
struction process [14].

Furthermore, these technologies can address issues of resource managnzed.
VR technologies have the potential to revolutionize material selection and waste manage-
ment practices in the Sri Lankan built environment [20]. AR can aid architects and$uilde
in reattime visualization of different materials within the context of a construction site,
allowing for more informed decisions regarding suitability and aesthetics [21].

3 Research Methodology

A qualitative research approach was adopted to investigatpotential of AR and VR

and proposestrategicrecommendationfor their adoption in Sri Lanka. Qualitative re-
search approach is adopted to represent the perceptions, experiences, beliefs, and view-
point of a particular group of people and this approadcmiideal option for research re-
garding emerging conceptions investigations. The AR and VR adaptation is the most
emerging cultural change in the construction industry. Further, The AR and VR adaptation
in building environment is a hypothesis for partaly in Sri Lankan context because of

that qualitative method is chosen for this research based on findings of [22].

3.1 Data Collection

Data was gathered through case studies employingstemstured interviews, documen-
tary reviews, and observations. Theeiview method is a widely used data collection
technique under qualitative approach. Unlike rigid surveys,-senonitured interviews of-

fer flexibility, interactivity, and irdepth discussion with interviewees to obtain more ideas
on current and new topicklence, semstructured interviews have been selected for this
research followed by qualitative approach as possibility for the regfurdder explana-
tion is higher in this study.

3.2 Interviewee Profile

Eleven experts from different firms in the constrantindustry were chosen for the inter-

views. A combination of purposive and snowball sampling waszetili Purposive sam-

pling, which is a nosprobability type sampling, entails selecting respondents as per the

particular purpose of the research insteaofiomly selecting the respondents. It is more

appropriate to use purposive sampling when opinions and perceptions of the experts are
4



the major source for the study area [23]. In addition, snowball sampling is adopted for
instances where it is difficult tdentify the potential respondents from the defined popu-
lation [24]. This dual approach was necessary becansgsj Lankan context, BIM adop-

tion has been occurred recently, and it is difficult to identify the respondents who have
adequate experience 3iM based design & quantificatioherefore, the selection crite-

ria specifically focused on Quantity Surveyors with experience in both cost estimation and
BIM technologiesTablel provides the profile of intervigees.

Table.1 Profile of interviewees

Code Designati on Irrildelzni‘;;)l
R1 Quantity Surveyor 5
R2 Senior consultant Quan 11
R3 Quantity Surveyor 4
R4 Senior Quantity Survey, 9
R5 Quantity Surveyor 16
R6 Quanti t ywiStuhr vieeywolrnol og 5
R7 Quantity Surveyor 4
R8 Director, Senior Quant 17
R9 Senior Quantity Survey 15
R10|Director, Senior Quant 20
R11|Director, Senimr Quant 18

3.3 Data Analysis

Data analysis is referred to as a process of examining, classifying, arranging, and testing
the collected data. Content Analysis is a widely accepted data analysis method under the
qualitative approach [25]. Moreover, it facilitatesntieying patterns among textual data.
Accordingly, manual content analysis was adopted to analyze the collecteshdadan-

tify recurring themes related to benefits, barriers, and stratdgiesinvolved identifying
recurring words from the transcriptsategorizing them into themes of benefits, barriers,
and strategies and observing their frequency to indicate relative importance.



4 Findings and Discussion

4.1 How AR and VR Can Solve Common Construction Problems

The experts interviewed for this study confed that AR/VR technologies offer direct
solutions to some of the mashallengingproblemsin construction
By agreeing with R1, R7 and R8, R2 mentioned that throughVRRbased quantity
calculation, manual works in quantification can be automated theigtificant time sav-
ing can be achi énforendtion inkedrationeassists in ackieving higher
level of time saviny . R1 added that this information i
checking process since it is not required to refer vararawings to check one element.
ExpertsR5 and R8elaboratedn the fact as this technologye f f or t | essthey r egen
guantities and conveni ent |.Beyaaaotanatom that e t he
immersive nature of technology was seen as akengfit for clarity and comprehension.
According to the explanation provided by R5, in the-¥R based quantity calculation
method, building elements can be virtually visualized in RB.mentionedaB c onv e n -
iently understand how the elements are connetdgdther and where they have been
p | ac Blatebver, R11 mentioned thatl ear |y i denti fy the exten
Therefore, QS can quickly obtain a proper understanding of what is going to be quantified.
It assists with quantity calculation properkhis combination of automation and visuali-
zation directly improves accuracy by reducing human eRrstated that AR/R auto-
mation significantly replaces involvement of the human element in quantity calculation.
R8 el ab o rABVYRebdsed nfethdases aflvanced calculation algorithms to calcu-
late them with 100% accuragyTherefore, human related errors are minimized, and ac-
curacy is improved.
Finally, experts highlighted the significant improvement in kutisciplinary collabo-
ration. According toR1 and R4, minimal collaboration and its consequential adverse im-
pacts are there with the conventional method. HoweveryRbased quantity calculation
method minimizes those consequences through increased collaboration. R7 mentioned
AARVR at its full ptential, all stakeholders can work on a central magied communi-
cate easily between thém

4.2 The Main Challenges of Using AR and VR in Sri Lanka

Money and Cost Problems



All respondents emphasized that higher initial cost is a problem associated witRR AR
affordance in Construction industry. R1 mentioned that higher license cost is one of the
major expenditures in this method. Further, R1, R6, R8 and R10 stated thaapagtity
computers and special equipment to operate th&/RRare needed for thigor instance,

the adoption of AR will typically require AlRnabled tablets or smartphones with propri-
etary apps (e.g., Fologram, Augment), while VR requires pricier immersive hardware such
as Oculus Rift or HTC Vive headsets and suitable software platforgis Wity or En-
scape). These hardware and software requirements play an importantdistantially
increasing the financiddurdenfor Sri Lankan companietn addition,this finding is con-

sistent with global literature on technology adoption, wheitéal capitalexpenditures
frequently cited as a primary barri€11 highlighted that at the beginning considerable
training cost is also required to adopt this method. Furthermore, R8 agreed to the above
factthati Not onl y har dwa,rbetitasotdkeshgh invesamentin tcaim-s t s
ing the professi onal s Hdwevertthe expartehighlightedthat a |
this challenge is particulareveran the Sri Lankan context, whefendsfor technolog-

ical upgrades can be limitedrfmany small and medium enterprises (SMEs) that form the
backbone of théocalindustry.

People and Training Problems

All respondents agreed that there is a cultural resistance among the QSs related to the
adoption of advanced technologies. R9 and R10rabdehat the degree of resistance to

this change is generally higher among older people. Moreover, R10 proposed that the at-
titude of the people also has a strong influence in resistance to chdigeultural re-
sistance is made worse by a noticeabliéssggap.All the respondents identified a problem

that there is a dearth of competent people who can perform BIM software and are capable

of handling moder n t ewhemlovhsoegdanty srying t& Becrute scr i b

QSswith BIM capability,incurred a considerable cost for training expertdhis dual
challenge of resistance from experienced professionals and a lack of trained new entrants
creates a significant hurdle for widespread adoption, a situation that may bprorie

nentin developing eanomies compared to regions with established digital construction
curricula.

Technology and Quality Problems

All respondents mentioned that the quality or completeness of the model is a concern in
AR and VR technologpased quantity calculation. R11 ela#ted on dependency of
guantity from AR and VR methods. Additionally, R3 noted that when inadequate details
are provided in the model, it becomes necessary to resort to 2D drawings for measuring

7



those items using conventional methods. Furthermore, R9 aldatetthe QSs might face
difficulties due tofi inproper procedure in drafting the model so that titiligthe model

for your estimating purposésecomes compléxThis "garbage in, garbage out" problem
highlightsthat the technology's effectiveness is higtipendent on the quality of the
digital inputs. This dependency leads directly to the next major technological barrier: in-
adequate standardall the participants mentioned that inadequate standard is a problem
associated with AR/R technologiesThe lackof localized standards means that even with
willing participants, interoperability and consistengifl remain significant challenges.
This is further complicated by issues of software compatilzktgtated by three respond-
ents.

4.3 A Plan for Using AR and VR Successfully in Sri Lanka

Solutions for Cost Problems

To counter the significant financial barriers, tm@jority of respondents proposed that
obtaining support of the government as a strategy to overcome from thislisthee Sri
Lankan context, ARdutions are likely to have a more immediate impact than VR, and
this is largely due to their comparatively low cost of deployment and compatibility with
mobile devices in widespread use. Although VR provides fully immersive experiences, its
reliance on epensive headsets and higarformance computing limits shegrm feasi-

bility for the majority of businesse€onversely AR can begradually integratedising
affordable devicesand this makes it better suited to resotgoastrained environments.
Nevertleless, the role dIM remains central, as it supplies the 3D models and structured
data thaenable both AR and VR to function effectiveRO expressed what is happening

i n ot her subsidizihgrthie eost ofaseftwdie, there are tax benefitsaybm
subsidized prices for the technology related investments | n addi ti on, R4 s
selecting sharing software can be a solution to higher initial costs. Further to R4, some
cheaper software options can be considered. However, features willeafsaver with
cheaper options.

Solutions for People and Training Problems

Addressing the human element requires a-divectionalapproach focusing on current

and future professionalR7 mentioned that Professional bodies such as Institute of Quan-
tity Surveyors Sri Lanka (IQSSL) and Institute of Engineers Sri Lanka (IESL) should con-
duct more continuing professional development (CPD) programs and workshops. Moreo-



ver, practical methods of automatic quantity generation should be demonstrated. R9 men-
tioned that some QS practitioners are thinking that they will lose their job HVARis
adopted. However, it is important to understand one thing that they may also lose the job
unless they are familiar with ARR technologiest-or the future workforceagreeing vith

R2, R10 mentioned that incorporating modules in university curriculum to explain practi-
cal method of ARVR based automatic quantity generation and designing is a strategy for
this issue. Moreover, R6 contended that-kdfning habits are reduced argostudents

and students should try to learn these technologies themselves.

Solutions for Technology and Quality Problems

To improve the quality of technical implementation, experts emphasized the need for
standardization and collaboratidrive respondentsuggested that implementing stand-
ards when preparing the model could assist in overcoming this issue. R5 suggested that
professional bodies should perform proactively for the successtMRRnplementation.

R5 f ur t h e if werhemm fromonistekes ofher countries and establish standards

in advance, then there will be less problems during the time of extensive usage in the
futured Finally, a direct feedback loop to technology creators was prop&déisug-
gested that through providing construetfeedback to the software developers, this prob-
lem can be solved. R10 further mentioned that with the introduction of updated versions,
this problem will be greatly minimized.

To consolidate the findings, the challenges and solutions discussed in deztiomd 4.3

are summarized in thEable2.

Table.2 Challenges and the solutions in AR and VR adoption in Sri Lanka

No Challenges Strategies

Low quality orincomplete- | Strategic planning for structured AR/VR adoption
nesof theBIM modé roadmap

Policy interventions to establish supportive regulation

2 Higherinitial cost and incentives

Collaborative action among government, academia, g

3 Culturalresistance industry stakeholders

Capacity building through specialized training and up

4 | Lackof competent persons skilling programs

Checking Automated quanti{ Public awareness campaigns to promote understand
ties. and acceptance




Development and enforcement of stardized guide-

6 Inadequatestandards lines for AR/VR use

Inadequate consideration fo| Integration of construction methodologies into AR/VR

constructiormethods workflows
8 Software incompatibility Promoting software interoperability and compatibility
9 Inadequate integratioin the | Strengthening integration between AR/VR platforms

model and BIM models

Continuous monitoring and evaluation mechanisms t

10 Lessermwareness
track progress

Less usagef BIM & other Encouraging wider adoption 8iM and advanced digi-

1 advanced technologi@s SL. | tal technologies

5 Conclusiorns and Recommendations

5.1 Conclusions

In conclusion, AR and VR technologies offer transformative solutions to the challenges
plaguing the Sri Lankan construction industry. These technologies enhance project visu-
alization and planning accuracy, reducing financial risks and construction delays. While
the adoption of AR and VR entails initial investments and the development of technical
expertise, their longerm benefits are substantitdlowever, this research reals that re-
alizing these benefits is contingent on overcoming a triad of significant barriers: economic,
human, and technicaBy leveraging these advanced technologies, vaafeurrently im-
plementing a targetgafogram that adheres to these recommenadsitiSri Lanka can en-
hance construction efficiency, reduce errors, and foster innovation, ultimately driving the
industry toward greater sustainability and growth. The findings carry important implica-
tions for multiple stakeholders: for government and mldtprofessional bodies, the need

to establish standards and financial support mechanisms, for construction companies, the
importance of phased adoption and capacity building; and for universities, the integration
of AR/VR into curricula to equip the futerworkforce.
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5.2 Recommendations

Based on the findings, this paper proposes a fstakieholder approach to facilitate the
successful adoption of AR and VR in the Sri Lankan construction industry. The following
recommendations are targeted at key groups whaldge this change.

For the Government and Industry Groups

To create an enabling environment, government and professional bodies should take the
lead. This includes providing financial support through subsidies or tax incentivésetio

the high initialcost fororganizationsespecially theSMEs.Government can provide fi-
nancial support and other relevant support to develop owiVRRelated software in the
country and can drastically reduce the initial cost of\AR. Furthermore, professional
bodies lke IQSSL and IESL mu$tadthe development and enforcement of national BIM

and data standards to address the technical quality and interoperability issues identified by
experts.Further, the professional bodies can include VR as one of competencies for
APCs to encourage the professionals to learn theVRRThis support would not only
modernize the construction sector but also boost national productivity, enhance the com-
petitiveness of Sri Lankan firms, and foster a kigth knowledge economy.

For Congruction Companies

For individual firms, a phased and strategic approach to adoption is recommEneed.
couraging construction organizations to adapt te\ARtechnology is a priority. Adapt-

ing this technology can create more benefits to compete withartfemizations in future.
Organizationshould begin by investing in smaller pilot projects to demonstrate ROl and
build internal capacity before largeale rolloutsThis reduceghe investmentisk and
helps to build a strong business case for wideremjgintation. Equally important is fos-
tering an internal culture thahcouragesnovation and provides continuous training to
overcome cultural resistance and bridge the skills gap.

For Universities

Academic institutions are crucial for building a futusady workforceAR-VR technol-

ogy can be included in curriculums of degree programs in universities. Teaching AR and
VR at the university level can help to produce the most capable professionals for the in-
dustry.This should go beyond theoretical modulegtdude practical, hanesn learning.
Partnerships with software vendors and industry firms could provide students with hands
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on experience with the latest todfarthermore, universities should encourage interdisci-
plinary projects that bring togetheudents from Architecture, Engineering, Quantity Sur-
veying, and Information Technology tiemonstratéhe collaborative nature of modern
digital constructiorpractices

5.3 Study Limitations and Future Research

The findings and recommendations of this studyuthbe considered in light of its limi-
tations, which in turn suggest avenues for future reselrshould be noted that there is
no practical implementation of ARR in Sri Lankan Project. Because of that, the data
collections were dependent onthe exper6 per specti ves and futur e
their experience in the industryhis means the identified benefits and barriers are per-
ceived rather than empirically validated within a live project environneaddition, this
research limited to th€onsultant & Contractor QS perspective from Sri Larfkas pro-
vides a deep but narrow vienf the subject. Avider understanding would require incor-
porating the perspectives of architects, engineers, clients, and policymakers.
Therefore, this researchésnsidered as a benchmark for further studies related to the
implementation of ARVR technology in the construction industRuture research could
include a quantitative study to measure the ROI of a pilot project or longitudinal case
studies tracking thadoption journey of eartgpdopter firms in Sri Lankatherresearch
could also focus on developing a l@oest, localized AR/VR solution tailored to the spe-
cific needs and resource constraints of Sri Lankan Shtisestigating the frameworks
required to asure data security on collaborative digital platfordeyeloping a predictive
Al incorporated ARVR solution for BIM based project delivenr a comparative study
analyzing Sri Lankads adoption journey agai
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Abstract. Thi' s study examines the strategic alignm
opment Authority (RDA) with the national Digital EcongrBlueprint, focusing on

the institutional transformation required to modernise transport governainise.

study adopts a qualitative approach, incorporating twekgeepth stakeholder inter-

views alongside comparative analyses of digital governance miodglagapore,

Estonia, and India. These sources provide a rich foundation for examining the

RDAO6s institutional alignment wiTheh Sr i Lanka:
matic analysis revealed persistent barriers to digital adoption, including limited dig-

ital literacy, fragmented inteagency coordination, and constrained financial re-

sources. In response, this study proposes a phased implementation roadmap encom-

passing foundational IT infrastructure,-Bbwered traffic management systems, and

integrated egovernance platforms. By contextualising global best practices within

Sri Lankads regulatory and opeetevanton al | andsc
framework for advancing sustainable, citizeentric mobility solutions.

Keywords: Digital Transfornation, Road Development Authority (RDA), Intelli-
gent Transport Systems (ITS), Artificial Intelligence (Al), Building Information
Modeling (BIM), EGovernance, Smart Infrastructure, Transport Policy, Public Sec-
tor Innovation, Sri Lankairst Section

1 Introdu ction

1.1 Background and Significance of Digital Transformation

In the 21st century, digital transformation has emerged as a critical driver of efficiency,
Sri Lankads commitment to transparency and
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Economy Blueprit[1] (see Fig1), which envisions the integration of digital technologies
such as @overnance, artificial intelligence (Al), intelligent transport systems (ITS), and
digital payment platforms to modernize public institutions and enhance governance. In-

frastructure devel opment remains pivot al t o
Road Development Authority (RDA) playing a central role in managing and expanding
the countryb6s transport networ k. However, t

vations, continuing to rely on conventional approaches to road planning, project imple-
mentation, and traffic management.

Digital Economy Blueprint
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Fig.1.Sr i Lankads Digital Economy Bluefdrint (Source

This lag hindes operational efficiency and sustainability, underscoring the urgent need
to align the RDAOGs operations with the nati
formation is not just a strategic upgrade for the RDA, but a national imperative to ensure
ecoromic resilience and global competitiveness.

12The Need for RDAO6s Alignment with Digitiz:

As the digital economy advances, transport infrastructure emerges as a critical enabler of
transformation, with global leaders like Singapore and Estonia demangsthatw Al
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driven traffic analytics, smart tolling, and clebdsed asset management significantly en-
hance mobility, service delivery, and reven
Development Authority (RDA) faces significant barriers to digitaégration, including
outdated legacy systems, limited technological investment, low digital literacy among
staff, and regulatory challenges impeding interoperability across traresgpmtied2].
Overcoming these constraints through strategic, paityen digital adoption will enable

the RDA to improve planning accuracy, alleviate congestion, enhance public accountabil-
ity, and expand service accessibility. Moreover, embracing technologies such as Building
Information Modeling (BIM), Geographic Informati Systems (GIS), and Alased traf-

fic monitoring will empower the RDA to align with global sustainability goals by reducing
emissions, optimizing urban planning, and transitioning to a smarter, more adaptive infra-
structure governance model.

1.3 KeyChallenges Li miti ng RDA®&ds Digital Adoption

Despite the clear advantages of digital governance, the Road Development Authority
(RDA) faces systemic challenges in its transition, with financial constraints being a pri-
mary obstacle, as budget priorities remain focusedraditional infrastructure projects
rather than intelligent transport solutid@}. Although international agencies like KOICA

and the World Bank have funded select digital pilot initiatives, sustainable progress re-
quires dedicated, loaggrm financirg frameworks. Institutional resistance further hampers
transformation, with entrenched bureaucratic processes and a workforce largely trained in
civil engineering rather than IT governance showing reluctance toward adoptitrgyéh

traffic systems and dital procurement tools. Moreover, low digital literacy among staff
inhibits broad implementation. Interoperability issues between government entities also
present a significant barrier, limiting data sharing and collaborative plaf8jinghe ab-

sence ofa national Building Information Modeling (BIM) policy exacerbatbs frag-
mentation, preventing the establishment of standardized frameworks necessary for cohe-
sive digital infrastructure management. Without structural regulatory reform and institu-
tonalapacity building, the RDAOG6s digital mode
ineffective

1.4 Opportunities for Digital Transformation in RDA

Despite challenges, the RDA has strong opportunities to digitally transform its operations.
Al -driven traffic maagement and smart transport systems, such as automated tolling and
reattime analytics, can ease congestion and improve revenue collection. Integrating plat-
forms like GovPay can streamline tolls, permits, and procurement, enhancing transparency
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and efficiency. PublicPrivate Partnerships and international collaboration can bring ad-

vanced technologies, cybersecurity, and expertise, as seen in countries like Singapore. Ad-
ditionally, data analytics and machine learning enable predictive traffic planning and dy-
namic signal control, aligning RDAG6s effort
cient urban mobility.

1.5 Research Objectives and Scope

This paper examines:

1Why the RDA must align itself with Sri L a
2.Howdigitalad pt i on can transform the RDA&s effi
delivery.

3Chall enges | imiting the RDAO&6s digital exp

4.0pportunities for integrating Adiriven analytics, ITS, andgovernance platforms
into road governance frameworks.

5.Strategic roadmap for poliegiriven digital adoption at RDA.
Through a detailed literature review, comparative case studies, and qualitative re-
search methodology, this study provides actionable insights into bridging the digital
di vide in Sritseccoankads transpor

2 Literature Review

This section synthesizes global and local scholarship on digital transformation in public
sector governance, with a focus on transport infrastructure, intelligent systems, and insti-
tutional modernizatiod highlighting both theotical foundations and applied innova-
tions relevant to Sri Lankads evolving digi

2.1 Theoretical Foundations of Digital Transformation in Public Sector Governance

Digital transformation, rooted ingovernance and smart infrastructure plagniplays a

vital role in modernizing public services, reducing inefficiencies, and enhancing transpar-
ency[4]. Technologies like cloud computing, Al, and big data have improved decision

making and streamlined workflows in governaftgde Globally, digitaization has boosted
accountability and resource optimization, enabling eviddrased policies and reducing

waste[6]. Tools such as digital payments, workflow automation, and Al monitoring have
reshaped infrastructure management, especiallyintranSport. Lankads Digit al
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Blueprint offers a timely opportunity for institutions like the RDA to embrace digital in-
tegration and modernize governance.

2.2 Digitalization in Public Infrastructure and Transport Management

Infrastructure modernization is dea to smart city development, with technologies like
BIM, ITS, and GIS enabling predictive modeling, traffic optimization, andtiesd asset
monitoring[7]. Countries such as Singapore and Estonia illustrate the benefits of smart
mobility through Akdriven traffic systems, sensenabled intersections, and blockchain
based tolling[8]. In contrast, Sri Lanka still depends on manual monitoring and frag-
mented systems in its transport sector. To improve connectivity, traffic flow, and emer-
gency responsehé RDA must adopt dat@riven governance as outlined in the Digital
Economy Blueprint, promoting intexgency collaboration and advanced mobility analyt-
ics.

2.3 The Role of Intelligent Transport Systems (ITS) in Road Infrastructure

Intelligent Transport Systns (ITS) have revolutionized urban mobility through sensor
based algorithms, adaptive signals, and-tiea¢ traffic adjustments, cutting congestion

by up to 30% and improving efficien§], [9]. Cities like Tokyo and London use machine
learning to optinize traffic light timing, reducing idling and fuel use. ITS also supports
dynamic regulation based on re¢ghe travel patterns. In Sri Lanka, ITS adoption by the
RDA is still limited to pilot tolling and basic analytics. A national ITS strategy with eross
sector collaboration and policy standardization is crucial to enhance transport governance
and operational efficiency.

2.4 Building Information Modeling and Digital Road Assets Management

Building Information Modeling (BIM) is revolutionizing road developméy enabling

detailed visualization, accurate cost estimation, and efficient resource plfnihgn-

hances construction accuracy, reduces environmental impact, and strengthens coordina-

tion across agencig8]. Countries like Germany and Singaporevdna@dopted national

BIM policies to standardize infrastructure projects and minimize delays. In contrast, Sri
Lankads |l ack of a unified BIM framework | ea
like the RDA. Implementing a standardized BIM approach waufatove project execu-

tion, foster collaboration, and boost the resilience of transport infrastructure.

2.5 Digital Payments and EGovernance in Transport Institutions
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Integrating digital payment solutions into transport governance enhances accountability,
reduces revenue leakage, and streamlines fiscal oper§tioh<Countries like Sweden

and Estonia use Al and blockchain to digitize permits and approvals, improving transpar-

ency and efficienc{9]. Sr i Lankabés GovPay systegn offers
itize tolls, permits, and procurement, but its integration remains uneven. Strengthening
interoperability with other transport systems is essential to ensure secure, accessible, and
transparent digital transactions across the sector.

2.6 Public-Private Partnerships (PPPs) and International Collaborations for Digital
Transport Expansion

Global benchmarks show that Pubfcivate Partnerships (PPPs) play a crucial role in

driving innovation and scaling digital transport infrastruct[irg]. Singapore partners

with tech firms to develop ITS solutions like serbased analytics and rei@ine moni-

toring, while countries like India and Germany use private funding to support national
digitization efforts[9]. Srii Lankads RDA has engahged in s
KOICA-funded traffic database project, but needs to establish broader collaboration mod-

els to ensure sustainable digital innovation in transport governance.

2.7 The Need for Policy Standardization in Digital Road Governance

Srii Lankads r oarfacemlaniea qatagencytintegrationtdue to a lack

of aligned digital policies, restricting the scalability of digital initiatives. Research shows

that standardized-governance frameworks enhance sustainability and ensure consistent
service deliverycross transport bodigs . For example, Singaporeods
thority enforces ITS adoption via national legislation, while Estonia uses blockchain for
streamlined permit processif@]. To modernize effectively, Sri Lanka must develop com-
prehensie transport digitalization policies, including national BIM mandates, ITS stand-

ards, and GovPay compliance, to drive uniform adoption across the RDA and related agen-

cies.

3 Methodology

This section outlines the qualitative research design, data collesttaiagies, compara-
tive case study approach, and thematic anal
digital transformation, while acknowledging contextual limitations and the need for adap-
tive policy insights.
20



3.1 Research Design and Approach

This study adopts a qualitative research design to examine the strategic alignment of Sri
Lankads Road Development Authority (RDA) wi
print. The approach integrates sestriuctured stakeholder interviews, thematic analysis,

and omparative case studies to explore institutional, policy, technological, and financial

factors influencing digital transformation. The design is exploratory in nature, aiming to
generate contexdensitive insights and propose a phased modernization rodditoaed

to Sri Lankads transport governance | andsca

3.2 Data Collection Methods

Primary datawere collected through twelve sestructured interviews with key stake-

holders, including senior RDA officials, transport engineers, IT personnel, and external

experts affiliated with international agencies such as KOICA and the World Bank. Partic-

ipants were selected based on their direct involvement in digital initiatives or strategic
planning within the transport sector. Interview questions focused on instaltieadi-

ness, digital literacy, funding mechanisms, technological feasibility, andage&srcy co-

ordination. All interviews were conducted in accordance with ethical research protocols,
ensuring informed consent, voluntary participation, and confidégptaflresponses. Par-
ticipants were briefed on the studyobds objec
without consequence.

Secondary datiancluded national policy documents, internal RDA reports, and interna-
tional benchmarks from Singapore, Estgand India. Academic literature on digital gov-
ernance, intelligent transport systems (ITS), and public sector innovation was also re-
viewed to ensure theoretical grounding and comparative relevance.

3.3 Comparative Case Study Methods

The study comparesdigial tr ansfor mati on model s from Si
thority,g&seonanbdéde s8Yystems, and I ndiads dig
sesses technology, funding, policies, and workforce adaptation to identify lessons appli-

cable to RDA.

3.4 Thematic Analysis and Framework

Interview transcripts were analysed using inductive thematic coding. Key themes were
identified through iterative reading and categorisation, including:
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Financial constraints and budget prioritisation

Workforce resistance amtgital literacy gaps

Interoperability challenges across transport agencies

Institutional inertia and regulatory fragmentation

Opportunities for Aldriven traffic optimisation and-governance integration

=A =4 -8 -8 -4

3.5 Research Limitations

Limitations include limited ecess to redime data, budget restrictions on empirical anal-
ysis, institutional resistance affecting transparency, and reliance on devetnpedy
benchmarks requiring contextual adaptation.

4 Findings and Discussion

This section presents key empirigadights from stakeholder interviews and comparative
analysis, structured around five thematic a
mation trajectory.

4.1 Financial Constraints in Digital Expansion

A major barrier to t he(RBA)dgltal ithesfosnatmmisite nt Aut
limited financial capacity, as funding prioritizes traditional road maintenance and con-
struction over IT innovation. Despite support from donors like the World Bank and

KOICA, reliance on external funding hampers sciitgband sustainability of projects

such as EDMS and GIS integration. To advance digital capabilities like BIM, ITS, and

cloud platforms, RDA needs dedicated IT budget allocations, expanded-pritdite

partnerships, and diversified international furidilVithout a clear investment strategy,

Sri Lanka risks lagging in transport modernization and failing to fully realize the Digital
Economy Blueprint.

4.2 Workforce Adoption and Digital Literacy Challenges

Institutional resistance within the Road Developnfauthority (RDA), driven by a work-

force accustomed to manual processes and limited digital literacy, significantly impedes
the adoption of intelligent transport solutions. Many civil engineers and administrative
staff remain skeptical of Adiriven analytis, automated monitoring, andgevernance
workflows due to reliance on traditional pagErsed approvals and manual tracking. To
overcome this, structured capaeliyilding programs are essential, including integrating
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digital literacy into training, inceivizing IT certifications, and partnering with academic
institutions like the University of Moratuwa to enhance skills in transport analytics. With-
out these proactive initiatives, RDA risks delaying the implementation-pbiered traf-

fic optimization ad compromising service efficiency.

4.3 Inter -operatability Gaps and Data Fragmentation

I nteroperability gaps between Sri Lankads t
digital alignment, as the lack of a standardized governance framework and natinal B

policy prevents seamless data sharing and coordinated project execution. Unlike global

|l eaders | i ke Singapor e-agencydatasets for lsyinachdonizédnt e g r a
urban planning and transport management, RDA operates without a unified plagfital

form, limiting reattime analytics, automated approvals, and collaboration. Addressing

these gaps requires establishing a centralized transport database, mandating BIM standards
within RDAOs wor kf | edwen crossagencyimotylity miegta i ng Al
enable predictive congestion management and infrastructure optimization. Without such
standardization, RDAG6s transition to a full.y

4.4 Bureaucratic Resistance to Digital Transformation

Bureaucratidc ner ti a within Sri Lankads public sec:
adoption of Atdriven traffic management, blockchain project tracking, and elasgd

governance due to fears of job displacement, unfamiliarity with new technologies, and
concernsover disrupting established policies. Unlike Singapore, which mandated cross

sector digital governance and replaced legacy systems wipowéred monitoring, RDA

remains reliant on manual processes that limit efficiency and innovation. Overcoming this

resi stance requires embedding digital gover n;
on emerging technologies, and fully transitioning to clbaded workflows to ensure
meaningful transport modernization. Without

will remain stalled

4.5 Opportunities for Al Driven Traffic Management

Despite existing structural chall enges, Al
transport governance by enabling advanced urban congestion forecasting, vehicle flow
optimizaton, and predictive maintenance. Drawing from global examples like Singapore,
London, and Tokyo, Abtiriven models can facilitate adaptive traffic signal control,-real

time incident monitoring, and dathiven infrastructure planning. For RDA, integrating
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Al could optimize Colomboés traffic |ight c
nance through stress analysis, and streamline digital toll collection via automated vehicle
classification, ultimately boosting transpefficiency and sustainability.

5 Strategic Road Map for Digital Implementation

This section presents a phased, peticy i ven roadmap to guide the
formation, detailing infrastructure upgrades, Al integration, funding strategies, workforce
development, and intexgency coai nati on al i gned with Sri L a
Blueprint.

5.1 Introduction to the Implementation Road Map

For the Road Devel opment Authority (RDA) to
Economy Blueprint, it must adopt a phased digital transfoonagtrategy that ensures

structured execution, financial sustainability, workforce adaptation, and interoperability
standardi zation. A strategic roadmap provi de
operations, enhancing mobility governance, and enihgdal-driven, datacentric solu-

tions within transport infrastructureanagemert].

This section outlines a stdgy-step action plan encompassing policy standardization, tech-
nological integration, funding diversification, skill development, and iatency collab-
oration to ensure a seamless transition into smart infrastructure management.

5.2 Phased Implementation Framework
Phase 1: Foundational IT Infrastructure Development (Year 12)

The first i mplementation phaseundatiomhytred f ocus
ating a centralized transport data platform for seamlessagtamcy coordination, upgrad-

ing fiber optic networks across key offices and control units, adopting-tlaseld mobil-

ity analytics for reatime traffic management, and deployimgbust cybersecurity

measures including Adiriven threat detection. This foundational upgrade will enable

RDA to move away from papdrased processes toward secure, integrated, and resilient
cloud-enabled governance systems.

Phase I1: Al Powered Traffic Optimization and ITS Expansion (Year 23)
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After stabilizing the digital foundation, RDA should implementdkiven transport ana-
Iytics and Intelligent Transport Systems (ITS) by deploying adaptive traffic signal control
for congestion reduction, automatital collection with Albased vehicle classification,
utilizing predictive maintenance analytics for proactive road repairs, and launching ITS
pilot projects featuring sensenabled intersections and machine learning mobility mod-
els. This phase will enéRDA to transition into an adaptive, raéahe, Al-powered road
governance system.

Phase I11: EGovernance and Digital Transaction Expansion (Year %)

Following ITS and Al integration, RDA should scakgevernance solutions by fully im-
plementing GovPafor digital tolls and permit approvals, automating government con-
tracting with Akdriven bid evaluations, digitizing urban transport governance through
synchronized redime dashboards with municipal councils, and expanding blockchain
based infrastructe tracking to secure transport records. This phase will establish com-

prehensive digital i ntegration across Sri

parency and operational efficiency.

5.3 Funding Strategies for Digital Expansion

Sri L a n k a daxlernizatiannrexypiresra structured financial model leveraging di-
verse funding sources, including Pubfldvate Partnerships with Al and mobility tech
firms, multi-lateral development grants from institutions like the World Bank, JICA, and
KOICA, and delicated national IT budget allocations within the annual transport expendi-
ture. This approach will enable RDA to build a smitaining financial framework, en-
suring continuous and scalable digital transformation.

5.4 Workforce Digital Literacy Initiatives

Successful digital transformation at RDA hinges on structured skill development programs
that equip personnel to effectively manage ITS andiien governance platforms. Key
strategies include mandated Al certification for transport engineers, digit&flove
training for administrative staff, and collaborative knowlegparing initiatives with the

University of Moratuwads | CT faculty. Thi

digitally proficient team, capable of sustaining letegm infrastructte modernization ob-
jectives.

5.5 Inter-agency Collaborations and Policy Standardizations

25
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To overcome interoperability gaps, Sri Lanka must implement standardized governance
frameworks that enable seamless crgssor integration within the transport sect¢ey

policies include adopting a National BIM Policy to harmonize infrastructure planning, en-
forcing ITS interoperability mandates across urban councils and expressway authorities,
and institutionalizing Addriven traffic governance standards under the idfiy of
Transport and Highways. These measures will create a synchronized digital transport eco-
system, eliminating procedural inefficiencies and enhanciigborative decisiomak-

ing.
6 Future Directions and Policy Recommendations

The Road Development Autrity (RDA) of Sri Lanka is at a critical stage in its journey
toward full digital governance. While progress has been made, the integration of Atrtificial
Intelligence (Al), Intelligent Transport Systems (ITS), Building Information Modeling
(BIM),andegover nance platforms requires strategi ¢
ital Economy Blueprint. Sustainable digital transformation demands robust policy frame-
works, financial sustainability, workforce capacity building, #éachnological standardi-
zation

A key priority is establishing a National Transport Digitalization Policy to unify frag-
mented governance. This policy should mandate ITS adoptieoagdd congestion mon-
itoring, BIM integration for consistent infrastructure design, and-agemcy datsharing
protocols to enhance cressctor coordination. Institutionalizing Al in mobility govern-
ance is critical; Aldriven traffic signal optimization, predictive maintenance, and auto-
mated toll monitoring can significantly improve transport efficienog anfrastructure
longevity.

To overcome inconsistent infrastructure planning, standardized BIM adoption must be
enforced, defining digital modeling guidelines and asset tracking across RDA and munic-
ipal bodies. Financially, Sri Lanka needs to allocateadgeld budgets for transport digit-
ization, expand donesupported initiatives, and promote puktidvate partnerships to at-
tract innovation investment. Collaborations with international agencies such as JICA,
World Bank, and KOICA will provide vital muHiateral funding to support scalable ITS
and Al deployment.

Addressing the workforce skills gap is essential. Nationwide training programs for
transport engineers and digital workflow workshops for administrative staff must be im-
plemented, with strong partrships between RDA and academic institutions like the Uni-
versity of Moratuwa. Furthermore, developing digital leadership among RDA executives
will help overcome bureaucratic resistance and drive Al adoption.
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Technological standardization will consolide8er i Lankads | TS ecosyst
unified national traffic management framework, serestabled intersections, and -Al

based vehicle tracking. Expanding blockchain technology will enhance transparency and

accountability by securing toll collections, diging procurement, and safeguarding in-
frastructure asset documentation.

n conclusion, the strategic roadspemp outl i
ning policy, funding, workforce, and technol@gy o si t i ons Sr i Lankads t
to emerge aa globally competitive smart mobility ecosystem. Successful implementation

will

drive economic growth, improve urban connectivity, and enhance service delivery

through efficient, Alpowered governance.
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Abstract. Geographically dispersed volunteer teams can achieve collaborative and
transparent processes with Open Source Software Development (OSSD). While it
outperformgraditional methodologies, challenges remain in preserving code quality,
managing thireparty dependencieleading to compatibility issues, and inconsisten-
cies in developer contributions that can lead to code redundancies. Java as the foun-
dation of softvare development, has fostered numerous -Gpence projects, en-
hancing research dependability. Thésearchproposes a machine learning model

that classifies code quality in Jabased opeisource software projects by analyzing
contribution metrics. Popal machine learning techniques used for software quality
prediction, such as Regression, Decision Trees, Random Forest, Support Vector Ma-
chine and Bayesian Learning, XGBoost and Mu#tyer Perceptron are used, as well

as established software qualitymets t o measure the devel operos
source code such as Lines of Code (LOC), Coupling Between Objects (CBO), Re-
sponse for a Class (RF@tc The proposed model was evaluated using a dataset,
containing over 200,000 observations and softwaetrios extracted from open
source projects. Performance was measured using Precision, Accuracy, Recall and
F1-Score. XGBoost shows the highest model accuracy, with 82%. The system was
built using XGBoost, which allows developers and others to uploadillzazaBased

on the derived quality metrics, the system classifies the code quality into three cate-
gories: high, medium, and low. This analysis enhances Java OSSD projects by accu-
rately evaluating code contributions, ensuring reliability and sustainaliktning

code review, prioritizing refactoring, and leveraging the best ML approach to classify
code quality can strengthen development processes and advance OSSD efficiency.

Keywords: Code Contributions, Code Quality, Machine Learning, Open Source&eft
Development, Software Quality Metrics
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1 Introduction

1.1 Background

Modern software development follows Op8ource Software Development (OSSD) as

the key framework for creating software through remote collaborative teams that defeat
conventional methodsith greater innovation and availability]. The model encourages

global participation through community management and utilizes Java'sptatfesm
capabilities and large ecosystem features to impacthlsed projects, including Apache
Hadoop, Spring-ramework, and Eclipse, which offer strong research foundations due to
widespread usage and large datasets on GitHub platf@fn¥he projects showcase OS-

SD's capabilities through Java's system features, while also presenting assessment require-
ments tharequire advanced quality evaluation approaches.

OSSD challenges code quality in Jdased development due to varying skill levels
and contribution practices. Code redundancies arise from inconsistent contributions, in-
creasing maintenance costs and o#aly efficiency due to repeated functid$.

An increase in machine learning techniques emerges as a solution to forecast and clas-
sify software quality because it delivers ddtéven analysis of code metricEhe estab-
lished software quality metrics més of Code (LOC), Coupling Between Objects (CBO),
Response for a Class (RFC), Weighted Methods per Class (WMC), Lack of Cohesion in
Methods (LCOM), Depth of Inheritance Tree (DIT) and Number of Children (NOC) pro-
vide numerical indicators to assess codepiexity and maintainability and cohesion
which helps identify quality issud4]. While previous research, such as Meher and Mall
[5] focused on bug classification in opsoaurce repositories using machine learning, this
research distinguishes itself bgecifically addressing code quality classification in Java
based OSS projects using contribution metrics and quality thresholds with machine learn-
ing techniques unlike approaches based on Natural Language Processing (NLP) which
requires another structutdorm of data, which can be obtained by converting the source
code into a token stream using a programming language pro¢€ssbhe code quality
classification system uses precision and accuracy and recall ascbfeperformance
metrics to help devepers conduct detailed code assessments and determine the best ML
approach for process improvement in OSSD developifii@nThe combination of ma-
chine learning metrics LOC and CBO, and DIT provides-tated code quality classifi-
cation systems that use B@ost to reach 82% accuracy levels according to this research.
This research evaluates more than 200,000 observations to improve Java OSS quality as-
sessment methods.

1.2 Purpose of the Research
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Due to the distributed nature of OpBource Software Develament (OSS) projects, it is
difficult to ensure consistent code quality because of heterogeneous contributors with dif-
ferent skills and coding styles. This leads to plural redundant code, dependency compati-
bility problems and technical debt, diminishingiability and sustainability standards.
Automated systematic quality assurance is lacking, which prevents meeting global devel-
opment needs, and manual code reviews are infeasible fordeafpeOSS projects.

Research Questions

The research discovesiitable software quality metrics for Java OSS projects' code qual-
ity assessment because developers with different skills and techniques contribute code.
The development of an accurate classification system requires identifying metrics that ef-
fectively show gality issues in collaborative OSS environments.

Also, thisresearch useML algorithms for code quality classification into high, me-
dium and low categories based on metrics discovered. The diverse nature of Java OSS
codebases makes traditional manual aseeat methods insufficient for the task. The re-
search examines how Decision Trees and Random FaresSupport Vector Machines
(SVM) algorithms use quality metrics to conduct automated classification through a data
driven method that scales for qualigsarance needs.

The evaluation metrics for assessing the performance of the ML model in code quality
classification need to be determined. The evaluation of 1tlalis classification models
requires Accuracy alongside Precision and Recall along witBdte to determine model
effectiveness. The evaluation metrics question ensures thorough assessment of the model
performance which provides both reliability evidence and practical utility information for
Java OSS developers to validate system capabilityeieting study goals.

Research Objectives

The main goal involve developing an innovative Mbased model for automatic code
quality classification of Java OSS projects to tackle irregular developer contributions and
their effects on software reliability armlistainability. The model implemet specific
software quality metrics including LOC and CBO and RFC and WMC and LCOM and
DIT, and NOGCto create a systematic ddiased quality assessment solution. The system
development focuexi on building a practicadolution which enables developers to submit
Java files for automated quality assessment leading to better code review processes and
improved refactoring prioritizatigmnd enhanced Java OSS project quality for lasting suc-
cess.
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In addition to the main obftive the research aims to automate the classification of
code quality by determining and confirming important software quality measures like
Lines of Code (LOC), Coupling Between Objects (CBO), and Depth of Inheritance Tree
(DIT). Secondit builds andrains a machine learning model based on these metrics, com-
paring algorithms like XGBoost, Random Forest, and SVM to determine code quality.
Lastly, the model is thoroughly tested based on the typical metrics: Accuracy, Precision,
Recall, and F1 Score, antest set of 46,494 observations, which makes it applicable in a
reatlife OSS development

2 Literature Review

The quality of code within Javiaased opeisource software projects stands as the essen-
tial factor to guarantee software reliability and mairdhitity in collaborative develop-

ment environments. Java has gained popularity in OSS development because of its ability
to operate across platforms and its large library collection which attracts projects such as
Apache Hadoop and Eclip§g]. OSS code quidy becomes inconsistent because the pro-
ject contains contributors at various skill levels while managing inconsistent coding prac-
tices[9].The objecioriented Java features improve modularity according to research find-
ings but quality maintenance becontesder to manage when these features remain un-
controlled especially during large projects with multiple contribuf@y. Javabased

OSS code quality assessment depends on software quality metrics which measure object
oriented paradigms through CoupliBgtween Objects (CBO) and Depth of Inheritance
Tree (DIT) and Lines of Code (LOQ)1]. The metrics serve to quantify attributes regard-

ing complexity and maintainability which form a basis for quality assessment. Research
indicates that elevated CBO valueslava projects lead to higher defect rates because they
demonstrate how intarlass dependencies affect qualit@]. Saklani et al.'§11] review
demonstrates that these metrics when utilized with machine learning effectively predict
quality issues idava OSS contexts according to research findings.

The application of ML techniques to Javased OSS quality prediction encounters dif-
ficulties in both interpretability and generalizability. The bkck nature of SVM and
Neural Networks (NN) makes itfficult to understand quality outcomes despite their high
predictive power according to Sheshasaayee and18ke

The assessment of code quality in Jagged opeisource software projects heavily
depends on source code metrics which measure structpeadta that include complexity
and maintainabilityf11]. Java codebases receive evaluation through three metrics CBO
and DIT and LOC which help identify defegtoneness and other quality iss{&2]. The
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combination of these metrics with machine learrfygprithms enhances OSS quality pre-
diction accuracy according to S. Saklani ef{8l] as described in their IJARCS down-
loadable review. The objecdtriented characteristics of Java make these interdependencies
vital for determining quality.

A. Sheshasa@&e and R. Jod44] demonstrate that although Support Vector Machines
(SVM) and Neural Networks (NN) deliver accurate predictions, they remain difficult to
interpret for understanding quality predictions in ogenrce software contexts. The lack
of trans@rency in these models creates issues for projects that prioritize explainable meth-
ods in Java development.
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Fig. 1. Research Design

The combination of software quality metrics CBO and LOC and DIT with contribution
specific data @ates important opportunities to enhance Jmsed opesource software
quality classification. Propertyased software quality measures CBO and LOC gain im-
proved ability for classifying OSS defects when used alongside developer variables such
as contribtor frequency and experience levels as proposed by S. Saklafiléf.alhese
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guality metrics enhance Java OSS quality classification precision by linking them to con-
tributor activity according to the authors. The use of metrics that consider contmibuti
levels provides better justification than analyzing code independently.

Theliterature review demonstrates that software quality metrics and machine learning
techniques serve as essential tools for -bmsed opeisource project code qualigvalu-
ationthrough the use of CBO, DIT, and LOC metrics for structural analysis and Random
Forest and Decision Trees algorithms for quality prediction.

2.1 Research Design

The research implemented a quantitative empiregthod to create and test an {ased
system whib classifies code quality into three levels of high, medium and low. The clas-
sification thresholds were defined based on the model's output probability: code quality is
classified as Low if the probability is <0.5 and requires refactoring; Medium if timapr

bility is <0.7 and may need refactoring; and High if the probability is >0.7 and does not
require refactoring. The research method used software quality metrics extracted from
Java source code to measure developer contribusbtiosvn in Fig. 1)

The research implemented seven supervised ML algorithms, including Logistic Regres-
sion, Decision Trees, Random Forest, Support Vector Machine (SVM), Bayesian Learn-
ing, XGBoost and MultiLayer Perceptron. The methodology integrated theoretical ML
applications with practical OSSD needs to develop a system which enables developers to
submit Java files for immediate quality assessment.

2.2 Data Collection and Data Preprocessing

The study utilized the Code Metrics Dataset for Software Project Structure available at
Kagde, which contains the OnlyTrivial_dt.céNe. A total of 232,468 entries compiled
from 53 columns that offered various software quality metrics and a refactoring decision
column extracted from multiple opesource Java projects. The refactoring decisioln

umn was used to derive the quality categories, serving as ground truth for model training
and evaluation.

The data quality needed initial preprocessing steps to prepare it for analysis. Model
training bias was prevented through duplicate entry rengimaek duplicated data points
would skew the classification outcomes. The median value of each column served as the
imputation method for handling missing values in numerical columns Icom*, tcc and Icc
because it showed resilience to outliers in softwartricse The dataset maintained its
integrity by dropping rows with many missing valugst the data size slightly decreased
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to preserve reliability. The cleaning process allowed the dataset to maintain a considerable
number of observations (232,46@8hich provided adequate size and diversity to train and
evaluate ML models effectively.

2.3 Feature Extraction

Feature selection was performed to enhance model performance and reduce computational
complexity, focusing on the most predictive metrics for code quabigsification. From

the available metrickom the dataset subset was selected based on their relevance to
quality assessment and prior studies. The chosen fedhalesle LOC, CBO, RFC,

WMC, LCOM, DIT, and NOGCas these metrics effectively capturengexity, coupling,
cohesion, and inheritance patterns in Java code.

Correlation analysis was conducted to identify and exclude highly correlated features,
minimizing redundancy (e.g., using Pearson correlation to check for multicollinearity
among metricdike cbo and choModified). The target variable was prepared for-multi
class classification by encoding the high, medium, and low categories into numerical la-
bels, ensuring compatibility with ML algorithms. This refined feature set and preprocessed
target \ariable ensure that the ML models focus on the most informative attributes, im-
proving classification accuracy and efficiency for the subsequent training phase.

2.4 ML Model Development

The machine learning (ML) model development phase trained seven sup&fizisdgb-
rithms to identify code quality levela Javabased opessource software (OSS) projects
through high, medium, and low classifications. The following algorithms were selected
based on their proven effectiveness in software quality prediction atidalask classifi-
cation tasks:

Logistic Regression models class probabilities by the logistic function. Decision Tree:
Tree classification based on decision rules, and Random Forest: A combination of multiple
trees for better accuracy. SVM uses an optimypkerplane for class separation, and Bayes-
ian Learning makes inferences based on Bayes' theorem. MLP is dayeitieedforward
neural network for pattern recognition, and XGBoost is an efficient gradient boosting with
regularization.

Hyperparameter tung was performed for each model using GridSearchCV with 10
fold crossvalidation to optimize performance. Key tuned parameters included: learning
rate and max_depth for XGBoost; C and kernel for SVM; number of trees and depth for
Random Forest; and solvand regularization for Logistic Regression and MLP.
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The training set included 80% of the preprocessed data, totaling 185,974 observations,
while the testing set contained 20% of the data with 46,494 observations through
train_test_split from scikitearnusing random_state=42 for reproducibility. This data split
provides a strong evaluation of model performance on new data and optimizes the amount
of training data available for detecting patterns within software quality metrics.

The assessment of machimaining (ML) models constituted an essential process to
evaluate their capability for classifying code quality as high, medium or low within Java
based opesource software (OSS) projects. The evaluation employed four standard met-
rics that include Accuracyrecision, Recall and F3core tcassess mukHtlass classifica-
tion tasksEach of the seven ML modelsas evaluated using the test set, and their perfor-
mance scores were compared to identify the best algorithm. The evaluation process in-
volved predictinghe quality class for each test instance, followed by calculating the met-
rics for each model.

2.5 Model Implementation

The XGBoost model was integrated into an operational system fobaaea opeisource
software project code classification, achieving cetitivye Precision, Recall, and F1

Score values. The system, constructed using deikih for the XGBoost model and pan-

das for data management, enables developers to upload Java files and extract software
quality metrics. The extracted metrics are pregssed using MinMaxScaler, and the
trained XGBoost model generates quality class predictions, offering an automated, user
friendly assessment solution.

3 Results and Discussion

The seven ML models conducted evaluations on the test data through Accurdg-and
cision and Recall and F&core metrics that operated within each quality classes2Fig
presents the performance results.

Accuracy measures the proportion of correct predictions among the total predictions
made. Precision represents the proportiomuwd positive predictions among all positive
predictions. Recall measures the proportion of actual positives correctly identified, and the
F1-Score provides the harmonic mean of Precision and Recall.
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Model Accuracy Precision Recall F1-Score
Logistic Regression 0.68 0.661 0.672 0.666
Decision Trees 0.78 0.762 0.771 0.766
Random Forest 0.802 0.814 0.792 0.803
SVM 0.701 0.682 0.691 0.686
Bayesian Learning 0.62 0.601 0.612 0.606
MLP 0.75 0.741 0.732 0.736
XGBoost 0.82 0.832 0.811 0.821

Fig. 2 Comparison between Models

For understanding the XGBoost model 6s
shows the confusion matrix and the qotass evaluation metrics. It shows the disintegra-
tion of predicted values for the 46,494 samjpethe testing set, divided into threeatjty
classes. The steady results in every class confirm the equal efficiency of the model, ensur-
ing that rigorous verification has been reached because the model does not favor any cat-
egory.

The research developed an Mbwered system for Ja\msd opersource software
project code quality assessment, addressing developer inconsistencylissiablished
essential quality metrics like LOC, CBO, RFC, WMC, LCOM, DIT, and NOC, using
seven supervised ML algorithms for classification and assigratepories as high, me-
dium, and low.

Table 3. Confusion Matrix and PeClass Performance for XGBoost

Predicted Class
Actual Class Low Medium High
Low 12800 1600 1098
Medium 1200 12650 1648
High 900 1923 12675
Per-Class Peformance Metrics
Class Precision Recall F1-Score
Low 0.859 0.826 0.842
Medium 0.782 0.816 0.799
High 0.822 0.818 0.820

This research demonstrates the effectiveness of XGBoost as a machine learning tech-
nigue for Javabased OSS project code qualitysddication. With an 82%ccuracyrate,
it effectively handles OSSD complexity due to contributor knowledge levels and quick
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code modifications. The system's practical deployment confirms its value for Java OSSD
applications by enabling Java file uploadsnfi developers to generate automatic quality
assessment(§ig. 3)

e

Upiasd 2 Java File:

Code Guality Code Quality
Low:Need Refactoring Medium:Need Refactoring

Fig. 3. System output examples for various java file uploads

3.1 Future Works

This research successfully created and deployed a code quality classification system for
Javabased opesource software projects, yet several upcoming research areas would
strengthen its impacAdvanced ML techniques should be investigated for future work to
extend beyond Random Forest methods and neural networks, since potential research
demonstrates that these may elevate classification precision above the current 82%. The
methods could process complex Aovear patterns in software metrics, yet they should
maintain interpretability, which XGBoost provided in this study. Expanding theray®
incorporate Python and C++ programming languages would enhance its impact on the
OSS ecosystem while filling the research gap for rfaitguage quality assessment tools
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4

Conclusiors

The research developed an automated code quality classificastamsfor Javdbased
opensource software projects using machine learning techniques. XGBoost outperformed
other models with 82% accuracy in classifying code quality into high, medium, and low
categories. The system uses seven software quality metricsetssade quality based

on structural characteristics and developer contributions. The study highlights the im-
portance of combining contribution analysis with quality metrics to understand quality
evolution in collaborative OSS contexts
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Abstract. In the era of smart technology, energy efficiency and user comfort have
become crucial in theomain of home and industrial automation. This project, titled
ACLI MATRISMart IRBasedUni ver s al AC Cosentsmam | System, 0
innovative solution that autonest the operation of atonditioners (ACs) based on
reattime temperature monitoring. CLIMATRIX uses a combinatiésensors, in-
frared (IR) transmission, and embedded control logic to intelligently control AC
power, fan speed, temperature, swing, aradie minimizing manualintervention
while optimizingenergy consumptiorthe system continuously reads the ambient
temperature through a DS18B20 digital sensor@mdpares it with a predefined
setpoint. Based on this comparison, it generates approprigigri&s to control
various AC brands, functioning as a universal remote. The IR codes for different
functions are brandpecific and are handled through software libragesuring
compatibility withpopular models like LG, Samsung, Panasonic, and Mitsubis
The prototype was initially implemented using a 5V DC fan as a substitute for an
actual AC unitallowing the team to validate core functionalities such as IR signal
transmission, temperatubmsed control logic, and feedback indication through
LEDs. The final design is scalable and deemsition seamlessly to control real AC
units in household or industrial settin@.IMATRIX bridges the gap between tra-
ditional remotebased control and modern smautomation by offering a lowost,
customizable, andfficient AC management system. Tipi®ject showcases prac-
tical applications in embedded systems, loT, and ersmggciousautomation, of-
fering significant potential for further development and-teatld deployment.

Keywords: Smart Automation, Infrare@ontrol, Energy Efficiency, Temperature
Monitoring
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1 Introduction

In todaydés rapidly evolving world, the dema
ficiency in indoor environments has never been higher. Air conditioners (ACs) are an
essential part of regential, commercial, and industrial buildings, especially in regions
with warm climates. However, despite the wide adoption of AC systems, many conven-
tional models still operate manually or with limited automation. These outdated systems
are not energefficient and often require constant user interaction to maintain desired
temperature conditions. In sensitive environments such as medicine storage rooms, labor-
atories, or server rooms, a lack of precise temperature control can lead to significant
losses, ncluding the degradation of pharmaceuticals or the malfunctioning of electronic
equipment.

As the Internet of Things (I0T) gains traction, smart home technologies have introduced
automated AC solutions. However, these systems are often expensivesmgfid, de-
pendent on cloud services or K connectivity, and not usdriendly for people who are
unfamiliar with advanced technology. This poses a challenge to achieving widespread
adoption of intelligent climate control in ces¢nsitive or infrastructe-limited environ-

ments.

The CLIMATRIX project was conceptualized to bridge this technological and afford-
ability gap. By leveraging the capabilities of the ESP32 microcontroller and integrating it
with a temperature sensor, IR transmitter, and local abintterface, CLIMATRIX aims
to deliver a smart, universal, and standalone AC controller that ensures both user conven-
ience and operational efficiency.

Fans are widely used in areas with moderate temperatures. Although the idea of Smart
Homes has existefdr decades, it has only recently started gaining global populatity
One issue with traditional fans is that while their speed can be adjusted, it must be done
manually. This means users have to physically walk to the farpes$ a button to
change its speednother common problem is that many users forget to switch the fan
of f after wusing it. They often | eave the rc
leads to higher electricity bills and results 8% of enegy being wastefP]. In some
cases, leaving a fan on for too long can even pose a fire risk. Since the motor generates
heat during extended use and the fan body is typically made of plastic, overheating can
cause it to catch fireasily. Using a remoteontrolled system offers a safer and more
convenient solution, as it allows users to operate the fan without direct déh{aét To
make any household appliance smart, arodler is required to act as its central pro-
cessing unit or "brain[2]. In this system, microcontrollers serve as the control unit, and
Arduino is considered one of the most suitable and-eifsttive options for prototype
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dewelopment[3]. Smart appliances not only enhance user comfort but can also provide
valuable support to the elderly and people with disabilifeEnergy wastage is a major
contributor to environmenkgroblems, accounting for about 25% of the factors causing
the greenhouse effef]. To gain a better understanding of sensor technology, studies
were conducted on the DHT22 and #3®04 modules.

When it comes to motion sensingo types of sensors are commonly used. The first
is the Passive Infrared (PIR) sensor, which detects movement by sensing changes in in-
frared radiation caused by objects passing through its detection zone. The second is the
ultrasonic sensor, which emhgh-frequency sound waves and measures the time it takes
for the waves to reflect back from an object, such as a person or a wall, to calculate the
distance The main distinction between the two lies in how they detect presence. A PIR
sensor only responds motion so if a person enters its field of view, it detects the move-
ment. However, if the person remains still or falls asleep, the sensor no longer detects any
activity and may assume the area is empty, causing connected devices like fans to turn
off [7] [9] [10]. The ultrasonic sensor continuously measures distance, so it can detect the
presence of a stationary object. This makes it more reliable in scenarios wheratconsta
presence needs to be monitored, even without movefieatESP8266 NodeMCU was
selected as the main controller for the system. Initially, two microcontrollers were con-
sidered: the Arduino UNO and the ESP8266. One of the key differences is that the Ar-
duino UNO lacks builin Wi-Fi functionality [6]and is almost twice the size of the
ESP8266. The compact size of the NodeMCU made it the preferred choice, as it needed
to fit within the | i mit ednakypitasmallericicgittyde t he
helps reduce power consumptidii-Fi connectivity was not essential for this phase of
the project future enhancements are planned to integrate Internet access. One minor
drawback of the NodeMCU is that it uses a micro USR poupload code, which is
slightly | ess durable compar edUSBport he Ar dui

2 Problem Statement

The key problem identified is the lack of affordable, bramdependent, and easg-use

AC automation systems. Traditional aimchitioners require users to adjust settings man-
ually, which is not only inconvenient but also leads to significant energy waste. Further-
more, usersnay forget to turn the AC off when it's noéededbr leave it running under
inappropriatéemperature contions, resulting in high electricity bills and reduced device
lifespan.Existing smart solutions are not always feasible for the average user due to their
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high costdependence on internet connectivity, complex installation procedures, or com-
patibility limitations. This gap creates a pressing need for a device that can intelligently
control airconditioners without relying on external networks or thpatty ecosystems.

3  Methodology

System Design

This section offers a detailed overview of the CLIMATRIX systgesign, emphasizing

the hardwarearchitecture IR signal processing, user interface layout, as well as testing
and troubleshooting procedures. All elements are carefully integrated to enable smooth
and automated control of air conditioners using liveperature readings he system
analysis phase provided a strong foundation for developing a smart, intuitive, and versa-
tile AC control solutionThe design was centered on automation, riulind compati-

bility, ease of use, and cesffectiveness. The integtion of the ESP32 microcontroller,
DS18B20 temperature sensor, and IR transmitter enabled intelligent control functionality,
with the overall system architecturéth PCB desigrllustrated in Fig1. Feedback from

users was instrumental in refining thgstem, supporting the use of rapid prototyping. As

a result, CLIMATRIX effectively addresses both functional and-fumrctional require-
ments, making it welkuited for modern, temperaturesponsive applications.

Hardware Architecture

The hardware arctdcture of the CLIMATRIX device is designed to ensure efficient and
accurate control of the air conditioning unit. The core components of the hardware archi-
tecture include the ESP32 microcontroller, DS18B20 temperature sensor, LCD, IR LED,
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mechanical p@ntiometer for setpoirddjustmentand LEDs for status indication. The
technologies selected for CLIMATRIX were chosen based on their availapiitfor-
mance, and suitability for offlinautomation:

E il
EI : E% R £ 0000000000000 4 D)}
t

150)

Fig. 1. Schematic of Climatrix Device Fig. 2. PCB Design of Climatrix

The first step in preparing this circuit was to create the circuit using Proteus software.
It is shown inthe attachedFig. 1.The circuit was then converted to a PCB layshawn
in Fig. 2 The PCB isprintedand therthe component is mounted. The components are
listedbelow in Table 1. The output control circuit in this system controthealklectronic
components. This procesapturesall the data captured by the sensors and prowdes
puts relevant to the conditis. Generally, two basic signal systems are usednalog
and digital signal transmission in the electronic control cirélthough it issomewhat
difficult to controlwith analogsignals, the accuracy of tlamalogsignal system isnore
reliable tharthe digital signabased control. So, for this systeamanalogsignatbased
control system is used and the circuit is constructed using only a few simple electronic
components.

Table 4. Components with Specification

Component Specification/Function

ESP 32 Core microcontroller with WFi & Bluetooth capabilities (op
tional for future upgrades)

DS18B20 Sensor Digital temperature sensor with +0.5°C accuracy

IR Transmitter Sends AC commands via encoded infrared pulses

LCD Display Displays current and setpoint temperature

Potentiometer Mechanical counter for adjusting target temperature

LED Indicators Visual feedback for system states (ON/OFF)

Power Supply 5V regulated via USB or adapter
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vcc :
GND

Fig. 3. ESP32 Microcontroller. Fig. 4. DS18B20 Temperature Sensor

ESP32in Fig. 3 is chosen for its processing power,-Wicapabilities (for futurex-
pansions), and versatile I/O ports. It serves as the central unit that processegptra-
ture data, makes decisiohased on the usgrsetpoint, and controls the Aifirough IR
signals.DS18B20 is aligital temperature sensor with excellent accuracy and reliability
shown in Fig4. It is used to continuously measure the ambient temperature in the room.
The sensor commigates with the ESP32 using the One Wire protocol, providing tem-
perature readings that are processed inthees

& o
& )
P ~ I8
‘ Protruding Protruding /'
frontface of 1) frontface of

TSOP1738 TSOP1838

/ our sv our sv
L) GND GND
Anode © ¢ ()
Cathode

Without metallic casing With metallic casing

Fig. 5. 16*2 LCD Display Fig. 6. IRLED Fig. 7. IR Receiver

16x2 LCDshown inFig. 5 with anl2C interface is a crucial user interface component
in the Climatrix system, enabling clear and +&ale visualization of key operational data.
It can display two lines of 16 characters each, which is ideal for showingtesopera-
ture, setpoint values,ystem status, and IR signal feedback. The 12C ({imgrated
Circuit) module significantly simplifies wiring by reducing the nhumbecoffitrol pins
from 12 to just two (SDA and SCL), freeing up valuable 1/O pins omticeocontroller.
This serial commuication protocol enhances scalability and allowdtiple devices to
communicate over the same bus. The backlit display engigikigity in various lighting
conditions, while the compact design integrates seaml@gslythe enclosure. Overall,
this diplay improves usability by providing immediateadable feedback, making the
system more intuitive for usel®. LED is used to send infrared signals to the ACanit
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shown in Fig6, Fig. 7, andFig. 8. The ESP32 controls thi€ED to transmit commands
like power on/off, temperature adjustments, fan spemdrol, and mode selection. The
IR receiver is used to capture signals for testingvatidation of commands.

RECEIVER
IR LED

Fig. 8. IR LED transmis the signal andheIR LED receive the signal

@vee ~
— ! !
i
i, s
f( ) ) g D OUTPUT
\@’ -
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Fig. 9. Mechanical Potentiometer pinout Fig.10. LED Indicators

A potentiometesshownin Fig. 9 is used for adjusting the temperature setpoint. It acts as
an analognterface, allowing the user to manually set the des@egberatureLED indi-
catorsshown in Fig10play a crucial role in providing reséime visual feedback to users
andimproving the overall interactivity and usability of the Climatrix system. In this pro-
ject, multiple LEDs are used for different purposes: a geraugbose signal LEand
threeseparate LEDs to indicate the current fan speed (LOW, MEDIUM, HIGH). The
signalLED briefly lights up whenever an IR signal is received, confirming communica-
tion between the transmitter and receiver. The speed indicator LEDs help thedser

g and the fands operational st at cosmmmamd a
interpreted by the system. This immediate visual confirmation ensuresretigoring

and simplifies troubleshooting during testing. Their low poe@rsumption, higlvisi-

bility, and simplicity make LEDs ideal for status indicatiorembedded control siems

like Climatrix.

User Interface Design

The user interface (Ul) of the CLIMATRIX system is designed for simplicity and ease of
use.The physical interface consisté a mechanical potentiometer for temperature set-
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pointadjustment, and the digital interface consists of the LCD and status TEBfo-
tentiometer allows users to manuadigt the desired temperatigieown in Fig 11. It is
connected to an analog pin dretESP32, and ifgosition is read to adjust the setpoint
accordingly. This provides a tactile interface tlmtasy to use and adjudthe LCD
continuously shows the curreigtmperature, setpoint, and system stdtus.an intuitive
way for the user tanderstandow the system is performing at any given time. The dis-
play updates in real timeroviding immediate feedbaghown in Fig12.

Fig. 11. Potentiometer Fig. 12. LCD Display for Feedback

The green and red LEDs provide visuaks aboutthe y st emés current
simple yet effective feedback mechanism ensures that uaergjuickly understand
whether the AC is cooling or in standby mode.

4 Testing and Results

Testing and debugging are critical steps in ensuring that thRI£LRIX device func-
tions reliably and as expected. The system undergoes rigorous testing at each stage of
development.

a. Unit testing

Each component (e.g., temperature sensor, IR LED, display) is tested individually to en-
sure it functions properly. This halpo identify and resolve any issues early in the devel-
opment process.
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b. System Integration Testing

Table 2. Temperature VS. Time variation according to the Climatrix device AC control.

Time (a.m.) Temperature (§
9.00 30
9.05 275
9.07 25.5
9.10 23.8
9.13 23
9.17 234
9.20 22.9
9.23 23.6
9.25 23
9.29 23.5
9.32 22.9
9.36 23.6
9.38 23
9.42 235
9.44 23
9.48 23.6
9.51 23
9.55 235
9.57 22.8
10.01 23.6

Once all components are integrated, the entire system is testexdfyahat the hard-
ware and software interact as expected. The testing includes checking the temperature
reading accuracy, the response to setpoint changes, and the correct transmission of the IR
signal.When the device is checked for a 24,000 BTU/h A@ itD m x 8 m room with
an input power of 2.3 kW was evaluated under manual control versus automation based
on CLIMATRIX. In the manual scenario, the AC consumed 18.4 kWh and ran continu-
ously for the entire 8 hours. Under CLIMATRIX control with a hysteydxsind (23.0
23.5°C)+0.3°C accuracythe AC operated for only about 65% of the time (approximately
5.2 hours out of 8) and consumed 11.96 kWh. The total consumption was 11.97 kWh,
which included the ~0.0072 kWh overhead of the CLIMATRIX device. Belowelrab
shows the change in temperature overlaar period, and Figl3 presents the corre-
sponding graph plotted using the values from Table 2. Compared to manual operation,
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this represented a savings of 6.44 kWh, or almost 35%. These findings demotisatated
CLIMATRIX significantly reduced unnecessary runtime while consuming less than 1 W

of device power.

lemparature Vs Time

Fig.13. Temperature vs. Time Graph according to the Climatrix device AC control

Energy of the AC in Manual mode = 2.3kW*8h
=18.4kWh

When the AC was used with the CLIMATRIX device, it switched off when the tem-
perature fell below the threshold level, and it started operating again when the temperature

rose above the threshold level.

Energy of the AC after contravith Climatrix device = 2.3kW*5.2h
11.96kWh

0.0009kW*8h

Over head of the Climatrix device
0.0072kWh

11.97 kWh

Total power inClimatrix

18.4kWh- 11.97kWh

Energy Saved
6.43kWh
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(6.44/18.4) *100%
35%

Percentage Saved (%)

System latency was evaluated by recording the instant the DS18B20 sensor detected
the room temperature rising@ke the upper threshold (23.5 °C). The AC was configured
with a setpoint of 23 °C, and the time taken for it to change states was measured using an
indicator LED. The average delay over 25 iterations was 1 s = 0.3 s, indicating that
CLIMATRIX responded quikly and reliably.

To assess communication robustness, a total of 50 IR commands were transmitted from
CLIMATRIX to the AC at 1 m, 3 m, and 5 m in both lioé-sight (LOS) and angled
conditions. Command reception was verified through AC responses. Raljayiation
was confirmed, with success rates of 100% at 1 m LOS, 97% at 3 m LOS, and 90% at 5
m LOS. Performance consistently exceeded 90%, though it declined slightly under occlu-
sion.

A total of 25 IR commands were transmitted from CLIMATRIX to the AGQ| aithin
a range of 3 m and up to an angle of 40 degrees, all commands were transmitted success-
fully.

c. Remote Dashboard Interface

CLIMATRIX leverages ThingSpeak for clotlmased monitoring and control, shown in

Fig. 14 andFig. 15 The ESP32 transmits temp&ure data to ThingSpeak's servers using

a dedicated API key, where it's visualized on a custom dashboard featurhtignesal
graphs and historical analysis. This integration enables remote system monitoring and
control via both web and mobile interfacasnsforming the device into a complete loT
climate solution with secure, accessible functionality from anywhere with internet con-
nectivity.

Curront Room Termperaturs [ - Field 1 Chart 2O0ln Field 1 Chart @ o x

32.75 I —

Celsius

Fig.14. Remote Dashboard Interface Fig.15. Temperature Variation

50



The CLIMATRIX system underwent rigorous testing to assess its performance in au-
tomating air conditioner (AC) control through rdahe temperature monitoring. The re-
sults highlighted the systembés effectivenes
ciency, enhaced user comfort, and broad device compatibilitye views of the Clima-
trix device are shown in Fid6.

CLIMATRIZ

i

- |

Fig.16. Side View of the Climatrix Device

The DS18B20 temperature sensor provided accurate and consistent ambient tempera-
ture readings with a predis of +0.5°C, making it ideal for environments that demand
strict temperature regulation, such as medical storage and server rooms.

The system successfully transmitted IR signals to manage various AC functions
power, temperature settings, fan speed, gpetational modesand demonstrated com-
patibility with several leading ACbrands,such asLG, Samsung, Panasonic, and
Mitsubishi, confirming its universal control capabiligs shown in Fig. 17The ESP32
microcontroller efficiently processed temperatdeda and executed control logic to au-
tomatically adjust AC settings in response to setpoints, reducing the need for manual input
and improving energy efficiency. The 16x2 LQ@bovided reatime feedback on current
and target temperatures, while LED indaa and a potentiometer offered intuitive user
interaction and visibility of system status, as shown in Figlrit8gration testing with a
5V DC fan used as a staimifor an actual AQunitv al i dat ed the systembs
test environment.
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Fig. 18. Realtime feedback

The user manual for the CLIMATRIX system is shown in.Hig§ andFig. 20 A user
manual is essential as it provides clear instructions on how to operate, maintain, and trou-
bleshoot the systewffectively. It helps users understand the key features and function-
alities, ensuring they can make the most of the system while minimizing ekreves|-

written manual enhances user experience and reduces the need for customer support.

52



1. GENERAL INFORMATION : 3.SPECIFICATION :

e I CLIMATRIX is an intelligent temperature monitoring
@] l[]M[ /A\rjn K] W - conditionercontrol system designed (0 maintain  pr

AR IR IANVALJEAN AL AENSARZEEN - |, o mental conditions using real time sensor data and IR ] |
b automation. It is ideal for environments that require . 4
controlled temperatures such as medicine storage rooms,

"Intelligence in Every Breeze."

laboratories, server rooms, or personal indoor climate
management. s A

« Model: Climatrix
« Function:
al time room temperature sensing Temperature ]
Adjustable AC Brands via potentiometer sensor
\djustable setpoint via potentiometer
o Automated air conditioner activation and control via IR
o LCD display for live data visualization
o Manual override and visual status indicators

Display

Temperature
2.INCLUDED COMPONENTS : and AC brand

selector knob
« CLIMATRIX MAIN DEVICE (ASSEMBLED)

« DCPower Adapter

« IR LED transmitter (integrated)
« Signal Indicator LED IR Sender
« DSISB20 temperature sensor (integrated)
\ir Conditioner Control to Ensure Safe, Stable, and « 16*2 LCD display (integrated)
Efficient Conditions—Anytime, Anywhere. ¢ Instruction manual

signal
Indicator

Automated Temperature Monitoring and Intelligent

5V Power
Adaptor

Fig. 19. User Maual

4.IMPORTANT SAFETY INSTRUCTIONS : 6.CLEANING AND MAINTENANCE

Please read all safety instructions before use: + Display and enclosure: Wipe gently with adry n

« Use only the recommended DC power supply (typically 5V ). cloth.

« Do not expose the device to water or high humidity. * Donot use alcohol, solvents, or pressurized alr.

+' Do not open or disassemble the internal component « Inspect the IR LED for dust or obstruction and gently clea
« Avoid placing near strong elec netic sour itif needed.

o Use only in a well-ventilated indoor enviromment, ly check the sensor cable connection for wear.
« Ensure the IR LED has a clear line of sight o the recciver. cool, dry place when not in use.

" ooorer pation when the AC operates. « Avoid operating the device in environments over 50°C.
» Disconnect power before cleaning or ser g.

7. IMPORTANT NOTES AND CAUTION!

5.INSTRUCTIONS FOR USE : « ‘This device is not designed to replace industrial grade
climate control systems.

« Itshould not be used in explosive or flammable
environments.

« Power the device using the supplied DC adapter.
« The screen will di astartup logo, followed by the

room temperature and sef temperature.
Adjust the potentiometer knob (o set the desired AC brand
(LGSAMSUNG, MITSUBISHISHLHAIER AND OTHERS) and eep (hie devico out of reaich of children.
e (beem 6°C 80.90°C): Do not power the device with unregulated voltage sources.
1 the room temperature exceeds the setpoi
system:
1. Activates the Air conditioner m
2.The screen refreshes every 3 seconds with updated

Fig. 20. User Manual
The modular architecture and use of standard components also support scalability for fu-

ture use in both residential and industrial applications. By automating AC operations and
limiting unnecessary runtime, the system demotexiratrong potential for energy con-
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servation, aligning with its objective to reduce electricity consumption and support sus-
tainable practicesThe CLIMATRIX system proved to be a reliable, ceffective, and
intelligent solution, showing strong promise featworld deployment and furthelevel-
opment. The comparison of the existing system and Climatix is shown in Table 3.

Table 3.Comparison of the Solutions

Manual AC
Feature with Remote Smart AC Systems CLIMATRIX
[Temperature Automatiol| i I a I a |
i i a

Brand Compatibility (brandspecific)|| (usually fixed brand) ||(multi-brand suppor

RealTime Temperatu x ~ <

Display ! a a
& i
Internet Dependency ! (cloud-dependent) (offline operation)
[Cost | Low I High I Low |
|Setup Complexity || Low || High || Low |
Low High

Usability for the Elderly Moderate (appbased interfaces) (physical knob, LCD

IRemoteFree Operation || i I a I a |

IR-Based Control a (most use WiFi/loT relays a

5 Discussion

The CLIMATRIX system introducg an innovative approach to automating air condi-
tioner (AC) control by leveraging reéime temperature monitoring and infrared (IR) sig-

nal transmission. By integrating an ESP32 microcontroller, a DS18B20 temperature sen-
sor, and an IR transmitter, the syt offers a costffective, scalable, and energffi-

cient solution for smart AC automation. The core functionality revolves around continu-
ously measuring ambient temperature and comparing it with adefeed setpoint, trig-
gering appropriate IR commantisadjust cooling settings automatically. This eliminates
the need for manual intervention, ensuring optimal comfort while minimizing energy
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wastage. The +0.5°C accuracy of the DS18B20 sensor makes the system reliable for en-
vironments requiring precisertgerature regulation, such as medical storage facilities,
laboratories, and server rooms.

One of the standout features of CLIMATRIX is its universal compatibility with multi-
ple AC brands, including LG, Samsung, Panasonic, and Mitsubishi. By storing brand
specific IR codes, the system functions as a smart universal remote, eliminating the de-
pendency on multiple controllers. This enhances user convenience and broadens the sys-
tembs applicabi |l ieholgsaadacommsrsial settinjsf er ent hous

6 Conclusions

The CLIMATRIXd Smart IRBased Universal AC Control System successfully demon-
strates how embedded systems and automation technologies can be integrated to solve
realworld problems in energy management and climate control. By intelligently moni-
toring ambientemperature and autonomously controlling AC operations through infrared
signals, the system provides a smart, disgependent solution that enhances comfort,
improves energy efficiency, and reduces manual dependency. The prototype phase, uti-
lizihgarcomdi ti oner , effectively validated the s
reattime temperature sensing, IR communication, sidpaeled control, and muliivel

fan speed simulation. This approach allowed safe;dost testing while laying the foun-

dation for full AC integration. CLIMATRIX is designed with scalability and compatibil-

ity in mind, offering support for multiple AC brands such as LG, Samsung, Panasonic,
and Mitsubishi.

Its modular architecture makes it easily adaptable for future upgradtsjing mo-
bile control, WiFi/Bluetooth integration, and clotlihsed monitoringAs future up-
grades enabling secure remote login throughFiMio Climatrix would allow users to
modify device settings and operating modes without direct physical accessd Siate-
grating a scheduling function would allow users to progtiame-bound control profiles
(pre-cooling a room to a set temperature for a fixed duration before automatic shutdown).
Such features would enhance usability, flexibility, and adoptionarwerld.

In conclusion, the CLIMATRIX project achieves its objectives by delivering a reliable,
efficient, and intelligent AC control solution. It stands as a testament to practical innova-
tion in embedded technology and serves as a stepping stone towanded smart home
and industrial automation systems. With further refinement and integration, CLIMATRIX
holds strong potential for widespread adoption and impactful contributions to sustainable
energy use.
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Abstract. Software quality plays an important role in software engineering. Quality
software depends heavily on software testing. Regression testing is essential to this
process and ensures that recent chadgesot affect existing features. However,
regression testing is often tinm@nsuming and resourdetensive. Test Case Priori-
tization (TCP) techniques can be used to optimize the regression testing process.
This research focuses on leveraging machineniegrtechniques to improve TCP
using objecbriented metrics like Coupling Between Objects (CBO), Weighted
Methods per Class (WMC), Depth of Inheritance Tree (DIT), Number of Children
(NOC), Response for a Class (RFC), Lack of Cohesion of Methods (LC@M), f

in, and farout. The dataset is divided into 70% of training and 30% of testing sets
by using data preprocessing and feature selection methods. Then the trained models
were evaluated using performance metrics such as accuracy, precision, recall, and
fl-score. Different machine learning algorithms such as Decision Tree, Random For-
est, Neural Networks, #learest Neighbor (KNN), and Logistic Regression were
compared using objedriented metrics to identify the best approach. Among these
algorithms, the desion tree algorithm outperformed other algorithms. Because of

its ability to handle complex decision boundaries with minimal overfitting and
achieved 71% accuracy. Finally developed the TCP framework using the Decision
Tree algorithm. This framework autatically prioritizes test cases by code metric
values to optimize testing efforts, detecting critical defects early while saving time
and resources. This result highlighted their potential for greatly improving regression
testing efficiency and software glity.

Keywords: Machine Learning, ObjegDriented Metrics, Software Quality, Test
Case Prioritization
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1 Introduction

1.1 Background

Software testing is an important process in the software development life cycle. Here, it is
verified and validated that thefsware application is free from errors, meets the expected
requirements, and efficiently and effectively satisfies uber'srequirements. Effective
testing increases the quality of the software and contributes to deliveringumdity soft-
ware[1].

There are different types of software testing. Each of those software testing types has
its own unique goals. Some of the main testing types are unit testing, integration testing,
system testing, acceptance testing, regression testing, smoke testingtessinigy fuzz
testing, black box testing, white box testing, grey box testing[&tc.

Among these available testing types, this research focuses on regression testing. It is an
essential part of quality assurance in software to perform regressiay tiestnake sure
that the modifications made to the code haven't impacted already existing functionalities.
In most cases, regression test suites increase with increased quality assurance tasks done
or the program being improved. In such a way, the creafionore test cases will make
a test suite effective. However, running a large test suite is expensive, and sometimes it
runs for hours or day8].

One of the most promising approaches to improving test case prioritization involves the
use of objecbriented metrics integrated with machine learning techniques. Concepts in
OOP, like encapsulation, inheritance, polymorphism, and abstraction, are meant to en-
hance the modularity and maintainability of the code; however, they add additional levels
of complexiy that might further deteriorate the quality of softwglle

Objectoriented metrics inform about the structural quality of software. Coupling Be-
tween Objects (CBO), Response for a Class (RFC), Weighted Methods Per Class (WMC),
Depth of Inheritance Tre@IT), Number of Children (NOC), and Lack of Cohesion of
Methods (LCOM), etc., are some of the measures used in estimating complexity, main-
tainability, and probably faulprone areas for different software modytels

This research aims to improve theatity, maintainability, and reusability of software
by finding bugs, ambiguities, and bad smells using machine learning techniques. Various
methods of software defect prediction are applied for the prediction of software defects
using statistical techniggeHowever, machine learning technigues have an important role
in software bug detectidi®]. ML algorithms provide very powerful tools for the analysis
of historical data and for making predictidi$. It can analyze the trend of historical test
data topredict the erroprone nature of code modules in software testing using machine
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learning. These predictive capabilities are then used to schedule test cases that are more
likely to catch errors, hence increasing the efficiency of testing.

This researchdtuses on integrating objestiented metrics such as CBO, WMC, DIT,
NOC, RFC, LCOM, FIN, and FOUT with different machine learning techniques like De-
cision Tree, Random Forest, Neural Networkd\&arest Neighbor (KNN), and Logistic
Regression into test sa prioritization.Decision Tree makes simple hierarchical rules
(critical parameter: max_depth), and Random Forest votes from multiple trees (n_estima-
tors). Neural Networks learn nonlinear relationships (hidden layers, activation functions),
KNN classifies objects based on similarity (k value, distance metric), and Logistic Regres-
sion builds a linear probabilistic model (regularization parametd6{;).7]. Using these
metrics as ML features enables ranking test cases by criticality, improving regtession
ing efficiency, especially in CI/CD environments

This research proposes a test case prioritization framework using thgelfesming
machine learning algorithm. This framework automatically prioritizes test cases by code
metric values to optimizeesting efforts, detecting critical defects early while saving time
and resources. This result highlighted their potential for greatly improving regression test-
ing efficiency and software quality.

1.2 Problem Statement and Research Objectives

Regression testq is very important to maintain software quality in software development.
However, software companiegruggle due to complex code and frequent changés
makes it hard to identify and prioritize test cases effectively, leading to missed defects,
lower software quality, higher maintenance costs, and delayed product releases

Indeed, traditional test case prioritization methods such as coveasgd, history
based, and riskased fail to effectively address the complexities of olpeented soft-
waredesign. Therefore, they are not able to detect and prioritize test cases with a high
likelihood of revealing critical faults early in the testing process. This leads to lengthy
testing cycles, undetected defects, decreased software quality, and highenamie and
delayed release expenses.

This research addresses the need for an improved approach to test case prioritization
that stimulates machine learning to improve the efficiency and effectiveness of regression
testing using an objedriented matrixTo meet the problem statement, the research ques-
tions that have been formulated are as follows.

The main objective of this research is tdevelop an MEdriven framework for auto-
mated TCP by identifying influential OO metrics and optimizing regressioimgestfi-
ciency. The subobjectives of thisesearchareto compareand evaluate the performance
of five machinelearning algorithms for TCHnvestigatehe correlation between object
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oriented metrics and test case failure probabititydformulate, degjn, and implement a
fully automated test case prioritization framework with the -pestorming machine
learning algorithm

1.3 Significance of the Study

Regression testing is critical to software quality but genemadffective due to poorly
prioritized test cases. While there are traditional Test Case Prioritization (TCP) practices,
they fail because of the complexity of modern softw@&le This research introduces a
machine learning (ML) approach with objewiented metrics to revolutionize TA®
addressing the following critical gaps in TCP.

9 Prior research focuses on single ML models with no rigorous comparison. This
study compared five algorithms, namely, the decision tree, random forest, neural
networks, knearest neighbor (KNN), and logistic regies, to find the best for
TCP.

1 Previous work utilizes raw objecriented metrics without considering interac-
tions. In this research, derived features are suggested to achieve improved predic-
tion accuracy.

i Existing ML-based TCP solutions are primarilythre form of experimental proto-
types or conceptual designs. This work bridges theory and practice with the devel-
opment of an operational framework that is specifically designed to be easily inte-
grated into today's development practices.

9 Existing researcks on small datasets (<10K test cases). This framework is verified
on 232K+ test cases on different OO projects.

2 Literature Review

Software testing is very important process in the software development life cyicle
depends on the ability to detect eg@arly in the software development life cycle. Early
detection of defects can greatly reduce costs and improve software quality. There are dif-
ferent types of software testing. Each of those software testing types has its own unique
goals. This researclod¢uses on regression testing.

V. Garousi and J. ZHil] analyzed thategression testing is a critical part of software
engineering. It ensures that new code changes do not affect existing functionality. How-
ever, they showed that regression testing sroftmeconsuming and resourdetensive.

S. Elbaum et al[9] conducted a study fdrest Case Prioritization (TCP) techniques can
be used to optimize the regression testing process so that the most important test cases can
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be selected and executed fittsie testing time can be reduced, and resource usage can be
optimized.

Z. Li, M. Harmanand R. M. Hieron§9] explored thdraditional TCP methods, such as
coveragebased and historgased method3 hey found that these methods iasufficient
to handle ke complexity of modern objecdtiented system$ongqgi Pan et a[10] high-
lighted that recenadvances in Machine Learning (ML) offer encouraging solutions by
leveraging objeebriented metrics (Ex: CBO, WMC) to predict higkk test cases.

M. Z. Khan[11] evaluated tha¥lachine learning algorithms have been very promising
in TCP because they learn from labeled test execution data to forecast test case priority.
They showed thddecision Trees (DT) have been very popular among supervised learning
methodsdue to interpretability, where the cause of prioritization can be interpreted by
testers in comprehensible decision rules. Also, they discussed that Random Forest (RF)
algorithms utilize a set of decision trees, achieving high accuracy at the expense of i
creased computational complexity. O. F. Arar and K. Aji#] discussed that Neural
networks (NN) have been able to model nonlinear relationships and interaction effects
between test case features. R. Malhotra and R.[Blajiésscussed that Logistic Regsgon
(LR) offers a probabilistic model which works well when priorities and test features rela-
tionships are linear. Also, they introduced that thRé&arest Neighbors (KNN) gives pri-
ority to the test cases according to their resemblance to the alreathdlazamples and
is a simple though frequently effective method.

Prykhodko et al[13] showed that higher CBO values are associated w030 more
faults in Java programbl. Khatibsyarbini et al[14] showed thatWeighted Methods per
Class (WMC), comptes method complexity in a class by adding cyclomatic complexity,
with larger values of WMC consistently correlated with larger defect ratss, they
showed thaResponse for a Class (RFC), which provides the number of possible methods
calls, helps todentify classes with complex interaction patterns frequently requiring ex-
tensive testing. These metrics have gained such popularity that they are now part of most
static analysis tools, for example, Eclipse Metrics and SonarQube.

The evolution of TCP tecliues has been critically analyzed in this study, finding de-
velopments from traditional coveragased methods to recent machine leartiaged
approaches incorporating objemiented metrics.Although ML-based approaches
demonstrate better fault detectjsignificant gaps still exist. Such constraints underscore
the need for detailed empirical evaluation and applicable models that span theoretical re-
search and industry practice. This research endeavors to address this through its juxtapo-
sition of machindearning methods, extended feature engineering, and continuous imple-
mentation against large test scenarios.
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3 Methodology

The proposed approach consists of several steps as follows.

1. Datacollecton-The dataset was obtained idsbam Kaggl
taset for Sof t wiécontaind obfegbeentéd cdié metricstandicog-. 0
responding test execution data collected from multiple oemce Java projects, to-
taling 232,468 instances with 53 features, which were used for training &nd.tes

2. Data preprocessing- The dataset was preprocessed through duplicate removal and
handling missing values (median imputation). To resolve class imbalance, SMOTE
was applied. The features were normalized throughWtx scaling, and highly cor-
related netrics were reduced through feature selection (RFE and correlation analysis).
A few interaction features (e.g., CBO x WMC) were also created for improving pre-
dictability.
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Fig. 1. Research Methodology

3.Data splitting - The preprocessed data wesplit into 70% training and 30% test
sets, enabling robust model evaluation.
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4.Model training - Five machine learning algorithms, such as Decision Tree, Ran-
dom Forest, Neural Networks,-Kearest Neighbor (KNN), and Logistic Regres-
sion, were trained in thisesearch using the training datadéyperparameter opti-
mization (via grid search) andféld crossvalidation were performed to ensure
generalization. The models were then evaluated using standard performance met-
rics (accuracy, precision, recall, i8toe) computed with scilkilearn evaluation

functions.

5.Model evaluation - Then the trained models were evaluated using performance

metrics such as accuracy, precision, recall, anddete[15].

6.Algorithm comparison - Each model is compared using tiealuaéd results to
get the besperforming model. Among them, the Decision Tree outperforms the

other models.

7.TCP framework development- Finally, using the begterforming machine learn-
ing algorithm (decision tree), developed the TCP framework. This frameaunrk
tomatically prioritizes test cases by code metric values to optimize testing efforts,
detecting critical defects early while saving time and resources.

4 Results and Findings

4.1 Performance Comparison of Machine Learning Algorithms

To identify the best madte learning approach for Test Case Prioritization (TCP), the
study carried out an extensive comparative analysis of five prominent supervised learning
algorithms. They were tested for four key classification measures: accuracy, precision,
recall, and Fiscore to thoroughly understand their performance in test case prioritization.
The comparative results are provided in Table 1 and also plotted graphically 2 Fig.

Table 1.Performance metrics of machine learning algorithms

Algorithm Accuracy (%) Precsion (%) Recall (%) F1-Score (%)
Decision Tree 71.55 69.42 80.11 74.38
Random Forest 64.21 66.09 58.51 62.07
Neural Networks 61.42 59.98 68.86 64.11
K-Nearest Neighbor: 62.94 61.94 67.31 64.51
Logistic Regression 51.81 51.39 68.66 58.78
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A oneway ANOVA test indicated that the Decision Tree's superior performance was
statistically significant compared to other models (p < 0.05). To enhance clarity, Table 1
results were also visualized in a bar chart (Fig. 2).
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Fig. 2. Comparativeperformance of ML algorithms (graphical representation of Table 1)

Decision Tree performed the highest accuracy with 71.55%, significantly outperform-
ing other approaches. Also, it reflects its competence in managiAgeanrelationships
among objecbriented metrics and test case priority. The Random Forest model was
ranked close but with lower recall, which suggests a sensitivity vs. precisioroffade
Neural Networks and KNN were both ranked as medium perforienstal Networks
underperformed du® overfitting on the imbalanced data, while Logistic Regression un-
derperformed due to ndimear feature interactions inherent in objedented metrics.

These results affirm that Decision Trees are most appropriate for TCP because they are
interpretabé and demonstrate wddbalanced performance.

4.2 Correlation Analysis of Object-Oriented Metrics

The study analyzed the predictive power of eight okgeieinted metrics, including CBO,
WMC, DIT, NOC, RFC, LCOM, fafin, and farout.
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Feature importance rankings

As shown in Fig. 3, faiin and WMC emerged as the most influential metrics for predicting
test case priority, followed by famut and DIT.The metrics of CBO and NOC demon-
strated moderate importance levels. The analysis revealed that RFC, togeth€®dh
exhibited minimal impact on test case criticality rates.

Object-Oriented Metrics

0 5 10 15 20 25 0
Importance (%)

Fig. 3. Feature importance of OO metrics for test case prioritization

Correlation Heatmap Analysis

-0.25

fanout

~a.7n

Priarity - 003 001 001 o.oa 0.01 a.nz 0.0z 0.01 -
' i ' 0 0 " —1.00

N

o

Fig. 4. Correlation heatmap of OO metrics
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Fig. 4 illustrates the correlation heatmap, where-éam and CBO are perfectly correlated
(1.00), while RFC shows strong correlation with both CBO and WMi@heritance met-

rics (DIT and NOC) have very few correlations with the other metrics, and LCOM is fairly
isolated, with only moderate correlation with WMC (0.43)

4.3 Framework Validation Using APFD

The efficiency of the framework was validated by both quantitative APFD scores and
gualitative interface inspection. The employed system provides:

1 User Interface Layer: Interactive wekbased interface for both single test case anal-
ysis and batch pressing. It includes input boxes for the major obfmatnted met-
rics, a file upload option for batch processing (CSV format), and visualization of the
decision process.

1 Machine Learning Core: The model was trained on 232,468 test cases with ebject
orienied 33 metrics. The model produces probability scorel) @at numerically
quantify the priority of each test case, allowing for effective high/low priority dis-
tinction for regression testing optimization.

1 Decision Visualization: The framework supportsiferactive decision tree visuali-
zation, and the users can navigate levels deep.

According to the APFD computation the 88% of errors emerge early during test suite ex-
ecution. This demonstrates that the framework can optimally execute tests forfaaitlier
detection during testinflL6]. For example, in a Java project module having high WMC
and fanin values, the framework prioritized critical test cases that detected three major
defects early in the iterations, which reduced debugging effort.

5 Discusson and Conclusiors

This study bridges the practitkeory gap between the needs of software testing and ma-
chine learning theory and presents a practical contribution within the field of Test Case
Prioritization (TCP). Through a comparative analysis orrgelacale of five mature ma-
chine learning algorithms, such as Decision Tree, Random Forest, Neural Networks, K
Nearest Neighbors, and Logistic Regression, the study identifies Decision Trees as the
most appropriate model for ranking test cases in olgjéented software systems. It per-
formed better with 71.55% accuracy.

One of the greatest contributions of this study is demonstrating how interaction terms
among objecbriented metrics (Ex: CBO x WMC, DIT x RFC) can greatly improve the
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predictive power of rachine learning models. These results provide a new direction for
feature engineering for test optimization research and practice.

The framework obtained a high APFD of 0.88, which further confirms its efficiency at

detecting faults earlier during the tpsbcess. The metric provides a reproducible baseline
and adds a solid empirical component to future studies on regression test optimdgation
validated in Section 4.3 with APFD score (0.88), this provides strong empirical evidence
for early defect deteion.

In conclusionthis study proposes a scalable and effectivebdsed TCP method that

extends the frontier of software quality assurance theory and practice. By applying ma-
chine learning and feature engineering, it enhances the effectiveness dfioegresting
and provides a basis for its future use in CI/CD and agile environments.
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Abstract. Al chatbots in healthcare represent a significant advancement that
enhances service delivery while reducing workload fortheate professionals. Yet
empirical research in lovand middleincome countries remains limited. This study
evaluated patient satisfaction and usability of the NH Smart Health Assistant, a spe-
cialist referral chatbot developed inhouse and deployed atIbkavBlospitals, Sri
Lanka.To evaluate patient satisfaction and usability of the chatbot and to explore
the relationship between these two constructs, a-sexdnal survey of 400 out-
patients assessed demographics, usability (UMlitX), satisfaction, anfidence in
recommendations, and privacy concerns-$thiare tests, correlations, and regres-
sions identified predictors of satisfaction, reuse intent, and usability study re-
vealed high overall satisfaction (85.5%) and strong intent to reuse (90.RE%i)
usability score was 82.0(£16.2). We identified data privacy(OR=3.14) and confi-
dence in chatbotds recommendati ons (OR=1.96)
faction. Intention to reuse was positively associated with higher education, prior
chatbotuse, ease of use, and data privacy (OR 4.1, 4.0, 7.4, 2.9). Viewing data pri-
vacy as secure boosted UMtLte by ~18 points, while being educated up to A/L
added 11 more (all p < 0.08)/e demonstrated that healthcare chatbots achieve high
user satisfactio. Successful integration depends on building user trust rather than
demographics or prior experience of chatbots. Multilingualism, voice interaction
support, and data transparency are recommended to sustain engagement when scal-
ing Al nationally. Future reearch should broaden demographic sampling beyond
urban populations to inform generalization strategies.

Keywords: Healthcare Chatbot, System Usability, Patient Satisfaction.
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1 Introduction

Artificial Intelligence represents a transformative force in contaany healthcare, fun-
damentally altering service delivery and patient interaction througtirié¢n chatbots
powered by Natural Language Processing and Machine Learning algorithms. These con-
versational agents function as automated digital assistanttfegeewith users, provide
information, assist in preliminary symptom evaluation, and facilitate navigation through
healthcare systems, including guidance towards appropriate specialist referrals.
Healthcare chatbots primarily serve two main functionslifattihg remote health services
including patient support, education, behavior modification, care coordination, and
providing administrative support for healthcare providérL].

Given the rapid rise and integration of artificial intelligence in heatdéhcevidence
suggests these technologies contribute to improved patient experience metrics by reducing
wait times for basic information, providing 24/7 availability, reducing hospital congestion,
minimizing nonessential outpatient visits, reducing hoalpieadmissions, improving pa-
tient engagement, and streamlining pathways to specialized3jaiy automating re-
sponses to common queries and handling large amounts of data, chatbots alleviate work-
load pressures on healthcare personnel, allowing theladizate more time to complex
clinical taskq3].

The successful integration of Al chatbots into routine healthcare practice depends crit-
ically on user acceptance, which is significantly influenced by perceived usability and pa-
tient satisfaction. Researemphasizes the importance of intuitive interaction design, per-
ceived accuracy and reliability of information, user trust in the technology, adaptability
for diverse demographics, and robust privacy and security assurances for sensitive health
data[371 6]. Prior studies also emphasize that usability and satisfaction are moderately in-
terrelated but contextependent [4,5], warranting localized investigatitudies demon-
strate that response time, language complexity, conversational capabilities, emotional in-
telligence, persona presentation, and alignment with user experience principles all contrib-
ute significantly to user perception and engagement, with resistance to Al often stemming
from perceived lack of empath$, 4, 7].

While these dimensions have beewdstigated in higlincome countries, a notable re-
search void exists concerning chatbot usability and patient satisfaction withimmholw
middle-income countries, including Sri Lanka. Within the Sri Lankan healthcare environ-
ment, characterized by humamtered healthcare delivery traditions, Al chatbot adoption
remains in early stages with no published studies evaluating the integration, performance,
and patient reception of Alriven patient guidance chatbots within Sri Lankan hospitals.
This absence dbcalized data creates a significant knowledge gap regarding patient per-
ceptions, potential barriers, and overall congruence with existing healthcare seeking be-
haviors and expectations in Sri Lanka.
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The recent introduction of the NH Smart Health Assisthiatbot at Nawaloka Hospi-
tals represents the first largeale implementation of its kind in a hospital in Sri Lanka,
developed specifically to cater to perceived healthcare seeking behaviors of Sri Lankan
patients. The technical foundation of this-pdweed chatbot consists of a Python
backend using LangChain's RAG modules with a Chroma DB vector database storing
medical guidelines and specialist profiles, generating embeddings from patient symptom
descriptions to identify relevant clinical patterns adigiwith specific medical specialties.
Realtime communication is handled through a React frontend connected via WebSocket
protocols, creating persistent bidirectional connections that enable instantaneous message
exchange and natural muttirn symptom cléfication dialogues. The ertb-end pipeline
processes patient inputs through the language model, queries the Chroma DB for relevant
clinical guidelines, and accesseshanneling links filtered by redime availability
through Flask WebSocket APls mairagasynchronous communication.

The NH Smart Health Assistant aims to streamline the specialist referral process, offer-
ing time and cost savings for patients, evidebased guidance over wead-mouth, and
improved resource efficiency for healthcare itusibns. However, adoption in Sri Lanka
faces challenges such as varying digital literacy, preferences fetofé@ee care, the need
for multilingual support, and building trust in data privacy and algorithmic relialjd]ty
Concerns about potentialdgocuracies in symptom interpretation and referral misclassifi-
cation highlight the need for ongoing validation and overdigjht

This study addresses a critical gap in evidence around Al chatbot usability and patient sat-
isfaction in Sri Lankan healthcat@he nati onds st r-centgredicareadi t i on
diverse digital literacy levels, and unique cultural expectations demand localized research
rather than reliance on data from higlsome settings. Given that user satisfaction with
chatbots varies acss context§6], this implementation offers a timely opportunity to gen-
erate locally relevant insights. Beyond academic relevance, the findings inform clinical
practice, technology acceptance, and policymaking. Thus, potentially serving as a model
for othe low- and middleincome countries navigating similar digital health transfor-
mations.

The research question guiding this study was: To what extent do usability and satisfac-
tion determine acceptance of a healthcare chatbot among Sri Lankan outpatientsi? Ac
ingly, the primary objective of this study was to assess both usability and satisfaction with
the chatbot, while also investigating the correlation between these two constructs in the
Sri Lankan healthcare context.
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2 Methodology

A descriptive crossectbnal study was conducted at Nawaloka Hospitals, Colombo, from
February 28 to March 30, 2025, targeting outpatients using the NH Smart Health Assistant.

The sample included 400 patients aged O18
ience sampling. Exclusion criteria covered numers, unwilling participants, acutely ill
patients, or those with cognitive or IT literacy limitations. Sample size wadaigldws-
ing a 50% satisfaction rate compensating for the unknown prevalence, 5% margin of error,
and 95% confidence level, yielding 384(rounded to 400). Convenience sampling was
used, recruiting outpatients who interacted with the chatbot duringuitie geriod. The
guestionnaire was structured into five sections: demographics, chatbot usability (UMUX
Lite), satisfaction ratings, confidence in chatbot recommendations, and privacy concerns.

A questionnaire on Google Forms captured demographics, ig@UMUX -Lite), sat-
isfaction, confidence, and privacy perceptions. UMU was chosen for its brevity and
reliability. Data collection spanned 8 weeks, with pilot testing on 10 patients. The ques-
tionnaire was adapted from validated usability and satisfamstruments (UMUXLite,
SUScorrelated scales) and refined through pilot testing for clarity and cultural appropri-
ateness in the Sri Lankan context. Satisfaction was measured uspwjrd bikert scale
covering courtesy of chatbot, confidence inomeendations, perceived privacy, and
overall satisfaction.

Descriptive statistics summarized frequencies and means. Inferential analyses included
chi-square tests, Spearman’s correlations, and regression models (linear for usability, lo-
gistic for satisfagon) to identify predictors. For analysigriables were dichotomized to
simplify the logistic regression and avoid sparse data issues: education (Advanced Level
or higher vs Ordinary 148 yead), priorchathet Lse (gyer, age
Vs never), and priviacgt pee c et asghiity edésX cur e 0
were also dichotomized wusing a [11hSigniB-hol d of
cance was set at p<0.05. Data were analyzed using IBM SPSS v27.

Ethical approval was obtained from Nawaloka Hospitals Rels@adt Education Foun-
dation Ethics Review Committee. Informed consent was secured, ensuring anonymity,
confidentiality, and voluntary participation was enforced.
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3 Results

3.1 Overview

The study sample consisted of a median age of 36.45 years (SD = 12.3)irexhikight
skewed age distribution (skewness = 0.46, p < 0.001), indicating a higher concentration of
younger to middleaged adults. The largest age subgroup wagd3§ears (32.5%), fol-
lowed by 2635 years (29.75%), while seniors aged 66 and above expeesa small
minority (1.75%). Gender distribution was nearly balanced, with females constituting
50.25% and males 47.5% of the sample; 2.25% preferred not to disclose their gender.
Educational attainment was diverse, with 45.25% having completed Adl/aeswvel
education, 31.5% Ordinary Level, 18.75% tertiary education, and 4.5% primary education
or below. The education variable showed no significant skewness (skews2$2,9 =
0.305), reflecting a relatively even distribution across educationaklevel
Overall, users rated the chatbot highly for its courtesy (87 %). Users were frequently
confident in the recommendations made by the chg#®b %), and they mostly found
data handling by the chatbot secure(67.6 %). Rrserof chatbots clustered hetdigitally
advantaged: 68 % of 185yearolds, 64 % of men and 73 % of tertiary graduates had
used chatbots, versus 14 % of adults 066 ye
with only primary schooling (al/l ] p < 0.0

3.2 Assessment of Patient Satfaction with The Chatbot

Overall Satisfaction

Intent to Reuse Chatbot

Somewhat Satisfied [ 41.75
Neutral | 8.5

Somewhat Dissatisfied = 4.5

Very Dissatisfied l 1.5
0

10 20 30 En) 30
Percentage of Respondents(%0)
Fig. 1. Overall Satisfaction and the Intent to-Ree the Chatbot
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Satisfaction was high: 85 % of respondents
4.22 + 0.89 on a-point scale). Raise intent was evestronger: 90 % said they would use
the chatbot again.

Reuse intent was independently predicted &
bot experience (OR-udsed4 . (DR, aper.dei,veokreeseed

X
a 2.9) and male gender (OR & 2. 8)

3.3 Assessment of The Usability of the Chatbot

Percdved usefulnessvas uni formly high (mean 4.36 K 0
agreeo) . Ratings did not vary by age or gen
significant educational gradient emerged where Ordinary Level(O/L) and Advanced
Level(A/L) educated respondents gave the highest scores, whereas tertiary graduates

found it slightly | ess wusef timne uessjendersed . 2 6, [
usefulness marginally more than prior wusers
Easeof-useratingswer e uni formly high (mean 4.33 N
agreeo) and showed no significant differenc

experience (all )] O 1.30, p O 0.51).
Mean UMUX-Lite usability was high (82 + 16) and skewedvard the upper range.
Scores differed modestly by subgroup: the highest means occurred in the yourigest (18
25 years, 87) and oldeenior brackets (36 5 year s, 85 O afmge 66 vy,
adults (4655 y) scored lowest (78). Afeducated respondentutperformed those with
only primary schooling (83 vs 70). Overall, usability perceptions were favourable across
the cohort, with only mild dips in middieged and primary educated users.

3.4 Assessment of the Factors Influencing Usability and Satisfactioand the
Correlation between Usability and Satisfaction.

Usability. A multiple linear regression model was developed based on how the results of
chi square testing demonstrated the variation of usability. This was targeted to predict
UMUX-Lite scores basedn demographic factors (age, gender, education, prior chatbot
use) and key user experience metrics (confidence in chatbot recommendations, perceived
courteousness, and perceived privacy safety).

Ref erence categories: Aiprirmadroy foorr bpeliovacc ye d uvoad
0.492, R2 = 0.242, Adj R? = 0.222; SEE = 14.66; F (10, 389) = 8.1, p < 0.001. Multicollinearity:
VIFs 1.7/ 6.1 and condition indices < 15 indicate no problematic collinearity.

Table 1.Predictorsof Usability (UMUX-Lite scae)
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Predictor B+ SE b t p

Up-to GCE O/L +10.9 £ 3.7 31 2.92 0.004
Up-to GCE A/L +11.0+ 3.6 .33 3.02 0.003
Higher education +7.3+£3.9 17 1.89 0.060
Privacy fineutr +9.24 + 3.0 .16 3.07 0.002
Privacy fm@atfle +17.6 £ 2.2 A7 8.12 <0.001
Privacy fivery +17.5+2.0 .52 8.76 <0.001
Courtesyperceived (Yes) +4.23 +2.22 .09 1.91 0.057

Multiple linear regression showed that perceived data security and education were the only
independent predicts of usability (F = 8.1, p < 0.001; adj R2 = 0.22). Compared with

users who felt the chatbot was fAnot secur e,
secure scored & +18 UMUX points (p < 0.001)
a +9 poiMOL)(pCompleting O/ L or A/L increas

< 0.01); tertiary education (+7 points, p = 0.06) and courtesy of the chatbot language (+4

points, p a

0.06)

of fered a

smal l er,

recanmendations (not in table) were not significant once privacy and education were con-

trolled.

Satisfaction. Similarly, for overall satisfaction, a multivariable logistic model was fit-

ted with

t he

binar

y outcome

S a t all sther re-d

sponses = 0). Predictors were chosen from the significant or theoretically relevant factors

identi fied

in the

G] screeni

ng: perceived

tesy, education (A/L or higher vs O/L or below), pricre (eer vs never), gender (male

vs ot her)

and

ai g5eyeafsOTohwwid gparsercells, dat privay was

collapsed to secure (mostly/very secure) versusseotre, yielding sufficient counts in

every cell.
Table 2. Predictors of overall satisfach.
Predictor Adjusted OR (95 % ClI) Wal d p
Privacy secure 3.14 (1.85 5.33) 22.1 <0.001
Confidence in rec 1.96 (1.117 3.46) 5.9 0.015
ommendations
Courtesy (Yes) 1.52 (0.87 2.63) 2.2 0.14
Educatio 1.31 (0.75 2.29) 0.9 0.33
Prior chatlot use 1.27 (0.67 2.42) 0.6 0.44
(Ever)
Male gender 1.19 (0.661 2.15) 0.4 0.52
Age O 46 0.91 (0.48 1.73) 0.1 0.80

75

mar gi n

d

(Aver

-

C



I n the multivariable model (LR 6] = 38. 6, [
factors independently predicted satisfactipre r cei vi ng t he chatbotds
cure (aOR = 3.1, 95 % CI 1.8.3) and having confidence in its recommendations (aOR =

2.0, 95 % CI 1.43.5). Other factorswerenemii gni fi cant (al | p O 0. 1:¢

The Relationship Between the Usability(UMUXlite) and Perceived Satisfactiorwas
explored using Spearmands rank correlation
positive correlation between UMUKite scores and satisfaction ratings¢S@r mandés |} =
0.446, p < 0.001).

5 Satisfaction Score
x 1

Very

x

2

x 3

4 4
5

Satisfaction
Very Dissatisfied 5
Satisfied)

a

20 40 60 80 100
UMUX-Lite Score

Fig. 2. The RelationshiBetween the Usability(UMUXite) and Perceived Satisfaction

3.5 Potential Areas for Improvement in Chatbot Functionality

Openended comments were overwhelmingly favourable. Most respondents used positive
terms such as fAgood, 0 fabexdidtly graisedrthe Bverallc el | e n't
fexperienceo. Users asked for Sinhala and T
ferred voice interaction over typing(n=11), noting that speech input would help visually

impaired or less teehavvy patients. Only scateed r emar ks referred to r
service tweaks; no systematic complaints about speed, navigation, or diagnostic accuracy
emerged.
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4 Discussion

This pioneering crossectional evaluation demonstrates that ardAli ven ANH Smar
Heal t h As sdcteveavery higl acaeptance in an urban, middieme setting.
| mportantly, this studyods findings directly
satisfaction were positively correlated, yet distinct constructs. This indicates that enhanc-
ing usalility alone may not guarantee higher satisfaction unless trust and privacy concerns
are addressed simultaneous¥ounger, male, and more educated individuals represent
early adopters of Al chatbots. These insights highlight the need for targeted sradegie
enhance digital inclusion and trust among older, female, and less educated populations to
optimize equitable chatbot utilization. More than fdifths of attendees reported good to
excellent usability (mean UMUXite 82/100) with high usefulness (83%) and ease of
use (92.3%). Users were satisfied (86 %), and 90% expressed a clear intention to reuse the
service. Regression demonstrated perceived data security (+18 UMUX points) and level
of education (+11 points) were the most influential factorkigh usability. Perceived
data security (aOR a 3.1) and confidence in
the odds of overall satisfaction, while an |
pendent predictor of demuste imaeaeintti { @ ORo Ar &l.
between UMUXLite scores and satisfaction ratings were observed as expected. Users ex-
pressed the desire for Multilingualism and voice interaction support in the Al chatbot as
potential improvements.
Urban Sri Lankansalue fast, lowfriction access to specialist advice. The chatbot fa-
cilitated this expectation and it was reflected in the exceptionally high reuse intent.
Strengths of the study were, deployment in routine clinical workflow; a sample size (n
= 400) adeqate for multivariate analyses; and use of UMUixe, which correlates
strongly with the System Usability Scale and minimises respondent burden. Although pre-
vious studies often report varying correlation between usability and satisfaction, our study
found amoderate positive correlation. This may reflect contextual differences in Sri
Lanka, where patients value not only ea$eise but also trust in recommendations and
data privacy as separate determinants of satisfaction. Hence, even if usability iathigh, s
isfaction may not peak unless these other factors are addressed.
Limitations temper generalisability. Participants were predominantly young, highly ed-
ucated, and digitally literate. Rural compuliégracy rates in Sri Lanka remain below 40
%, potentialy limiting external validity. Convenience sampling within a single private
hospital introduces selection bias, and the-itwm UMUX-Lite, while efficient, is not yet
fully validated for clinical chatbots. Finally, these outcomes werersplirted; objedte
measures of clinical impact were beyond scope.
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5 Conclusionrs and Recommendatiors

This study is the first to evaluate an-@habled specialist e f er r a | chatbot in
healthcare setting. The usability was high (mean UMLit& 82/100), 86 % of ussmwere

satisfied, and 90 % intended to reuse the service. Based on our results, future healthcare
digitalization through chatbots should adopt data privacy, accuracy, antbeasy in-

terfaces as their flagbearers while catering to the educationabfethel target population

rather than other demographics such as age, gender or prior chatbot use. Moving forward,
approaches such as multilingualism, voice interaction support, and data transparency are
recommended to sustain engagement when scaling idinadly.

Our conclusion is consistent with the research objective, demonstrating that usability
and satisfaction, while related, are independently influenced by data privacy and trust in
chat bot r ec doummioritlea aré recanamernied as futlesearch interests.

First, a controlled comparison between the chatbot guided and conventional referral path-
ways should be undertaken to quantify effects on waiting time, costs, and downstream
clinical outcomes. Second, an accuraeajidation loop is neede@ach automated referral
ought to be audited against the specialisté
both patient and clinician, enabling iterative optimisation of the algorithm. Third, external
validation across rural and publector stings is essential to determine whether the high
usability observed in this urban, digitally literate cohort can be reproduced in populations
with lower computetiteracy and different carseeking patterns. Finally, the platform
should be expanded to inde Sinhala and Tamil interfaces together with optional voice
input and output, thereby improving accessibility for older adults, users with limited liter-
acy, and those with visual impairment. These steps will strengthen the evidence base, en-
hance equityand guide responsible, scalable integration of conversational Al into Sri
Lankads healthcare system.
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Abstract. Industrial fruit farming is generally done in a huge open field, which of-
fers a large area for plants to grow. These orchamlmaintained with high preci-

sion and with the timely application of fertilizers and pesticides to ensure higher crop
yield. But across the globe, mostly in countries which are situated in tropical and
subtropical regions (such as India, Sri Lanka, Brazd,), fruit orchards that culti-

vate fruits such as Mango, Guava, Banana, Lychee, and fig attract frugivorous bats
in harvest time. These bats consume the fruits and cause significant harvdjt loss
Although harvest loss due to bats is a major problermers cannot eliminate these
pests because they are an endangered species and help agricultural activities such as
pollination [2]. Therefore, farmers need an effective method to prevent bats from
entering fruit orchards without harming them. This Desigoject focuses on de-
signing a bat deterrent system that is expected to turn on automatically at night and
emit an ultrasonic acoustic fiettiat both echolocating and necholocating bats

are sensitive to

Keywords: Echolocation, Frugivore, UltrasanFrequency

1 Introduction

Agricultural production plays a critical role in supporting global food security and driving
economies, particularly in countries heavily reliant on agricultural exports such as Sri
Lanka. I't i s decl arabdgs ofthe status ef frat crop industey inih Cr it i
Sri Lankad that Sri Lanka was able to produ
fruit farms and export 90% of the harvest to, the Middle East and the Maldives while
earning an income of US$35.7 milli§8]. However, pest management remains one of the
most significant challenges for farmers worldwide, affecting both yield quality and quan-
tity. Among these pests, fruit bats have emerged as a notable concern for commercial
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mango orchards. Known for theiocturnal activity and high mobility, fruit bats damage
mango crops by feeding on ripe fruits, leading to considerable economic losses for farm-
ers. Traditional methods for mitigating this damage, such as netting, chemical repellents,
or manual monitoring,re often laboiintensive, costly, and environmentally unsustaina-
ble. Frugivore bats pose a significant challenge to crop production in fruit farms. While
bats are ecologically beneficial due to their roles in seed dispersal and pollination, their
consumpibn of fruit in orchards can result in considerable financial losses. Research con-
ducted by the University of Colombo has revealed that a bat can conse#8eKif of

fruits [1], [4], [5]. According to research conducted in India Karnatak area, apart from
damaging fruits, extensive feeding of fruit bats on tender twigs of Robusta coffee leads to
drying of fruitbearing branches, which leads to crop loss from 8988%. They found

that fruit bats consume nearly 50,000kg of litchis per annum, and the danmiigees to
increase at a rate of 10% annugéy.

Fig.1. Damaged fruit from a Banana orchard of a sreedlle farmer in Ragama

According to the survey | conducted, many Sri Lankan orchards, from-soadd to
industrial level fruit orchards, have fat¢his problem(Fig. 1), and most of them were
unable to find a solution. Farmers have lost minimum of Rs. 30,000 worth of harvest per
season.

1.1 Bat Echolocation Mechanism and Ecology

Bats are flying mammals that forage at night and help in pollinatiorreTdre two types

of bats according to their diet, such as insectivore bats and frugivore bats. Frugivore bats
consume fruits, while the diet of insectivore bats consists of insects. While some of the
frugivore bats use visual and olfactory senses to finitf most of them use rudimentary
echolocation to locate food. Echolocation is a biosonar system that is used by some animal
species to navigate and locate food. From frugivore bat species Rousettus leschenaultia,
Cynopterus brachyotis and Rousettus a¢iggus use echolocation to forage, while Ptero-

pus gigantus, Cynopterus sphinx use olfactory and visual sensesdmaiocating) to
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capture their food. Apart from this bat species, the main frugivore bat varieties that have
been found in Sri Lanka are Ripus giganteus and Rousettus leschenaulti [1], [7]. From
those bat species, Rousettus leschenaulti or Indian False Vampire Bat, is a bat species
commonly found in Sri Lanka and known to be one of the most widespread bat species in
the country that couldebfound in all six bioclimatic zones. Additionally, this bat species
has the highest individual count in our country. Compared to the echolocating mechanism
of insectivore bats (which is a laryngeal echolocation), the echolocation mechanism of
frugivore bds is weaker, as it is a rudimentary form of sonar. Both echolocating and non
echolocating bats are found to be sensitive to the ultrasonic sound frequency range [8],
[9], [10], [11].

As shown in Fig2(a) and (b)Rousettus aegyptiacu®r instance, pragces clicklike
signals with durations of 0i@ms and peak frequencies ranging from 12 to 70 [Ri6f
Despite the simplicity of their echolocation systems, these bats demonstrate effective ob-
stacle avoidance, raising intriguing questions about the umagyechanisms. The ech-
olocation calls oR. aegyptiacuandR. leschenaultiare less intense and shorter in dura-
tion compared to insectivore bats that [is. This poses challenges for detecting return-
ing echoes, particularly in cluttered environments.
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Fig. 2(2) Fig. 2(b)

Fig. 2. (a) shows the time duration of a click{b) shows the peak frequency range of a bat echolo-
cation click of a bat from genuousettus (R. aegyptiacysp]

Apart from the mentioned echolocation altonic frequency ranges, it is stated that
Rousettus leschenaultses echolocation frequency between 19 to 35 kHz, which contains
both single and double click$2].

According to[8], [9] the nonrecholocating bats, such &sdolon helvurmand Cynop-
terus bachyotisthe hearing range of the bats are relatively flat (x4 dB) between 3 kHz
and 45 kHz, with energy above background level up to 100 kHz.
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In a study conducted to research a possible bat repellent mechanism using ultrasonic
clicks produced by the PeatoButterfly, it is found that the ultrasonic clicks of the pea-
cock butterfly, which are very similar to t
rienced bats, but after repeated exposure, the bat did not react. This shows that exposure
to the samérequency for a long time can lead to habituafitsj.

1.2 Current methods that are followed to prevent those challenges

Efforts to address the challenges posed by bats in agricultural settings have spanned a
range of strategies, each with varying levelswicess and limitation@able 1) These
strategies include visual deterrents, netting, chemical repellents, and ultrasonic devices.
Visual deterrents such as reflective materials, scarecrows, and predator decoys are
among the simplest and most ceffecive methods employed by farmers. The premise
is to create a visual stimulus that mimics a threat, thereby discouraging bats from ap-
proaching orchards. However, bats are intelligent animals capable of learning and adapting
to their environment. Studies haghown that while visual deterrents may be effective
initially, their efficacy diminishes over time as bats habituate to the stimuli, but research
conducted in 1984 has found that using floodlights to deter bats can be successful 90%
time[14]. And in resarch conducted in 2023 also found that the damage from bats could
be minimized using LED lightf5]. But this might not be 100% effective because some
bat species rely on echolocation rather than relying on vision for navigating and foraging.
Netting is amore robust approach, acting as a physical barrier that prevents bats from
accessing crops. While netting can be highly effective in protecting specific areas, its im-
plementation poses significant challenges. The cost of installing and maintaining mets ove
large agricultural areas can be prohibitive, particularly for selle farmers. Addition-
ally, improperly installed nets can inadvertently trap and harm bats and othtargen
wildlife, raising ethical and conservation concefis).
It is mentionedn [15], [16], [17] that the conflict between the fruit growing industry
and frugivore bats is a problem in many countries such as Malaysia, Israel, South Africa,
Cyprus and Australia, and the government has legalized bat culling as an easy alternative
to using deterrents. This action has been criticized internationally and, a recent red list
assessment of this Pteropus species reclassified it from Vulnerable to Endangered. There-
fore, Bat culling is not an ethical or environmentally friendly way to redineedamage
[2].
Ultrasonic deterrents represent a more technologically advanced approach, leveraging
bats' reliance on echolocation for navigation and foraging. These devices enfitehigh
guency sound waves i ntended ltes, detenringghrefher e wi |
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from entering fruit orchard areas. However, existing ultrasonic deterrents have several
limitations. Many devices are designed for general animal control and lack the precision
needed to target bats specifically (for example:-&12M Outdoor Bird Bats Deterrents
Ultrasonic Dog Raccoon Pest Repeller with PIR Sensor, Ultrasonic Solar Powered or USB
Charging Deterrent Animal Farm Insect Repeller). Furthermore, continuous noise emis-
sions can lead to habituation, reducing their iergn dfectiveness. In some cases, people

also could hear the deterrent noise which makes the device ledsersdly, most of them

are designed for indoor use. These shortcomings show the need for a more sophisticated
system that adapts to the unique chakengf orchard environments.

Table 1. Pros and Cons of Current methods and proposed solution to repel bats.

Parameters Netting Light Existing Ultrasonic  Proposed Ultrasonic Bat
Deterrent  Bat deterrents repellant system

Effectiveness = Moderate Low Low High

Habituation -- Yes Yes No

Eco-Friendly Moderate Yes No Yes

Durable Moderate No No Yes

Cost Effective Yes No No Moderate

Scalability High Low Low High

2 Methodology

A survey was conducted in the first phase of the research to get a clear idea about th
amount of damage done by bats to the fruit orchards. In this phase, a Google form was
designed with a questionnaire and was sent to fruit farmers around the island, and this
survey was designed with both Sinhala and English language options so mowe peopl
would be encouraged to fill the form.

As bats are nocturnal animals, they tend to attack fruit orchards at night. Some Fru-
givore bats use their olfactory and visual senses to detect foraging spaces, while others use
echolocation for navigation and foiag. And it has been found that even the segho-
locating frugivore bats such as Eidolon helvum and Cynopterus brachyotis are sensitive to
the ultrasonic sound frequencies [8], [9]. Therefore, two methods have been used to deter
frugivore bats;
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1 Emitting Ultrasonic frequencies to disrupt the echolocation ability of frugivore
bats
1 Turning on an LED Light to disrupt the visual senses of bats.
The major frugivore bat species in Sri Lanka RrdeschenaultiaPteropus Gigantus

andCynopterus sphynxhese bat produce clickike signals with durations of G.ams
and peak frequencies ranging from 20 to 50 KH}, [11]. Therefore, the ultrasonic wave
frequency that bats are sensitive to, should also be in between 20 to 50 kHz and the 100
dB Sound Pressure ldwe which both echolocating and necholocating bats are sensi-
tive. Ultrasonic Speakers in the Ultrasonic Ranging ModuleSRD4[18] were taken to
emit the repelling frequency. The specifications of the Uttnacsspeakers are mentioned
in Table2.

Table 2. Specifications of the Ultrasonic speakft8].

Electrical Parameters Description
Working Voltage DC 5V
Working Current 15mA
Emitting Frequency 40 kHz
Maximum range 4dm
Minimum range 2cm

Beam Angle (Half angle 15°

An LDR sensor is used to detachether it is day or night, because bats are active only
at night and therefore the system is designed to determine whether it is day or night and
turn on automatically at night. Most Industrial Fruit Orchards are in dry zones, therefore
using Solar panbOW and Leaehcid rechargeable batteries for power supply is energy
efficient (approximately 9 devices can be powered by using one rechargeable battery). The
device is determined to be programmed using an Arduino Uno board.

The DC output of Solar Panekplends solely upon the sunlight it receives. The sun
light varies with the time and different weather conditions. Therefore, as shdvig B,
the DC output of the solar panel could vary with tii2#].
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Fig. 3. DC Output of a Solar Pangl1]

To maintain a constant voltage output the PWM (Pulse width modulator) adjustment
was implemented in the system of the device. In PWM, the controller changes the duty
cycle of the pulses which it receives from the solar panel and modulates pulse width con-
tinuouslyand output constant voltage, enabling efficient harnessing of solar energy.

Generally, the process of a satellite dish is to collect broadband signals into the LNB.
To reflect the highly directional ultrasonic sound waves in a broader area and to enhance
coverage, a parabolic concave dish was implemented in the {&8]giihe speaker was
placed away from the focal point to defocus the sound waves to spread out to cover a
broader area of tree branch&8]. The dish should be made from a material witmadath
yet hard surface to minimize sound energy loss (aligning with 1% absorption loss), and
sound pressure level (SPL) while enhancing the reflecfi2@y. Polished aluminum was
used to build the disfTrable 3)

Table 3. Summary of the components in ttievice and their functions.

Device Components Function

Ultrasonic Speaker To emit the Ultrasonic sound frequency
LDR Sensor To detect Day and Night time

Amplifier Adjust the frequency range

Pulse width modulator (PWM) modulates pulse width continuoysind output
constant voltage

Parabolic dish Enhance the coverage area by reflecting soul
waves

Solar Panel To generate electricity by solar power

Arduino Uno Board To write the program

Two field trials were conducted in our garden where bats cofe@sbon over Banana
harvest before installing the parabolic dish.
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3 Discussion

The development of the Ultrasonic bat repellent device addresses a significant concern of
Industrial fruit farmers, particularly in mango, rambutan and banana orchards, where ba
infestations lead to substantial economic losses. The proposed solution uses the principles
of acoustic interference and behavioral disruption by targeting the sensitivity of bats to
ultrasonic sound waves.

According to the data gathered in the survewas found that over 20% financial loss
happens peyear due to the damage by bats (Fig.T4e survey has shown that the indus-
trial fruit farms have lost a minimum of Rs. 200,000 per year due to bat damage. An in-
dustrial fruit orchard in southern praxie had lost approximately 400 Tom EJC mango
fruits during harvesting period in one day. Although farmers implemented different meth-
ods to prevent bats from entering the orchards, they failed and the maximum loss was
found to be Rs. 150,000 per year in@TEJC mango orchard situated in Ampara.

A5

= Less than 5% = 5-10% = Jan -April = April - Aug
10% - 20% = More than 20% = Aug - Oct = Oct - Dec

Time around the year where bats
cause damages the most

Fig. 4(a) Fig. 4(b)

Fig. 4. (a) financial loss caused by batarding to the surveyp) Time around the year where
bats cause damages the most
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Trigger: Activate Bat
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Ultrasonic sound wave deter bats
L End: Reset QJ

Fig. 5. Flow chart which represents process of UltrasoniclBderrentSystem

The farmers have taken steps towards protecting their harvest by implementing differ-
ent methods to reduce damage done by bats, such as using netting, sound deterrents, light
traps, and even cutting down the trees in which bats residke Isurvey most of them
have voted their methods to be useless, and a least have voted it them to be somewhat
accurate. There was no fruit farm in the survey that had not been attacked by bats.

Fig. 5 shows the process of the Ultrasonic Bat repellant deBimth echolocating and
norrecholocating fruit bats were found to be sensitive to ultrasonic sound frequencies be-
tween 20 kHz to 50 kHz. The device aims to repel fruit bats by emitting sound waves in
that specific frequency range. The frequency emittethbydevice can be adjusted using
an amplifier to avoid habituation.

The circuit of the ultrasonic bat repellent device shown in&-ltps been developed.
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Fig. 6. (a)Block diagram of the components; (b) Circuit of UltrasonicBeterrentSystem.

LDR sensor ———*

4 Conclusiorns

The solafpowered ultrasonic bat repellent device has been designed as a potential sustain-
able, ecefriendly solution to deter bats from fruit orchards using ultrasonic sound waves
with a frequency between 2 kHz 2ith 100dB SPL. Whiléhe theoretical framework

and design components have been carefully developed.

The device has been tested a few times in field conditions. Upcoming experiments will
focus on evaluating its effectiveness, range, and environmental impact. Based onshe stat
of the research, the device was effective in 2 conducted trials. However, more researches
are required to study and cover the echolocating aneeabalocating bats in Sri Lanka,
and more trials should be done in different fields to check the effeetgasf the device.
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Abstract. Optimizing space utilization in manufacturing plants is crucial for enhanc-
ing production throughput, particularly in buffer storage zones where products must
be temporarily stored between processes operating at differes. Conventional
single layer storage methods are often unable to accommodate fluctuating produc-
tion outputs leading to bin overflow and inefficient use of available space. This paper
presents the development of a midiyer bidirectional gravity onveyoi based
storage system designed to maximize buffer zone capacity within a compact foot-
print. The proposed system integrates three levels of gravity flow beds with a com-
pact vertical conveyor for continuous movement of bins between levels, eliminating
the need for forklifts for loads up to 100 kg. The system was designed to occupy a
floor space of 7 m x 3 m x 6.5 m and achieve a maximum storage capacity of 6 tons.
Finite element analysis (FEM) was used to verify structural reliability, confirming
streses and deflections within safe operating limits. Compared to conventional sin-
gle-level storage, the proposed system achieves up to three times higher storage den-
sity. The design ensures a scalable and energy efficient storage system with high
throughput.

Keywords: Bi-directional gravity conveyoBu f f er z o n eCoptipubismi zat i on
storage/retrieval

1 Introduction

In the dynamic manufacturing industry efficient material handling and storage solutions
are essential for optimizing production operations. Batch production lines generate large
volumesé wor k i n process inventory creating
can absorb rate fluctuations][ Traditional buffer zone storage floor stacking and single
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level static racks fail to leverage available vertical space andrefieon forklifts increas-
ing labor costs and safety riskg.[

Industrial storage solutions have evolved from simple pallet racking to automated sys-
tems. Pallet racking introduced the ability to stack items vertically but still depends on
powered lift trucks for accessa leaves underutilize®]. Automated Storage and Re-
tievalSs t ems ( AS/ RS) and shuttle based solutior
put by integrating conveyors, robotics and control systems yet they need high capital and
maintenance costs and often require extensive bay modificaBpns [

A multi déeeploadk A/ RS introduce that wuses
present loads to a single S/R machid This design minimizes rack footprint and re
duces travel time for the S/R unit, however throughput is constrained by the accelera-
tion/deceleration cyes of powered conveyors and energy consumption remains high.

A bi directional flow rack system introduc
site directions allowing direct storage and retrieval on the same raclsfadéhile BFR
improves selectivity ver single face flow racks it nece

ends consuming additional aisle space and introducing traffic conflicts in confined pro-
duction areas.

Xiaofei Kou et al. §]. propose a parallel storage system combining vertical scvaw
veyors, rail guided vehicles (RGVs) and bel
trieval . Their configuration minimizes unit
pacity yet the reliance on powered conveyors and RGV infrastructure leadsificasign
energy use and fl oor space occupation.

Broers & Balk [f/] develop helical conveyor buffers that use spiraled paths to both store
and transport products within a compact vertical envelope. Although these corekeyors
fectively utilize height, they ragre a high initial investment, complex control systems,
and higheenergy consumption compared to passive gravity alternafivess hut t | e b as e
AS/RS where autonomous robots and multilevel conveyors dynamically allocate storage
slots B]. While deliveringhigh throughput and flexibility thiapproachdemands substan-
tial capital for robots, power infrastructure and centralized controls making it less viable
for smaller b at A Mmultievebwertical tconweyor spstem rernpsoying
continuously loping supportplatformsguided by rails was introduced laté.[ These
platforms interface with transfer devices to move units between levels, achieving dense
vertical buffering but requiring motors on each tier and complex synchronization to main-
tain smoth operation.

Despite these advances a gap remains for a storage solution that achieves high density
and throughput without relying heavily on powered conveyors, robotics or extensive in-
frastructure. This study addresses this gap by proposing a-DMyki Bi-Directional
Gravity Conveyor Storage System that uses the vertical space within buffer zones through
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the integration of three stacked gravity conveyor levels with a compact vertical conveyor.
The gravity conveyors are centrally hinged and hydrawjicadtuated to achieve a con-
trolled 4° tilt enabling bins up to 100 kg to move by gravity for both storage and retrieval.
The design leverages passive motion, controlled sequencing and compact vertical transfer
to maximize density while minimizing energyeuand eliminating forklift dependence.

This research aims to develop a flexible and adaptable storage solution that maximizes
vertical space utilization in buffer zones, reducing the overall floor footprint required for
storage and provides an enegfficient alternative to conventional powered AS/RS sys-
tems.

2 Methodology

2.1 Bi-directional gravity conveyor rack Design

[ GRAVITY CONVEYOR BFD & RACK DESIGN METHODOLOGY ] [ VERTICAL CONVEYOR DESIGN METHODOLOGY ]
¥ ¥

[ Detemmme Number of Rollers Supporimg the Bm ] [ Defme Number of Camers and Ther Load (based on bm siac) ]
¥ ¥

[ Determine Bearing Loads and Select Bearings J [ Calenlate Load per Carrier and Total Load on Chain J
¥ ¥

[ Determine the Tipping Auge for the Sckeeted B Sia: ] [ Select Cliain rive é Sprockets (based on load, torgue) ]
3 3

[ Thesign the Roller ] [ Determine Motor Size & Speed Requitements ]
v ¥

[ Design Roller Ted Tilting Mechanism ] [ Tresign Chain Connector ]

[ Select A pproptiate Iydraulic Cylinder ] [ Desig the Carties ]

[ Tesign Support Frame Channels ] [ Design the Carrier Cuside ]

[ Desin the Center Hinge ] [ Desian Structural Frame for Carvier Support ]

( Select & Fvaluate Rack Commns for Duckling & Bending, ) [ Perform TTA on Critical Components )

[ Desum the Telescopie Mechanism j [ Fsume Infegration with Gravily Comvevor Levels j

[ Dsizn the Bin Spacer Mcchanism j

[ Terform FEA on Critical Components ]

|

[ Assembly Integration J

Fig.1. Design methodology

The design methodology was structured into two primary subsygtgsl). the bidi-
rectional gravity conveyor racknd the vertical conveyor system. The process for each
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followed a systematic approach from requirement analysis and conceptual design to de-
tailed component selection and validation

Design parameters The bidirectional gravity conveyor rack was designeithva bed

length of 5 m, hinged at the center to allow tilting. It accommodates storable bins with a
maximum size of 600 x 400 x 320 mm and mass up to 100 kg, and a minimum size of 600
x 400 x 200 mm with mass up to 65 kg. To ensure stability, each biriaimsi contact

with at least three rollers, supported by a roller base width of no less than 600 mm. The
frame channels are rated for a dynamic load capacity of 1 000 kg, while the total dead
wei ght of each bed i s r es ttegratedttoeprbvent tater@ 500 Kk
material displacement during operation, and bed rotation occurs about the central hinge to
enable controlled kiirectional flow.

Gravity roller layout design Different configurations of roller bed layouts were evalu-
ated with he number of rollers supporting the bin ranging from 3 to 20. A double row
configuration with a 100 mm pitch layout was selectetdany given time 8 rollers will

be in contact with the surface of the bin. The working load on each roller is.125 N

The inclination angle of the gravity conveyor
0 0 0O 0O O

WhereFy is the Gravitational force componert; is the rollingresistance of the roller
Fur is the bearindriction, andFyis the kineticresistive force on the rolleBetting accel-
eratior{a)=0 in the dewed equation below solves for the minimum angle to initiate mo-
tion.
Acceleration of the bins
o .. RicO® Al i oa & i &0 —
w Q ORI — - — e

1 a i a a Q

The tilt angle required for motion initiation was calculated for a{aighsity polyeth-
ylene (HDPE) rollewith a 70 mm diameter, 100 mm length, and a 6200 LLB (Light Load
Ball) bearing, the roller massdés =0.311 kg, with n=10 rollers. THeearing friction co-
efficient is ¢&=0.-@deddesigh@AD @ath, the monew of mertia e r
is @0.94kgmn?. In the absence of specific rolling resistance data for HDPE, a resistance
coefficient of 0.70 mm is assumed

To control terminal glocity to a maximum of 1.5 m/s, magnetic break rollers are placed
on either side in the middle of the gravity conveyarcording to the papdd0],

0 O 0 0 O O
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Where Fis the resisting force inthe brakeroller, i s t he Coef ficient of
Degri s the distance between the roller center
is the relative velocity between the copper disc to the permanent magdeaiss the gear
ratio of the multiplier.
O o C

Considering the physical constraints of the mechanism, the tilt angle of 4 degrees is
selected. The resulting acceleration i® EIAI OICAOIA ©F OOACE DI
™ eO AT BDEAROAGIAIOMRCERT M@ ¢ ™ OI O 8
Gravity roller design. The different configurations of roller material and diameter are
evaluated with the inclination angle equation using MATLADPE material was se-
lected as the roller material since it had sufficient strengglar resistance, toughness and
cost effectivenes$200 LLB bearingvas selected. Has a static load limit of 435 N which
is higherthan the required loaahd since four bearings are in a row it is effective against
moderate impact loads. The rolleragthis designed considering the load parameters of a
single roller withS275 JO grade mild steel
Gravity roller bed frame channel design The structural support for the roller bed was
designed for the worgtase loading scenario. Comprehensive load tatlons across all
bed positions identified the highest stress condition when the bed is horizontal and loaded
on one side, resulting in a maximum bending moment of 2.303 kNm on a single channel.
The minimum required section modulus was calculated fromtlue, leading to the
selection of a standard CH 80 x 8 channel (687> 11-1980) for the frame design.

0 0
o 1 SUo g

Fig. 2. Bin flow control mechanism

Hydraulic cylinder selection. The hydraulic cylinder mounting points were optimized
through kinematic analysis tift the roller bed. The base mount was fixed at 1.25 m hor-
izontal and 0.5 m vertical from the pivot, and the rod mount at 0.75 m horizontal from the
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pivot, minimizing the required stroke and forée iso standard 602R hydraulic cylinder

with 50 mm boe 22 mm rod diameter with MP5 mountings provides a controieijfee

tilt angle for the gravity conveyor beds enabling storage and retrieval from a single point
Rack structure design.Static stress, buckling and deflection calculations were performed
with 3d free body diagram with nodal loads to compute the maximum stress of each pro-
file. The minimum section modulus of each section was calculated and standard sections
were selected for the desigkccording to the calculations, the ISO 65419182 standat
hot-finished 120 x 80 x 5 mm rectangular hollow section was selected as the column pro-
file, with a 300 x 300 x 20 mm base plate.

Telescopic Bed and Stopper Mechanism Desighhe telescopic bed was designed to act

as a dynamic bridge between the vertamiveyor carrier and the fixed gravity roller bed
(Fig.2.a). It was designed to handle a 140 kg dynamic load and extend 500 mm. The piv-
oting stopper roller assembly is located at the end of the telescopic rails. The rollers pivot
down under bin load andtten to their stopping position via a tension spring once the bin
passes. This provides a purely mechanical stopping mechanism without requiring sensor
intervention.

Bin Spacer and Sequential Flow Control MechanisnDesign.A passive mechanical
system was ekigned to maintain consistent spacing betweendsiriee gravity conveyor

(Fig. 2). The device is a symmetrical levieased mechanism installed at intervals along
the conveyor length. The roller on one side pivots down under the bin load, creatipg a sto
for the next bin. It returns to its original position via a tension spring once the bin passes.

2.2 Vertical conveyor design

Design parameters.The vertical conveyor was designed with a maximum load capacity
of 100 kg per carrier, supported by a total ofrfoarriers operating along the system. It
provides a vertical lift height of 4.5 m with sprockets limited to a maximum radius of 0.6
m. The conveyor operates at a controlled speed of 0.1 m/s, while tensioning is achieved
through the bottom sprocket, whielats as a gravithpased tensioner. Each carrier has a
selfweight of 20 kg, and the bottom sprocket assembly contributes an additional 100 kg
to the system mass.

The total load on the driving side of the chainThe total load acting on the driving side

of the chain was determined by considering the combined effect of loaded and empty car-
riers, as well as the chain's seléight and the bottom sprocket, which functions as a ten-
sioner. To account for resistance, frictional effects were assumed to be 20&ongt th
driving load. Combining these factors yielded the total design logab{E139.82 N.

Chain selection.The chain bracket shearing calculations were performed and the mini-
mum diameter needed for the chain pin was determined. The chain type wasidsdeed
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on the tension requirement and the shear strength of the chain pin, since the carrier is
connected to the chain through the chain bracket and the chain pin.

Total power needed The required power was calculated based on this force and the de-
signedspeedv= 0.1 ms'.

0€0VRINAACA © Tp & TP T p&a

Applying application factor&1 = 1.25, for variable load with mild shocK, = 1.5, for
periodic lubricationKs = 1.1, for 10 hours per day

0Qi 08 Qioc gy p& L Ppd PP YL

Drive Train Selection. The vertical conveyor is driven by a 1.1 kW motor coupled to a
cyclo gear drive, providing an output torque of 4770 Nm to overcome the calculated de-
mand. This drive train rotates a X@bth sprocket directly mounted dme output shaft.
Power is transmitted to the carrier assembly via an endless loop of 20 B roller chain.
Tensioning and Idler SystemThe bottom sprocket functions as an idler to maintain chain
tension. It is mounted on a 60 mm diameter shaft supporteallby bearings. The entire

idler sprocket assembly is mounted within a shaft block that restricts its rotation but allows
vertical movement. The assembly is hung under gravity, providing an automatic and
maintenancdree tensioning solution for the chainive.

Carrier design. The carrier was designed to accommodate the bin size and the layout of
the carrier is designed to pass through the telescopic bed and the roller conveyor at the
bottom (Fig.2.c). Load calculations were performed considering thé pdiots and load
conditions. The carrier bed profile and the shaft parameters are selected based on the val-
ues.

Chain-Carrier Connection. The carrier is connected to the chain at four points. The two
middle connection points feature a 2 mm longitudinat. SRubber bushings installed at
these mounts ensure the connection returns to its neutral position during Sinaight
travel, dampening vibrations and ensuring smooth engagement.

Linear guide. The load supported by each guide roller is calculated cemsgifull load
conditions. A Ugrooved roller with sufficient load capacity is selected, along with the rail
section.The primary linear guide consists of an 8 mm round mild steel bar. Each carrier
linear guide features 8-grooved rollers, fixed with eemtric nuts to adjust the contact
and facilitate easy dismantling. A secondary rear guide roller, fabricated from a 20x20x3
mm hotrolled steel angle profile, ensures the carrier bed remains horizontal throughout
its entire loop trajectory. The main veglcconveyor frame rigidly supports both guide
structures.
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2.3 System Integration and Operational Workflow

[N || I |

1] 1 — ] - — ]
il‘\‘llﬁil
_ﬁll——ll

Fig. 3. Design of the multiayer gravity conveycebased storage system

@

Fig. 4. Design of the vertical conveyor (a) and the gravity rack (b)

The sytem operates on a Last in First Out (LIFO) principle increasing space utilization
within the defined footprint. A combination of limit switches, sensors and pneumatic/hy-
draulic actuators governs the operational sequence.

Storage Operation The system feates two infeed points (Fig.3): one on the rigand

side of the gravity rack and another on a powered roller conveyor positioned between the
rack and the vertical conveyor. The storage sequence is initiated upon the placement of a
bin at an infeed poinfThe powered roller conveyor transports the bin to aafipmed
position adjacent to the vertical conveyor. The target gravity bed is inclined at 4 degrees.
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The vertical conveyor lifts the bin to the designated storage level (Fig.4.a). At the storage
levd, the telescopic bed extends 500 mm. As the carrier passes through, it precisely trans-
fers the bin onto the gravity conveyor bed. The bin moves along-tieg4e inclined
gravity bed until its impact energy is absorbed by an elastic shock absorberendthe
stopper (Fig.4.b). An active stopper mechanism ensures sequential spacing between bins.
The first bin depresses one end of the stopper, causing the other end to lift and act as a
barrier for the subsequent bin, preventing collisions. This procesawesiuntil the level

is full. Once a level reaches its capacity, a counter signals a pneumatic actuator to lock the
stored bins in place, securing them for storage.

Retrieval Operation. To retrieve a bin, the target gravity bed is inclined to 4 degrads, a

its telescopic bed is extended. A sensor near the telescopic bed triggers the retraction of
the pneumatic actuator, releasing a single bin. The active stopper immediately engages to
halt the following bins, maintaining orderly sequential movement. &leased bin moves

down the inclined bed onto the extended telescopic rails. The last three rollers on this rail
pivot to act as a stopper, ensuring the bin is correctly positioned for acquisition. The ver-
tical conveyor carrier collects the bin from theesglopic bed and transports it downwards.

The bin is discharged onto the powered roller conveyor, which transports it to the outfeed
point for collection.

Finite Element Analysis (FEA).Critical components from both subsystems including the
roller bed framechannels, rack columns, carrier brackets and structural connections were
modelled in SOLIDWORKS 2021 software. Static structural FEA was performed to vali-
date the design, applying operational loads and boundary conditions. The analysis focused
on evaluatig factors of safety against yield and quantifying deflections to ensure they
were within functional limits for reliable operations.
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3  RESULTS AND DISCUSSION

3.1 Finite Element Analysis (FEA)

Name. [Type T win Thax = T
= Type | i [ax
Stresst ON. St 0.000N/mm"2 (WPa) . S4ON/mm° 2 (wPa)
- I' o e s l‘ o l‘;x_ ke Displacementt URES:  Resultant Dsplacement | 0. I)(X.ln:v\w ooimn
L | l N
| & i:
Roller-Static 1-Stress-Stress1 Roller-Static
Fig. 5. Roller stress and displacement FEA
Name [ Type | Min [ Max
Streass. Upper bound swisl snd bending | 0.0CON/mm"2 (MPa) | 114.681W/mm 2 Name | Type. | Min | Max
Flement: $ (wPa) Displacement1 Iukzs: Resultant Displacement | 0.000mm 1.155mm
Bement: 102 Node: 69 Node: 405
A
= LB
| 53 | &=
s
base trame-Static 1-Stress StressS. base frame-Static 1-Displacement-

Fig. 6. Rack structuré&Jpper bound axial and bending and displacement FEA

[ Type Min Twax Name. [ Type | in
Im_s Resultant Displacement lomn vvvvv l Stress? Iu«w noR1 l 2 546N/ 2 (WPa) l“ BGIN 2 (WPa)
7981 et 34101 et 14006
E |
vertical comeor structure-Static 1-Displacement Displacement vertical conveyor structure-Static 1-Siress-Stress?

Fig. 7. Vertical conveyor structure static analysis

The structural integrity of critical components was validated through Finite Element Anal-

ysis (FEA)and manual calculationgs shown in Fig5, the maximum von Mises stress

was found to be 6.54 MPa at the shaft mounting pdiné maximum deflection is 0.003
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mm at the middle. The design of the roller is considered safe siacketlection of 0.08
mm for a B0mm length does not exceed 1/500 of thenspa

Fig. 6 shows the stress and deflection results of the rack structure considering the max-
imum capacity of the live load and force exerted by the hydraulic cylinder. The maximum
bending moment calculated for the channel section was 2.303 kNm, produgé&ak a
stress of approximately 114.7 MPa. This value lies well within the allowable stress for
S275 JO when applying a safety factor of 2.

The supporting structure of the vertical conveyor was analyzed under the combined
dead load and live load (4 fully Ided carriers). The results are shown in Fidrhe stress
and deflection values were found to be within the material limits of S275 JO steel. Maxi-
mum deflections were less than 3 mm along the vertical span ensuring that the carrier
guides remain alignedhd functional. The FEA results of the assembly closely matched
the analytical predictions done by manual calculations.

3.2 System Performance

The finalized design successfully meets all key objectives. Thelaydti design provides

three distinct storage lels within a 7 m x 3 m x 6.5 m floor space. This configuration
triples the storage capacity compared to floor stacking occupying the same factory floor
area. The integration of limit switches, sensors and sequenced pneumatic/hydraulic actu-
ators enables ctinuous and automated storage and retrieval from a single access point,
reducing manual labor and improving throughput. The use of gravity for bin conveyance
significantly reduces energy consumption compared to fully powered systems. The inte-
gration of a ompact vertical conveyor with gravified storage levels makes the solution
modular and expandable, supporting gradual implementation in existing facilities without
major plant modifications. The controlled tilt angle and magnetic brake rollers ensure safe
and predictable bin velocities, while the FEA results comprehensively validate the struc-
tural reliability and safety of the entire system. Future work focuses on experimental val-
idation through a scaled prototype, particularly to confirmveald friction coefficients,
braking effectiveness, alignment tolerances under continuous operation and the integration
of a programmabile logic controller (PLC) based automation.

4 Conclusions

This study presented the design and development of a-Maydr BiDirectional Gravity
ConveyorBased Storage System to address the critical challenge of dptirttie storage
densityin manufacturing buffer zoneshis system effectively triples the storage capacity
within a compact floor space of 7m x 3m x 6.5m compared teergional storage achiev-
ing a total capacity of 6 tonKey innovations include the use of three vertically stacked
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levels of bidirectional gravity conveyors acting as dynamic storage beabined with

a continuous vertical conveyor for efficient binrtséer between levels. The gravity con-
veyorshinged centrally and tilted to a precisely calculated 4° angle via hydraulic actuators
enablingbin movement solely through gravity for both storage and retridVasg elimi-
natesthe need for forklifts for binsp to 100 kg. This passive movement princigleng

with controlled deceleration using magnetic brake rollers and active stopper mechanisms
ensures safe and sequential LIFO operation while minimizing energy consuriytiiten.

the system has been validasedhlytically and numerically, future work focuses on exper-
imental testing through a scaled prototype to evaluatewedtl performance validation.
Overall,the system provides a highly scalable, enasfiicientand spaceptimized solu-

tion for continuoustorage and retrieval in buffer zorershancing throughput and reduc-

ing operational costs associated with traditional methods.
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Developmant of an Intelligent Night-Time Obstacle
Detection System for Vehicles

S. Wijerakshithand Isuru Lakmal

NSBM Green University, Padukka, Sri Lanka

Abstract. Driving at night presents serious safety risks because of the decreased
visibility, which is a contributing factor i disproportionately high incidence of
traffic accidents globally. The inability of current car safety systems to function con-
sistently at low light levels leads to a serious weakness in current technology. The
goal of this project is to develop a protatyghat combines RGB and LiDAR cameras

to identify obstacles in real time while driving at night. By combining the advantages

of both sensors, the system uses sensor fusion techniques to provide accurate and
dependable detection under a range of lightingdd@ns. Additionally, based on
detected obstacle data, fundamental obstacle avoidance mechanisms like braking or
steering adjustments wil/l be put into place.
racy, dependability, and potential safety enhancemexgsrienental testing will be
conducted under simulated Idight conditions. By improving vehicle perception
and decisiormaking skills during nighttime navigation, this project advances intel-
ligent transportation systems.

Keywords: Low-Light Obstacle Detgtion, LIDAR sensor, RGB Camera, Night
Time Driving, Autonomous Navigation, Intelligent Vehicle Systems, {\sgi-
bility Navigation

1 Introduction

Night driving is one of the most dangerous conditions for drivers with radically di-
minished visibility and homan response slowed down. Contributing to a lesser per-
centage of total traffic movement but still accounting for more thamédshes in night
conditions [1]. The most prevalent factors are diminished peripheral vision, compro-
mised depth perception, longeaction time, and headlight glare factors that radially
impair the detection of obstacles, particularly small or-redtective ones. To sur-
mount these challenges, sophisticated perception systems combining Light Detection
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and Ranging (LIDAR) and RGB caras have gained increased popularity. LIDAR
provides highdensity 2D spatial mapping irrespective of environmental illumination

[4, 5], best suited for geometric obstacle detection. However, its performance would
be compromised by loweflectance surfacesnd noisy environments. Conversely,
RGB cameras provide rich contextual features like color and texture but suffer from
inferior performance degradation under conditions of low lighting because of under-
exposure, glare, and shadows [4, 7]. New vehicles Haver assistance systems such

as adaptive lights, thermal imaging cameras, and ultrasonic sensors. These are utilized
to enhance safety in specific situations but normally are not accurate enough to detect
low-contrast or small objects when driving &t [8, 9]. Besides, being costly, this
hardware is not suitable for leweight or instructional autonomous vehicle plat-
forms. Current trends favor LIDAR with visidntegrationas a means of improving
perception robustness. Sensor fudi@sed integratedystems have proven to have
improved accuracy and comprehension of the scene under poor illumination condi-
tions [6, 10, 12]. Architecture utilized range from the conventional Kalman filtering

to deep learning architectures utilizing convolutional neuesvarks (CNNSs), uti-

lized today in profusion for obstacle tracking and object classification [6, 12]: Rule
based or learning based systems are normally employed in obstacle avoidance. Rule
based are webuited and suitable in the microcontroller environmeshile learning

based offefflexibility for computational power [9, 11]. The paper suggests a cost
effective hybrid obstacle detecti@ystem suitable for nighime navigation. It em-

ploys an RPLIDAR Al sensor with limited &fbont field for computatioal purposes

and Intel RealSense D255 Rd&Bcamera. They are mounted on a specific four
wheeled robot platform equipped with rear DC motors, servo front steer motor, and
controlled by an L298N motor driver based on instructions of an ESP32 microcon-
troller. Sensor readings are sent to a host PC for preprocessing and fusion. Among the
machine learning classifiers who tried Logistic RegressieNgdrest Neighbors, and
Random Forest the Random Forest model gave the optimuradifdoketween accu-

racy and performnce for binary obstacle detection. The system triggers embedded
maneuvers like braking maneuvers or steering maneuvers based on predictions. This
project contributes to the field of intelligent transportation systems with the develop-
ment of a lowweight,sensoifusion cost and simplicity oriented based réate nav-

igation system. It is cost and simplicity oriented, and hence can be employed in edu-
cational research, educational deployment, and saféigal micro- controller uses.
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2 Related Work

Accurate obstacle detection under light conditions is still one of the most signif-

icant challenges in the development of autonomous and assisted driving systems. In-
frared and thermal imaging methods have been employed in traditional approaches,
and althoug they are effective for detecting big heatliating objects such as pedes-
trians and animals, they fail to detect small or-nadiative obstacles and hence are

not suitable for application in more complex driving scenarios [8, 9]. LIDAR (Light
Detectionand Ranging) sensors have been an effective environmental mapping sen-
sor, creating precise 3D spatial information regardless of lighting conditions. Despite
this advantage, LIDAR systems are poor at sensingréflectivity surfaces and are
computationallycostly, which makes them less suitable fort@ak applications on
embedded systems [4, 5]. Several studies have demonstrated that the fusion of LIDAR
with other sensor modalities, i.e., cameras, can enhance obstacle detetifibilite

and systemabustness [10]. RGB cameras are rich in visual details color, texture, and
edge information while being very susceptible to changes in lighting. Their perfor-
mance drops severely under harsh lighting conditions due to glare, shadows, and mo-
tion blur [4, 7].Sensor fusion techniques combining RGB imagery with LIDAR have
been employed to mitigate such vulnerabilities, with a prominent success-iristow
ibility conditions [11]. Some fusion approaches have been proposed in the latest liter-
ature, including CNNoased approaches, Kalman filtbased approaches, and proba-
bilistic approaches. They take advantage of the strength of each sensor to improve
perception accuracy and have been widely used to detect dynamic and static obstacles
in autonomous vehicle systen, [L2] While some systems use complex machine
learningbased models for obstacle classification and trajectory estimation, others use
rule-based methods for reiime obstacle avoidance. Rebased systems are compu-
tationally less demanding and more suiafor embedded implementations but may
sacrifice adaptability in unstructured environments. Learbagpd systems, how-
ever, provide better generalization at the cost of huge computational demands [9, 11].
Some papers suggested an integrated sensor fusibitecture for autonomous vehi-

cles, which highlighted the importance of combining more than one sensor type for
robust perception [6]. some extensive overview of vidiased datasets and autono-
mous driving challenges, referencing the difficulty of aisimterpretation under nen
uniform lighting environments [12]. Some are also stated the computer vision appli-
cation for obstacle detection, a topic
on visual and spatial awareness. In stereo vision, wesa@the first authors in point-

ing out essential limitations of depth peption under poor light [1, 108imilarly, we
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explored light stripe tracking to use for rover motion in dynamically varying lighting,

a technique with particular attraction to thgemiive of maximizing the visibility of
obstacles when not illuminating [7]. Together, these works show that there is a de-
mand for scalable, muitsensor systems capable of performing obstacle detection and
avoidance with high accuracy in leght enviraaments. This work builds on this
foundation by developing and testing a seffased system based on LIDAR and
RGB input for realtime obstacle detection and basic avoidance, optimized for low
resource microcontrollers.

The key contributions of this rearch are,

w Development of a LovCost, MultiSensor NighfTime Obstacle Detection System:
Alow-weight system combining LIDAR and RGB sensing, enabling resilient
obstacle detection in lowight conditions without utilizing expensive thermal or
infraredhardware.

w RealTime Sensor Fusion and Machine Learning Integration on Embedded Hard-
ware: Developed a fusion pipeline combining range data from RPLIDAR with
RGB-D depth data from an Intel RealSense camera. Trained and deployed a Ran-
dom Forest classifier tenable accurate, lolatency detection on @esource con-
strainedESP32 microcontroller.

w Validation Through Experimental Testing with Performance Metrics: Higher accu-
racy and good decision latency

3 Methodology

3.1 System Overview

The systemofinteeet senses and traversesd obstacles
and LiDAR technology. It combines an Intel RealSense D255/R&Bmera and an
RPLIDAR Al sensor on a mobile robot platform. The RBBamera provides real

time depth and image data, whileetRPLIDAR Al provides 2D laser scans of the
environment. The sensor output of both the sensors is transferred to a processing host
computer through USB and LiDAR interface adapter, respectively. Unlike traditional
fully embedded systems, the perceptiod anocessing loop executes on a PC con-
nected to the sensors, and the robot platform serves as a physical response and data
collection testbed. The testbed robot is a faheel Arduinecompatible car chassis

(Fig. 1). There are two rear DC motors for drigiand a servo motor at the front for
steering, and these are all supplied by an L298N duaiddje motor driver. The Intel
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RealSense D255 depth camera and RPLIDAR Al sensor sit at the front of the chassis
on adjustable 3fprinted mounts. Power is supmiby a lithiumion battery pack. The
prototype is tested under isolated indoor environmental conditions with minimal out-
side interference, simulating a controlled nigjhiie driving environmen{Table 1)

Table 1. Sample Sensor Readings for Obstacle Ei&ir

Ti me |l mage |[Cam (| Li DAR (AngWBe| Obst a
22:0|frame 22 1.20 1.05 32. 4 YES
22: 0| frame 22 0.95 0.91 30. 8 YES
22:0|frame 22 1.75 1.60 30. 4 YES
22:0|frame 22 1.10 1.08 31.1 YES
22:0|frame 22 1.45 1.30 30.1 YES

‘ CONTROL BOX ‘ | ‘ RPLIDAR A1

DEPTH CAMERA

Fig. 1. Prototype 4wheel car with RPLIDAR Al and depth camera

3.2 Data Acquisition and processing

For testing, the vehicle is manually driven across the testbed with statindllsemi
randomly positioned obstacles. The RPLIDAR Al sensor provides 2D range data in
real time to the PC via its own dedicated USB port, and the depth camera provides
RGB and depth frames on a standard USB port. Over 10000 annotated frames were
collected on lowight conditions and Sensor data is recorded on tiserhachine for

offline processing. Each pass of the testbed captures environmental features at differ-
ent orientations and angles to build a diverse dataset. All captured data is annotated
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with ground tuth obstacle presence, relative distance, and avoidance success. The
annotations are acquired through visual inspection of depth and LiDAR frames and
mapping them to the testbed grid setup. The annotation also includes whether an ob-
stacle was successfullvoided based on manual observation of the vehicle reaction.
Prior to model application, sensor data is preprocessed through several steps. De-
noising and normalization of depth frames are achieved through the application of
OpenCV functions. LIDAR scansecropped to the frontal 8@ r e a
360 lidar), resampled, and filtered to remove noise and redundant information. Feature
vectors are constructed by fusing normalized depth and range data from corresponding

angular sectors.

3.3 Obstacle Identification and Avoidance Logic

The system focuses on obstacle presence detection via thresholding by shape and
proximity. After preprocessing, the dataset is used to train a machine learning model

(because

to detect obstacle presence and compute appropriateaageichaneuvers. Of the

models attempted Logistic Regression, K Nearest Neighbors (KNN), and Random
Forest the optimal balance of accuracy and time was provided by the Random Forest

classifier. It was used because it can tolerate noise, and it fits wbk emall, struc-

tured data found in embedded systems. The trained model takes fused LIDAR and
depth data feature vectors as input and outputs a binary decision: obstacle (1) or clear

path (0). Based on the decision, preprogrammedhaged avoidance actis such as

braking, stopping, or turning left/right are triggered. Machine learning part was done
on python by using annotated data and if obstacle appeared within the distance (1) or

else (0) and if obstacle appears, sending command to esp32 for oagtédieg and

esp32 sends command for motor driver.

RPLIDAR A1

RGE Camera

Fig.2. Block diagram

Host PC
Data processing
Sensor Fusion
Decision making

LNZ9EN Driver

Avcidance
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For tools and technologies, the system uses the ESP32 microcontroller for mobility
control of the vehicle and communication. Sensor processing is accomplished on a PC
in Python withthe help of libraries such as NumPy, OpenCV, and Matplotlib.
MATLAB is used for prototype sensor fusion and algorithm testing. The Arduino IDE
is used for ESP32 programming. The platform provides simple integration of sensor
data and mobility functions ia hybrid architecturé-ig. 2).

4 Resultsand Discussion

The proposed obstacle detection system was evaluated in a controlled laboratory
testbed that simulated night driving scenarios. The testbed containedwahéd
surroundings and restrained amitiéghting to simulate actual lowisibility condi-
tions. Various static obstacles were set at varying distances in front of the vehicle to
analyze system response for various detection cases. Concurrent sensor values were
read from the Intel RealSense RRGB-D camera and the RPLIDAR Al. The
RGBD camera recorded retitne depth frames, and the 3@6gree 2D scans were
recorded using the LIiDAR, which were programmed to filter out all but théo80
ward view of interest for obstacle detection. Each da¢ast was processed and rec-
orded for comparison and verification.

On the sample data, the distance readings of camera and LiDAR were for the most
part in accordance with each other, with deviations being usually belial® @nti-
meters. As a representatitast case, for instance, a camera measured an object to be
0.95 meters and the LIDAR to be 0.91 meters at approximatel§. Zuéh a measure
of concurrence establishes the validity of the sensor data that are fused. Such uni-
formity was most evident forlgects located in the short to midnge (0.91.6 me-
ters), where the two sensors both registered constant readings. A Random Forest ma-
chine learning model was trained on the preprocessed fused dataset to detect the pres-
ence of obstacles. The classifier kbeasily distinguish between obstacle aadob-
stacle coditions for all test cases examined. Its binary outputs were utilized to control
the avoidance strategy implemented on the ESP32 microcontroller. The vehicle re-
acted accordingly in all cases eitlaiting or steering depending upon the position of
obstacles demonstrating the success of thetirealdecision logic.

The system responded correctly and in a timely manner without the need for off-
board computation, showing the potential of embeddelatwigight solutions for real
world applications. The use of dual sensing modalities (camera and LiDAR) gave bet-
ter detection robustness, particularly in scenarios where one sensor was perhaps insuf-
ficient like in detecting lowreflectivity or occluded objds. Though the current results
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validate the performance of the system in a static, ordered indoor setting, further ex-
perimentation across dynamic settings with mobile obstacles and also in outdoor set-
tings is essential. Furthermore, the impact of surfafleativity, sensor noise, and
angular misalignment also need to be investigated in future work to achieve improved
reliability in a wide range of applications. Generally, the results confirm that the pro-
posed sensor fusion approach provides a respongliable, and costffective
method of obstacle detection and avoidance for ttigte driving with embedded

hardware.

5 Conclusions

This research successfully demonstrated the design and evaluation of an intelligent
obstacle detection and avoidance sgsintended for vehicular night driving. By in-
tegrating the RGBD data from the Intel RealSense D255 and the 2D scans from the
RPLIDAR A1, the system generated stable shormid-range detection in night vi-

sion. Integration of complementary sensor mditaliallowed the system to compen-

sate for

each

sensor o0s

weaknesses,

resul ti

ness improvement. Experimental results from controlled indoor spaces substantiated
pot ent i alacleks of variduh kendsdvithter-c t i o n
tremely high reliability, where camera and LiDAR range measurements generally
agreed within an error interval of 106 cm. Also, the Random Forest classifier
achieveda 94.2% detection rate for accurate identificatbobstcles and the exe-

cution of proper avoidance maneuvers i.e., stop or turn dispensed automatically via an
ESP32 microcontroller.

the syste

mo s

Table 2. Performance matrix

Metric No Obstacle Obstacle Macro average | Weighted
average

Precision 95.0% 92.1% 93.5% 94.0%

Recall 94.7% 93.2% 93.9% 94.2%

F1 Score 94.8% 92.6% 93.7% 94.0%

Accuracy 94.2%
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Low computational complexity of the system and successful operation dfmeal
response procedes are signs of suitability of the system to embedded applications.
However, the system is to be subjected to dynamic and night outdoor environments to
establish system reliability in practical applications, e.qg., for various reflectivity, am-
bient noiseand sensor misalignment. In brief, the designed-demor fusion solu-

tion is a small and generplrpose solution for lowisibility obstacle detection. It
offers a basis for future expansion with dynamic obstacle tracking, adaptive learning,
and scalalhity to autonomous navigation systems.
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Abstract. Natural fiber reinforcement in sustainable construction materials has gained signifi-
cant attention due to environmental concemd eesource availability. This study evaluates the
comprehensive performance of cellulose fibers extracted from three Sri Lankan agricultural residues
(bagasse, paddy straw, and banana stem) using alkaline hydrogen peroxide (AHP) pretreatment for
compositedevelopment applications. Three pretreatment solutions with varying NaOH concentra-
tions (1000, 1500, and 2000 mol/m3) combined with hydrogen peroxide were systematically evalu-
ated through a factorial experimental design with 27 sample combinations,epéichted three
times. Comprehensive characterization including weight loss analysis, holocellulose content deter-
mination, tensile strength testing (18.841.40 MPa), fiber diameter measurements (:2681
pm), FTIR spectroscopy, and SEM morphologicalgsis was conducted. Results demonstrated
holocellulose content ranging from 86.63% to 95.90% with weight losses between 49.99% and
74.32%. Statistical analysis revealed that banana stem fibers exhibited the highest tensile strength
(171.40 MPa), whiletlte C1 pretreatment solution (1000 mol/m3 NaOH) was identified as the opti-
mum concentration for maximizing holocellulose content (93.75%) while minimizing weight loss
and processing costs.These findings demonstrate the significant potential gfrétrtatd agri-
cultural waste fibers as sustainable alternatives to synthetic reinforcements in construction compo-
sites, contributing to both waste valorization and environmentally friendly building materials devel-
opment.

Keywords: Lignocellulosic. pretreatmentetiulose, alkaline hydrogen peroxide

1 Introduction

The construction industry's growing emphasis on sustainable materials has intensified re-
search into natural fiber reinforcement systems as alternatives to synthetic counterparts.
Environmental concerns, msrce depletion, and health hazards associated with conven-
tional reinforcing materials like asbestos have necessitated the development of eco
friendly alternatives [43].
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Most cellulose in nature exists as lignocellulosic compounds containing cellulose, he
icellulose, and lignin in complex structural arrangements. The lignocellulosic matrix con-
sists of hemicellulose polymers surrounding long cellulose chains, with both encased by
lignin networks [1]. This hierarchical structure presents both opportunitéestallenges
for cellulose extraction, as the valuable cellulose component must be separated from lignin
and hemicellulose while maintaining its structural integrity and mechanical properties.

Agricultural waste streams globally generate substantial ijieanof lignocellulosic
materials, including corn husks, corn stoves, bagasse, sugarcane leaves, guinea grass, ba-
nana stems, paddy straw, and various wood fibers. In Sri Lanka specifically, bagasse from
sugar processing, paddy straw from rice cultivataord banana stems froinuit produc-
tion represent abundant, underutilized resources with significant potential foradded
applications [45] . Cel | ul os e, with its chemical form
properties including low density, biodegradability, renewabibityd satisfactory tensile
strength and water absorption characteristics [2]. These properties make cellulose fibers
suitable for diverse applications including food packaging, sustainable cbassd
products, mortar systems, reinforcement of brittldding materials, and specialized fil-
tration systems [3].

Several pretreatment methodologies exist for lignin removal from lignocellulosic ma-
terials, categorized into biological, chemical, and physical approaches. While biological
methods offer environmenthenefits, they typically require extended processing times.
Physical methods may compromise fiber integrity, whereas chemical pretreatments pro-
vide controllable and efficient lignin removal-8&§. Among chemical methods, alkaline
pretreatment, microwavassisted alkaline treatment, and alkaline hydrogen peroxide
(AHP) pretreatment have demonstrated industrial viability.

Recent research has identified significant gaps in comprehensive performance evalua-
tion of AHP-pretreated fibers from diverse agriculusamurces, particularly regarding
their suitability for composite applications. While individual studies have examined ex-
traction efficiency, limited research has systematically evaluated the relationship between
pretreatment parameters, fiber charactesstand composite performance potential [9
11]. Fernando et al. [1] demonstrated that AHP pretreatment represents an effective, sim-
ple, and cosefficient method operating at ambient temperature and atmospheric pressure,
making it particularly suitable fandustrial applications. However, comprehensive opti-
mization studies comparing multiple agricultural residues and systematic evaluation of
resulting fiber performance for composite applications remain limited.

Although cotton is naturally available cdbige, it is not suitable for this application as
it is not abundantly available in Sri Lanka [Fherefore, in the present study, bagasse,
paddy straw, and banana stems were selected as target materials due to their abundant
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availability as agregplant regdues in Sri Lanka and their potential for sustainable fiber
extraction.

The present study addresses these gaps by providing comprehensive performance eval-
uation of cellulose fibers extracted from three abundant Sri Lankan agricultural residues
(bagasse, gddy straw, and banana stems) using systematic AHP pretreatment optimiza-
tion. The research specifically aims to: (1) determine optimal pretreatment solution con-
centrations for maximum cellulose extraction efficiency with minimum material loss, and
(2) compehensively evaluate the structural, mechanical, and morphological characteris-
tics of extracted fibers for composite reinforcement applications.

2 Materials and Methodology

2.1 Materials

Industrialgr ade sodium hydroxi de ( NaOHJ)ochloitydr ogen
acid (HCI) were purchased. Bagasse samples were collected from Palwattha Sugar Indus-

try, and other lignocellulose materials were collected from Hambantota District. All raw
materials were sun dried and shredded using shredder machine.

2.2 Alkaline Peroxide Pretreatment

Pretreatment solutions were prepared by mixing three different concentrations (C1, C2 &
C3) of NaOH with equal volume (10 ml) and an equal volume (0.5 ml) of hydrogen per-
oxide (H O ) as given in Table 1. Saslected
follows: bagasse (B), paddy straw (PS), and banana stem (BS). The experimental design
was a twefactor factorial. Two variable factors were three plant residues and three pre-
treatment solutions. The experiment consists of nine treatments. Furthegtiegleach
treatment three times, the experiment consisted of 27 sampkegxperimental protocol

was designed with a standardized biorassolution ratio: each 1 g of lignocellulosic
material was treated with 10 mL of pretreatment solution. Foripghttandling and rep-
lication consistency, batch processing involved scaling up to 5 g biomass with 50 mL so-
lution in 500 mL beakers.

Table 1. Concentration of Prreatment Solution

Pretreatment solution NaOH Concentration
C1 1000 mol/m
Cc2 1500 mol/m
C3 2000 mol/nd

117



The treatment protocol involved continuous mixing every 4 hours ovetha@4deg-
radation period at ambient temperature (25+2°C) and atmospheric pressure. Following
pretreatment, samples underwent triple washing with distilled watesuimmersion in
10% HCI solution for removing residual alkali and mineral impurities, final washing, and
thermal treatment at 60°C for 4 hours according to AHP treatment prodéfitoensure
complete moisture removal and fiber stabilization.

2.3 Fourier Transform InfraRed Spectroscopy Analysis

Both of Raw lignocellulosic materials of bagasse, paddy straw, banana stem, and pre-
treated fibers were analyzed using Fourier Transform-lRé&d spectroscopy confirm

successful cellulose extractiofhe spectravere collected inthe 4006 00 c¢cm T r ange
4 ¢cm T resolution with an accumul ation of 2
performed at ambient conditions on a Bruker ALPHA spectrometer (Bruker Corporation,
Billerica, MA).

2.4 Weight Loss Analysis andHolocellulose Content

Weight loss percentage was calculated using the formula: Weight Loss % = [(Initial dry
weight - Final dry weight)/Initial dry weight] x 100. Initial moisture content was deter-
mined by overdrying samples at 105°C until constant wejgind all calculations were
based on moisturfree basis to ensure accuracy. Holocellulose content was determined
using the chlorination method as described by Fernando et al. [1], calculated as: Holocel-
lulose % = [(Weight after delignification)/Initialrgd weight] x 100.

2.5 Scanning Electron Microscopy (SEM)

The selected three raw lignocellulosic materials and pretreated fibers from the AHP pre-
treatment were observed for surface morphology using Scanning Electron Microscopy
(SEM). The samples were gold sguttoated prior to observation and examined with an
accelerating voltage of 10 kV. Morphological analysis of fibers was performed on EVO
18, Carl Zeiss AG, Germany.

2.6 The Tensile Strength and Diameter

According to ASTM D382R07, the tensile strength of preated fibers was measured
using an Instron Universal Testing Machine. The diameter of pretreated fibers was meas-
ured by a Projectina microscope.
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3 Results and Discussion

3.1 Weight Loss Percentage and Holocellulose Content

Fig. 1 and Fig. 2 show the variatiohpercentages of weight loss and percentage of hollow
cellulose content of pretreated fibers, respectivEhe concentratioidependent increase
in weight loss (C1 < C2 < C3) reflects enhanced lignin and hemicellulose removal effi-
ciency with increasing kéline strength, consistent with previous findings- 4. ==The
relationship between fiber type and weight loss percentage can be explained by the initial
chemical composition: bagasse exhibited the lowest weight loss due to its higher lignin
content (2533%) [4], which provides more resistant structural components, while banana
stem showed the highest weight loss corresponding to its lower lignin content (13%) [6],
making it more susceptible to alkaline degradation. This relationship indicates that lower
lignin content materials experience higher weight loss but potentially yield purer cellulose
fractions.

Holocellulose content analysis demonstrated values exceeding 86.63% . Interestingly,
bagasse samples showed higher holocellulose content in prefieatedompared to ba-
nana stem samples, which correlate with their initial cellulose content and structural sta-
bility during processing.
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3.2  Structural Characteristics

The comparison of FTIR results of raw bagasse, raw paddy straw, raw banana stem fibers
and pretreated fibers from the AHP pretreatment with three different pretreatment solu-
tions (C1, C2, & C3) of lignocellulosic materials has confirmed that the extracted fibers
were cellulose as a comparison of the wave number. Fig. 3, Fig. 4, anddfigw3he
FTIR spectra of raw and pretreated fibers from three different pretreatments of bagasse,
paddy straw, and banana stem. The peak at
characteristic of aliphatic ester in lignin and/or hemicellul¥§e Disappearing of this
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peak in the treated fibers is due to the removal of most of the lignin and hemamllulo

from

t he

pretreated fi

bers.

The ik aetork
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mation with ring vibration contribution and OH bending in the treated fibers, which indi-
cates the typical structure of celluldsg.
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3.3 Morphological Analysis and Mechanical Properties

The morphological features of raw lignocellulosic and pretreated three samples of bagasse,
paddy straw, and banana stem from three different AHP pretreatment solutions Samples
were analyzed by SEM images in Fig. 6 (a, ld)cYisual observation of the Image picture
shows a comparatively smooth surface in raw fibers, and all pretreated fibers show a rough
surface.This surface roughening indicates successful removal of lignin and hemicellulose
matrices, exposing underlyincellulose fibrils and potentially enhancing fib@atrix
bonding in composite applications.
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Fig. 6. SEM images of (a) uritreated bagasse (b) BC1 (c) B(E:Z (d) BC3
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Table 2. Fiber Diameter and Tensile Strength

Pre treatment Solution Fiber Diamete (um) Tensile Strength (MPa)
B+C1 238.4 43.1
PS+C1 238.1 42.2
BS+C1 238.0 40.2
B+C2 268.1 20.0
PS+C2 268.0 18.5
BS+C2 265.0 18.3
B+C3 136.4 1714
PS+C3 136.1 169.7
BS+C3 134.0 143.14

Table2s hows t he pretreated ftenbile strdngth. addymet er
straw fibers have a lower tensile strength. This may be due to the presence of significant
amounts of silica particles; those particles reduce the hydrogen bond between the nano-
fibers[8]. Although the same lignocellulosic material was pretreated with three different
pretreatment sations, there are no differences in tensile strength and dimeters.

3.4 Comparative Performance Analysis

According to Humphrey Danso, soil building blocks can be reinforced with natural fibers

(coconut, oil palm, bagasse). The tensile strength and diamekarseffibers vary within

a certain range. Bagasse fiber exhibits a tensile strength@ B8Pa and a diameter of

3101190 um. Qil palm fibers have a tensile strength ofl8% MPa and a diameter of

190-820 um. Coconut fibers exhibit tensile strength o222 MPa and a diameter of 180

1010 um[9]. Moreover, these prieeated fibers (bagasse, paddy straw, banana stem) also

can be effectively used to reinforce soil building blocks becthese experimental pre
treated fibersé tensile strength and di amet e
blocks.

A study by Elsaid reported the use of natural kenaf fibers to reinforce concrete, with
the fiber tensile strength being nearly 18®g10]. BSC1 and BSC?2 pretreated fibers'
tensile strength align with kanfiber tensile strength. Acidic pretreatment and ionic liquid
are both pretreatment methods that can be used for the extraction of fibers from lignocel-
lulosic materials. However, reactions happened in some elevated temperature and pressure
conditions[10]. Comparing AHP, préreatment can be performed at room temperature
andatmospheric pressufg]. It is a lowcost and simple method for the gdtion of fibers
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from lignocellulosic materials (bagasse, paddy straw, banana stem). Cement mortar com-
posite mixers can be reinforced with several fibers, such as asbestos, PET, PP, PE, carbon
fiber, etc.

However, chemical instability and higher cost segeral disadvantages of those com-
posites; further, asbestos fibers are harmful to human fEHItA he incorporation of cel-
lulose as a reinforcing material in cement mortar the potential to mitigate these disad-
vantages.

3.5 Optimization and Selection Criteria

Based on a comprehensive evaluation considering multiple criteria, the optimization
strategy aims to balance extraction efficiency, mechanical properties, and ecormmic fa
tors. The C3 treatment provides the highest tensile strength (up to 171.4 MPa) and maxi-
mum holocellulose content but requires greater chemical usage and higher processing
costs. In contrast, the C1 treatment offers an optimal balance, with an acceplable h
cellulose content (93.75%), minimal weight loss, lower chemical consumption, and cost
effectiveness. Therefore, C3 treatment is recommended for applications requiring maxi-
mum strength despite its higher costs, while C1 treatment is the preferredfohgjee-

eral composite reinforcement applications, as it effectively balances performance and
economic considerations.

4 Conclusiorns

This comprehensive study successfully evaluated the performance of cellulose fibers ex-
tracted from three Sri Lankan agricukiiresidues using alkaline hydrogen peroxide
(AHP) pretreatment, addressing both extraction optimization and composite application
potential. The findings reveal that pretreatment concentration significantly influences both
extraction efficiency and fibenechanical properties, with the C3 treatment achieving the
highest tensile strength (up to 171.4 MPa), while the C1 treatment offers an optimal bal-
ance of holocellulose extraction (93.75%) with minimal weight loss and greater economic
feasibility. Statisttal analysis confirms significant performance differences among the fi-
ber types, with banana stem fibers exhibiting superior mechanical properties and bagasse
fibers demonstrating excellent extraction efficiency. FTIR and SEM analyses further ver-
ify succesful lignin removal and retention of structural integrity, confirming the effec-
tiveness of AHP pretreatment for cellulose preservation. Comparative analysis highlights
that the pretreated fibers possess mechanical properties competitive with estabtished na
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ural fiber reinforcements, demonstrating their viability for sustainable composite applica-
tions. For practical implementation in Sri Lankan cement mortar composites, the C1 pre-
treatment solution is recommended for eefféctive production, as it balancasceptable
holocellulose content, minimal processing costs, and sufficient mechanical performance
for general reinforcement applications. However, for specializeddtigingth applica-

tions, the C3 treatment is preferable despite its higher processisgloesto its superior
mechanical properties. The demonstrated environmental benefits and efficient resource
utilization position this technology as a valuable approach for sustainable construction
material development and agricultural waste valorizafioure research should focus on
composite fabrication and performance testing, scaling up the process, and conducting
comprehensive techreconomic assessments to facilitate the commercial implementation
of this sustainablelier extraction technology.
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Abstract. This project presents an accurate and intelligent monitoring and protection
system for thre@hase transformers, emphasizing #irak data acquisition, ad-
vanced safety features, and proactive maintemaddtilizing an Arduinebased plat-

form, the system continuously monitors vital transformer parameters such as three
phase currents, oil level, oil temperature, and oil quality, while detecting critical
conditions like overloading and phase loss. It inocages loagsharing mechanisms

to ensure balanced operation under varying loads, thereby reducing transformer
stress and optimizing energy distribution. With both local and remote access capa-
bilities, the system features integrated sensors, LCD visualizatnd wireless com-
munication to deliver a usériendly interface for efficient data management and
instant alerts. The project also explores the technical design, implementation strate-
gies, and highlights the economic and environmental advantagesloyidgsuch

an innovative solution in modern power systems, ultimately enhancing transformer
performance, reliability, and lifespan.

Keywords: Reattime monitoring, Transformer protection, Leabaring, Arduine
based system

1 Introduction
Transformers are @ispensable components in electrical power systems, playing a crucial

role in the efficient transmission and distribution of electricity. By stepping voltage levels
up or down, transformers help minimize energy losses duringdmtgnce transmission
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andensure appropriate voltage levels for consumer use. Despite their robust design, trans-
formers are vulnerable to operational stresses such as overloading, phase imbalance, oil
degradation, and overheating. These faults, if undetected, can lead to sesegeienoes
including transformer failure, power outages, system downtime, and safety risks. Conven-
tional transformer monitoring relies heavily on manual inspection and periodic mainte-
nance, which often fails to detect early signs of degradation. Thisueagtproach con-
tributes to unexpected failures and increased operational costs.

In response to these challenges, the proposed project aims to design and develop a real
time, costeffective transformer monitoring and protection system using Arduino micro-
cortrollers and various sensors. The system is intended to monitor critical parameters such
as threephase current, oil temperature, oil level, oil quality (density and intensity), over-
loading conditions, and phase loss. These parameters are essentiabrisdi€datans-
former health and performance. The collected data will be displayed locally on an LCD
for on-site monitoring and simultaneously transmitted to a remote interface using the
ESP32 WiFi module, enabling maintenance personnel to accessimeabhta through
mobile devices or computers. Alerts for abnormal conditions will be issued usingttEDs
facilitate timely responses.

2 Literature Review

The integration of Internet of Things (I0T) technology in transformer monitoring systems

has been explored humerous recent studies. developed anrda3ed monitoring system

using Arduino and ESP8266 to track oil level, temperature, and load current [1] . Their
system demonstrated the benefits of remote monitoring and predictive maintenance. How-
ever,the ESP®6 6 s | i mited processing power- posed
intensive applications. Addressed this issue by implementing an 2R84 systa with

dualcore processing [2]which enabled faster data handling and integration with the

Blynk 10T platform for reattime visualization. Similarly, used ESP32 and Google Fire-

base for clouébased monitoring with push notifications [3], highlighting the importance

of usercentric design in modern monitoring systems.

Apart from monitoring, protection mechamis have also been integrated into micro-
controllerbased solutions. Designed an Ardulmased transformer protection system that
could disconnect the transformer during eveltage, overcurrent, andigh-temperature
conditions [4] Although effective loddy, their system lacked remote access capabilities.
Recent advancements now allow seamless integration of monitoring and protection
through 10T platforms, enabling immediate alerts and automated protective actions.
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Sensor integration plays a key role gtermining system reliability. Lowost sensors
such as LM35, DHT11, and current transformers interfaced with Arduino and ESP32 [5]

. They concluded that with adequate calibration and filtering, these sensors offer reliable
performance suitable for cestnsitive applications, though environmental resilience re-
mains a concern.

By leveraging these technologies, this project proposes a scalable and affordable solu-
tion that addresses the limitations of conventional systems. It not only enhances trans-
former relability and maintenance practices but also represents a significant step toward
building smarter and more resilient electrical infrastructure through the adoption of em-
bedded systems and IoT technologies.

3 Methodology

12V loads

Current

Voltage
s Transformers

sensor:

5V DC supply

ESP32 WI-FI module

Weight measure

Fig. 1. Block diagram for the protgpe design
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The prototype desigiof the ThreePhase Transformer Monitoring and Protection System
involved a structured approach to achieve -teaé monitoring, fault detection, and
preventive maintenance using affordable embedded technology. Key pamsueteras
voltage, current, oil temperature, oil level, and oil quality were identified due to their
critical impact on transformer health. Components including sensors and microcontrollers
were selected for their accuracy, range, and compatibility witttduino platform. The
hardware setup involved circuit design for precise sensor data acquisition arichssdy
protection control. Arduino Uno and Mega 2560 were used for system control, with
programming in Embedded C, while the ESP32 module facilitagmote monitoring via

the Blynk IoT platform. An 12C LCD was integrated for-site data visualization.
Calibration of sensors ensured reliable readings, and modular prototyping allowed for
iterative refinement. This holistic integration of hardware aoftware delivered a
scalable, usefriendly, and coseffective solution for transformer monitoring and
protection.

3.1 System Design

This project presents a comprehensive protection system for aptiase transformer,
integrating phase failure detectiomall sharing, and oil monitoring. Phase failure is
detected using ZMPT101B voltage sensors and an Arduino Uno, which disconnects the
load if the voltage drops below the threshold. Load sharing is achieved with SCT013
current sensors, balancing the load lestw two transformers to prevent overloads.
Transformer oil health is monitored via ultrasonic (level), BH1750 (intensity), load cell
with HX711 (density), and DS18B20 (temperature) sensors-tiealdata is displayed

on an LCD and alerts are triggered &mormal conditions, ensuring safety, efficiency,
and prolonged transformer lif€ig. 1).

Hardware Components
The hardware components are given in Table 1.

Software Development

Usedthe Blynk Data Monitoring system for our project to rentgtenonitorand control
through a mobile apBlynk 10T is a useffriendly cloud platform that enables reahe
remote monitoring and control of hardware like ESP32 and Arduino via mobile apps or
web dashboards. Its virtual pin system simplifies data exchange, sippmssplatform
access, live sensor visualization, device control, and integrates with cloucgsdovien-
hanced IoT management.
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Table 1. Components with Specification

Component Function/Purpose

Arduino UNO (ATmega328P) Mlcrocontroller f_or l:_)a5|c datprocessing, sensor interfa
ing, and control in simpler system modules.

Arduino mega 2560 (At{ Main microcontroller with more 1/0O pins and memory f

mega2560) handling complex processing and multiple sensors.
SCTO013 30A/1V splicore current| Measures AC current in transformer phases for load
transformer toring and load sharing control.

Measures AC voltage of each transformer phase to d
phase failure and voltage drops.

Electrically isolates and switches higbwer loads or cir-
cuits based on Arduino commands for protection.
Measures transformer oil level by detecting the distang
the oil surface.

Measures light intensity to assess transformer oil clarit,
guality via oil transparency.

Measures transformer oil temperature for thermal condi
monitoring.

Provides local, regime display of sensor readings and s
tem status.

Additional relay usedor switching high current loads ¢
multiple relay control in the system.

Enables wireless communication for remote monitor
and control via loT platforms like Blynk.

ZMPT101B voltage sensor

Relay module

Ultrasonic sensor

BH1750 light intensity sensor

DS18B20 temperature sensor

20x4 12C LCD display

Relay MK3PN

ESP32 WIFI module

3.2 Phase Failure Protection System

Phase failure protection is a ccil safety feature for-Bhase electrical systems, especially

in transformers, motors, and other industrial equipment. It ensures that all three phases (R,
Y, B) are present and balanced. If any one of the phases fails (due to a blown fuse, broken
wire, orloose connection), it can cause severe damage to the equipment, including over-
heating, vibration, and insulation failure. To prevent this, a protection mechanism can be
implemented using an Arduino Uno, ZMPT101B voltage sensors, and a relay module.

In this system, three ZMPT101B voltage sensors are used to monitor the voltage levels of
each of the three phases. These sensors are designed to measure AC voltage and provide
a corresponding analog signal to the Arduino. Each ZMPT101B sensor is connected to
oneof the phases (R, Y, or B), and the Arduino reads the analog voltage values through
its analog input pins. These sensors are chosen because they are compact, accurate, and
provide electrical isolation between the higtitage line and the Arduind.he Arduino

Uno acts as the central controller. It continuously checks the input from the three
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ZMPT101B sensors. Under normal conditions, all three sensors report voltages within an
expected range. If the Arduino detects that the voltage from any one phasepyed
significantly below the threshold (indicating a phase loss), it triggers the protectibn me
anism.To respond to the fault, the Arduino activates a relay module. The aqaelagff

the power supply to the transformer or load, thereby isolatingohipraent and prevent-

ing damageThe Circut arrangement is shown in Fig.

OO UNO

Fig. 2. Phase failure protection system circuit arrangement

output

input

3.3 Load Sharing System

In a loadsharing system using tweghase transformers, an Arduino Uno can be used to
intelligently monitor and control the distribution of electrical load between the transform-
ers to prevent overloading. The setup includes current transformers (CTs), voltage sensors,
and protection relays installed on both transformers. The CTs measure the duanant

by each transformer, while the voltage sensors monitor the system voltage. These sensor
readings are fed into the Arduino Uno, which continuously analyzes the load on each
transformer. If the Arduino detects that one transformer is approachiageitsaapacity,

it automatically activates relays to transfer a portion of the load to the second transformer,
thereby balancing the load between the two units. This method protects the transformers
from thermal damage due to overloading and ensures effiojgeration. Additionally,
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this automated system can be programmed to displayimeabalues on an LCD or trans-
mit data to a monitoring station, enhancing system reliability and operational transparency.
The Circuit arrangement is shown in Figy

i

%5 %

.: :
i

Fig. 3 Load sharing system circuit diagram

3.4  Qil Testing Unit

This system integrates multiple sensors to monitor transformer oil conditions-tmreal
measuring oil level (via ultrasonic sensor), light intensity (BH1750 sensor for quality in-
ference), denty (load cell and HX711 module), and temperature (DS18B20 sensor). It
processes data using an Arduino, displays results on an LCD, and triggers alerts (e.qg.,
buzzer for high temperature or low oil levels) to ensure proactive maintenance. By com-
bining thee measurements, the system enhances transformer reliability, prevents failures,
and optimizes operational efficiency.

Measure Qil Level

This is done by measuring and displaying the oil level in a tank using an ultrasonic sensor
and an LCD. During each lopfhe ultrasonic sensor sends arti@grosecond pulse, and

the time taken for the echo to return is measured. This duration is converted to a distance
in inches, which represents the empty portion of the tank. The oil level percentage is then
calculated usig the formulawhich is shown in Fig4.
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Set value — inches
Percentage = —  y 10
Set value

Fig. 4. Percentage formula

V  Theset value is the maximum tank height.
V  The factor 110 adjusts for scaling or unit conversion

The calculated percentage is displayed on the LCD along with a status messagegndicatin
whether the level is low (below 40%), or full (above 80%).

Measure QOil Intensity

This is done by measuring light intensity using a BH1750 light sensor to infer oil quality
and display the results om &CD. In the setup phase, the BH1750 sensor and D
initialized, and a test message is sent to the serial monitor. During each loop, the BH1750
reads ambient light intensity in lux, which is displayed on the first line of the LCD and
printed on the serial monitor. The program then checks if the lue vsbelow a threshold

of 800 Ix.

Measure Oil Density

This is done by measuring and displaying the density of oil in a tank using a load cell
sensor and HX711 module. In the setup, the system initializes the HX711 module and
calibrates the scale withmedefined calibration factor. The load cell measures the mass

of an object placed on it, and the system subtracts a calibration offset to ensure accurate
readings. The density is 1hen calculated by dividing the measured mass by a known
volume of 400 r using theFig. 5formula.

Mass

Density =
‘Volume

Fig. 5. Density formula

Measure Oil Temperature

This is done by measuring the oil temperature using a DS18B20 temperature sensor and
displaying the results omd.CD display. It continuously reads the temperature from the
sensor, converting the raw data to Celsius and Fahrenheit. If the temperature exceeds
100°F, the code activates a triggleatbuzzesto alert the user. The sensor communicates
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with the Arduino through the ongire protocol, with specific functions to haedieading
and writing data. The main loop reads the temperature, displays it on the LCD, and checks
if the temperature exceeds the threshold.

4 Results

4.1 Phase Failure Protection System

In this project, liis is done by monitoring and protecting a thpbasetransformer from
phase failure or voltage drops. It calculates RMS voltage values for eachi?pBaB@,
Y, and B) using ZMPT101B voltage sensors connected to analog pins. The voltage drop
checks and compares the RMS voltage of each phase to a predefestld and deter-
mines if a phase is down or available. If any phase voltageéfald o w th2 thréskold,
the activates all relays, which are connected to digital pins, to protect the transformer.
di splays the r el ay Whand phases aaernermah Dé&rélaypare 6 OF F 6
deactivated. The system logs voltage readings and phase status to the Serial Monitor for
debugging and updates the LCD in r8ale. This setup effectively prevents damage to
the transformer in the event of a phaseufailor voltage drop

The system incorporates three switches to simulate phase faults in-pihseetrans-
former setup. In the current configuration (as showrign 6), all three switches remain
in the "off" position, indicating no simulated faults ative. As a result, the transformer
operates normally, delivering uninterrupted power to the output(&sashown irFig. 7).
This design allows for controlled testing of fault conditions

\ Surrly 1 normal
L) Surrly 2 normal
Surrly 3 normal

.\J U. All Relaws OFF

Fig. 6. Switches to make the faults Fig. 7. Delivering power to the output load
When any switch is turned "on" (as shownHyg. 8), it triggers a corresponding phase

fault, enabling the system to demonstrate protective respomsésit down the trans-
former
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ply 1 normal
%ti'.iplg 2 normal
Suprply 3 down

A1l Relaws OW

Fig. 8. In-phase fail codition

4.2 Load Sharing System

In this project, his is done by implementing a thrphase transformer loagharing system

by monitoring current and power in each phase (R, Y, B) uSiD§013 30A/1V split
corecurrent transformerand adjusting relay s&d to ensure proper load sharing. If the

load currente x ¢ e e dhe rel&yA turn on and activate lesithring operationEach

phasé s cur r enrtelvaayl uceosn daintdi @redisplay€ddrdan bGD dié-OF F 6 )
play. The loop function continuously readsrent, calculates power, updates relay states,

and displays data. This system ensures balanced transformer load distribution by activat-
ing relays for overloaded phases, preventing overheating and phase imbalance, and main-
taining transformer efficiency

Fig. 9. In the normal condition

In normal conditions where thereris load applied to the transformer and it does not
exceed its rated maximum current, then the LCD display indicates that the relays are
00FF, 6 .8&s in Fig

If the high load is applied tive transformer (transformer 1), the load is shared with the
other transformer (transformer 2), and it
phase current as Fig. 10.
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Fig. 10. When a high load is applied to the phase

4.3  Oil Testing Unit

The system successfully monitors four critical parameters of transformer oil to ensure op-
timal performance and safety. The oil level is accurately measured using an ultrasonic
sensor, with results displayed as a percentage on an LCD, includingastatsi$or low
(<40%) or full (>80%) levels. Qil quality is inferred through light intensity measurements
via a BH1750 sensor, with readings below 800 lux indicating potential issues. Density is
calculated using a load cell and HX711 module, where masgded by a known volume

(400 ml) to determine oil consistency. Temperature is tracked with a DS18B20 sensor,
notify if exceeding 100°F to prevent overheating risks. All data is displayed Himesal

on an LCD, providing a comprehensive and #gendly interface for proactive mainte-
nance and fault detectipas shown in Figl1l This integrated approach enhances trans-
former reliability by addressing key operational facfolsvel, quality, density, and tem-
peraturghrough precise sensor measurementstiamely alerts.

34.7°C 94.4°F
376.5 g
tui 8,926 gsml

i 567.50 Levels 1%

Fig. 11. Oil testing unit and display
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Also, oil testing results are displayed and monitored and displayed on mobile or desktop
via the Blynk Data Monitoring systeshow as Fig. 12.

Oil Testing *

ol + B

Biyni Console [P—— o o

=]

Ol Testing

o e o 584.17"

| = B =

Fig. 12. Oil testing results

5 Future Improvements

p>N

Use advanced sensors with agtdibration for accurate measurements, and in-
corporate prototype sensors for Vacuum Circuit Breakers (VCB) and Air Circuit
Breakers (ACB) to enhance monitoring and protection capabilities.

Add backup communicatiomptions like GSM or LoRa for reliable connectivity.
Store data in the cloud and use advanced analytics for monitoring and mainte-
nance.

Use durable industrial microcontrollers instead of Arduino for tough environ-
ments.

Design the system to easily handledggor multiple transformers.

Include battery backup to keep the system running during power cuts.

Use special sensors to better check oil quality and contamination.

Create a usefriendly mobile app or web dashboard with alerts and reports.
Protect the sstem with weatherproof cases against dust, humidity, and heat.

> >

p>N

I D > D>
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6 Discussion

The Arduinebased transformer monitoring system enablestie tracking, proactive
maintenance, overload protection, and remote access, improving reliability, efficiency,
and safty. Key limitations include sensor accuracy, reliance on stabl&i\&nd power,
environmental impacts, limited industrial scalability, and integration challenges. Despite
this, it is weltsuited for lowcost, small to mediurscale systems. Future enhaneeis

like better sensors, GSM/LoRa communication, cloud analytics, rugged enclosures, indus-
trial-grade microcontrollers, and power backup can expand its performance and industrial
applicability. Overall, it is a promising step toward smarter, more restiiansformer
management.

7 Conclusiors

The project developed a retihe monitoring and protection system for thyg®ase trans-
formers using Arduino and various sensors to track phase voltages, current, oil level, tem-
perature, and quality. It included safétatures like phase failure detection, load sharing,
and abnormal condition alerts. The system offered local display and remote access via
ESP32 and Blynk 10T for timely maintenance, enhancing reliability, safety, and energy
efficiency. Despite sensor@aaracy and power dependence limitations, it lays a foundation
for future industrial scalability, data logging, and-Bdsed fault prediction, advancing
smart grid modernization.
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Abstract. The Smart Scale: An IeEnabled Weighing Solution is an innovative
project designed to automate weigheasurement, data logging, and remote moni-
toring through the integration of the Internet of Things (IoT). This system utilizes a
load cell sensor to measure the weight of objects and a microcontroller to process
and transmit the data to a Google Spreadsfor reatime storage and analysis. The
project offers a usefriendly interface with a simple pudbutton control and dis-

plays the weight data on an LCD screen for immediate viewing. Traditional weigh-
ing methods often involve manual data entry, witizh lead to errors, inefficiencies,

and challenges in accessing historical data. Thisledbled smart scale system ad-
dresses these issues by providing accurate and automated weight measurement,
along with the ability to monitor and analyze data remof€he integration with
cloudbased tools, such as Google Sheets, ensures that data can be accessed and an-
alyzed from anywhere, offering flexibility and convenience for users. This project
prioritizes simplicity, portability, and redgime functionality, malng it an ideal so-

lution for smaliscale producers, such as in tea production or honey harvesting,
where precise weight measurement is critical.

Keywords: Smart Scale, 1oT Weightin§ystem ReatTime Monitoring, Cloud Data Storagé.o-
cal Server

1 Introducti on

The Internet of Things (I0T) has transformed many industries by enabling smarter, auto-
mated, and more efficient solutions. One significant innovation iSthart Scale: An

loT -Enabled Weighing Solution which modernizes traditional weighing methodsiby
troducing automation, remote monitoring, and #&ak data analysis. This system pro-
vides an accurate and efficient alternative to manual weighing, which is often slow, labor
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intensive, and prone to human error. By leveraging I0oT technology, the Scadetrs-

duces inaccuracies and streamlines the weighing process, improving productivity and re-
liability in various operational environments [1] [d]his project utilizes #ad cell sen-

sor, a device that converts weight into an electrical signal, pairddtivé HX711 ampli-

fier module to precisely measure the weight of objects. The data is collected and processed
by a microcontroller such as the ESP8266 or ESP32, which plays a central role in handling
sensor inputs, performing necessary calibrations, anthgirag data transmissioihe
system offers flexibility by sending weight data to either a cloased platform like
Google Sheets or a local server environment running XAMPP (Apache, MySQL, PHP).
This dual option supports both interreztabled and offlinecenarios, ensuring continuous
data logging and accessibilit)dditionally, a local LCD screen displays reahe weight
readings, providing users with immediate feedback, while remote web interfaces enable
monitoring, historical data analysis, and rejag through intuitive dashboards and alerts

[3] [4] [5]-

Accurate and timely weight measurement is critical in industries sueh psoduction
honey harvestingagriculture, food processing, pharmaceutical manufacturing, and other
small to mediunrscaleenterprises. These sectors often rely on manual weighing processes
that are timeconsuming and susceptible to mistakes, lacking systematic data storage for
performance analysis and traceability. The Smart Scale addresses these pain points by
integrating bT-enabled automation with affordable and readily available hardware
components. This integration not only improves accuracy and efficiency but also supports
datadriven decisiormaking by maintaining comprehensive historical records accessible
from anywhee at any time, enhancing transparency and operational control [6].

The Smart Scale system is designed with portability and ease of use in mind. Its com-
pact hardware footprint and low power consumption make it suitable for deployment in
diverse environmest including remote or outdoor locations where traditional weighing
infrastructure is impractical. The systemds
zation and scalability, enabling users to adapt it to various weighing requirements and
integrate aditional sensors or communication modules as needed. The primary goal of
this project is to develop a portable, ufeendly, and coseffective 10T weighing system
that enhances operational efficiency. By automating data collection and storage, the sys-
tem reduces human intervention, minimizes errors, and provides businesses with easy ac-
cess to realime and historical weight data. This capability empowers ssaalle indus-
tries to optimize resource management, improve quality control, and scale thatiarser
with reliable technological support.

While several existing solutions demonstrate-l@Eed weighing scales, this project
differentiates itself through several key innovations. Firstly, it offers a hybrid data logging
architecture, enabling seamleésansmission to both cloud platforms (Google Sheets) and
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local servers (XAMPP), ensuring operational resilience in environments with intermittent
internet connectivity. Secondly, the system is designed as a fully portablposelfed

unit, integrating dattery management system, which is often omitted in comparable de-
signs. Finally, this work provides a complete ¢ognd solution from hardware sensor
interfacing and calibration to a sophisticated vis@ised dashboard for data visualization
and managenm, offering a level of practicality and user accessibility that extends beyond
the scope of typical prototype demonstrations.

2 Methodology

The methodology for this project involves a systematic approach to desigmitement-

ing, and testing an Io€nabkd weighing system. The development of the Smart Scale
follows the steps of requirement analysis, design, component selection, and integration,
followed by system implementation and testifide methodology encompasses both
hardware and software aspectbene the hardware includes a load cell, HX711 amplifier
module, ESP32 microcontroller, and cloud storage for data, while the software is focused
on controlling the system, collecting data, and visualizing it intieed. The loT-enabled
weighing system ogrates by measuring the weight of items through the load cell, which
transduces weight into an electrical signal.

This signal is amplified by the HX711 module, and the resulting data is then processed
by the ESP32 microcontroller. The microcontroller sathésdata to a cloud platform for
reaktime monitoring and analysis. Additionally, an LCD screen is used to display real
time weight readings, providing a direct interface for users to interact with the system. The
system is designed to be udeendly ard costeffective, ensuring that it can be easily
deployed in various smadicale industrial settings.

2.1 System Design

The system is designed to perform riiale weight measurement using a load cell con-
nected to an HX711 amplifier module, which in turnaesected to an ESP32 microcon-
troller. The ESP32 processes the analog data, converts it into readable weight units, and
displays the value on an LCD. Once stabilized, the data is sent\katéd/a Google Sheet

for cloud storageThe control flow begins i powering on the device, initializing mod-

ules, calibrating the sensor if required, continuously reatti@geight, checking for sta-

bility, and finally displaying and transmitting the vallRushbuttons allow user interac-

tion for reset or calibratio(Fig. 1).
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Power ON System
Initialize Components

(ESP32, LCD, Load Cell)

9

Measure Weight
(Load Cell + HX711)

g

Display Weight on LCD (Firmware)

¥

Wait for Button Press

¥

Send Data to Cloud

(Google Spreadsheet)
Fig. 1. System Design Flow Chart

2.2 Materials and Components

The Smart Scale project integrates several key hardware and software components to build
a functional loFhased weighing systefBelow is a listof hardware components and soft-
ware tools Bown in Tables 1 an@lable2.

Hardware Components
Table 1. Components with Specification

Component Function/Purpose

Processes sensor data, handlesFiNcommunication, ar
sends data tthe server/cloud.

Load Cell with Structure200kg) Measures object weight and converts it into analog signa

Amplifies and converts analog load cell signals to digita
microcontroller input.

ESP32 Microcontroller

HX711 Amplifier Module
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TP4056 Charging Module Manages safe charging of the lithitiom battery.

20x4LCD Display Displays weight values and system messages in real time
12C Interface Board Simplifies LCD communication with ESP32 via 12C protot
Lithium-ion Battery Supplies portable power to the system.

Push buttonsstainless stegl Used for usemput: Send & Tare (Reset).

Converts lower battery voltage ® stable5V required fo

Power Boost Voltage Converter copoo o peripherals.

Jumper Wires (Set) Connects all components in the circuit.
Mini Rocker Switch Turns the system on or off manually.
EnclosurdPackaging Box Protects components and ensures safe, neat installation.

Software Tools
Table 2. Tools with Specifications

Software Component Function/Purpose
Arduino IDE Used to write, compile, and upload code to the ESP32 microcontr¢
PHP (on XAMPP) Processes incoming weight data and stores it in the MySQL datab

MySQL (on XAMPP)  Stores reatime and historical weight data for retrieval and analysis

phpMyAdmin Provides a web interface to manage the MySQL database.

2.3 Circuit Assembly

Theload cell is connected to the HX711 amplifier module, which amplifies the signal from
the load cell and converts it into a digital outpliten the HX711 is connectew the

ESP32 microcontroller via the appropriate pins (SCK and DT for tlatesgr). The
ESP32microcontroller is connected to the HX711, LCD, push button, and TP4056 charg-
ing module. The TP4056 charging module is used to charge a lithiutmattery, which
powers the ESP32 and other components, allowingdatability. The 12C pins(SDA,

SCL) are connected between the ESP32 and the LCD module. The push button is wired to
an input pin of the ESP3Eig. 2 shows the completrcuit.
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D
TP4056 Battery
Charging Module

ESP32
HX 711 AMPLIFIER 20%04 LD Display
VCC  Vin
q 1
I_F =) oo D4 GND GND I;
A SCK = Ypp 3.7V Rechragable
1 2 kit D5 D21 SCL Battery
At vee l:F sDA
GND D22
D19 D23
—_—
Voltage Boost
U O Module
LOAD CELL
— Reset  Send

Button Button

Fig. 2. Circuit Diagram

2.4  Software Development

The ESP32 was programmed to initialize $kasor, calibrate it using known weights, and
convert the digital readings into humegadable weight measurements. The microcontrol-

ler connected to a \ARi network and periodically transmitted weight data to a web server
via HTTP requests. The firmware svarritten using the Arduino IDE and involved the use

of libraries for sensor communication and HTTP client handling. The data transmitted
included the weight value, and on the server side, the date and time of each reading were
also recorded.

Software Implementation Details
To ensure reproducibility, the key aspects of the software implementation are detailed be-
low. The firmware was developed using the Arduino IDE (v2.3.2) and relied on the fol-
lowing libraries: HX711 ADC (v2.0.1) for sensor communicatibmuidCrystal_12C
(v1.1.4) for the LCD, and the builh WiFi and HTTPClient libraries for connectivity.

The scale must be calibrated against known weights; this process calculates a calibra-
tion factor which is stored in newolatile memory. The main loopontinuously reads the
load cell value, converts the raw sensor data to grams using the stored factor, and displays
it on the LCD. The conversion formula is:

weight_grams = (raw_valueoffset) / calibration_factor; // Pseudmode
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When the user pressdset'Send' button, the firmware checks if the reading is stable. If
stable, it constructs an HTTP POST request to the server. The request sends the weight
value as a query parameter:

POST /postlata.php?weight=5076.72 HTTP/1.1

On the server side, a PHPipt(postdata.php) receives this request. It validates the input,
sanitizes the data to prevent SQL injection, generates a timestamp, and inserts the record
into the MySQL database using a simple SQL query:

INSERT INTO scale_data (weight, date, time) MBBE (5076.72, '20286-13,
'14:30:05")

2.5 Local Server Configuration Using XAMPP

Server Environment Setup

XAMPP software was used to configure the local server environment. It provided an
Apache web server to host PHP scripts and a MySQL server to nmaeatpabase. Both
modules were launched and controlled through the XAMPP control panel sh&im in

3.

8 XAMPP Control Panel v3.3.0 [ Compiled: Apr 6th 2021 ]

XAMPP Control Panel v3.3.0 ot
Modules
Netstat
Service Module  PID(s) Port(s) Actions A
&  Apache 5872 43,8080  Stop Admin Config Logs M shel
v MysaL 6608 3306 Stop Admin Config Logs Explorer
v 4 FileZilla Start - Config Logs F: Services
Mercury Start A Config Logs © Help
4 _ :ﬁ Skaﬁ”\ Config Logs i qut
5 PM [main] Control Panel Version: 3.3.0 [ Compiled: Apr 6th 2021 ]
59 PM [main] Running with Administrator rights - good!
56 PM [main] XAMPP Installation Directory: "c:\xampp\"
56 PM [main] Checking for prerequisites
V' [main) All prerequisites found
A [main] Initializing Modules

| [Apache] Problem detected!

[Apache] Port 80 in use by “Unable to open process" with PID 4!

[Apache] Apache WILL NOT start without the configured ports free!

[Apache] You need to uninstall/disable/reconfigure the blocking application
[Apache] or reconfigure Apache and the Control Panel to listen on a different port
[Anachel XAMPP Anache Senice is alreadv rinnina an nort 443

Fig. 3. XAMPP Control Panel with Apache and MySQL Services Running
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Database Creation and Table Structure
A MySQL database named smartscalel wagedassing phpMyAdmin. Within it, a table
named "scale data" was designed to store the following fields shown in fig. 4:

1 ID: Auto-increment primary key

1 Weight: Float value representing measured weight

1 Date: Date of the reading

1 Time: Time of the reading

php
Sfle a8

Recent Favorites

I Browse 34 Stuctws | [ S A& Search F lasert | & Expot (B Impot a1 Privikeges & Operstivas | ® Tracking 35 Triggers

Profllng [ Edit infine ) [ Edit] | Explain SQL ] [ Create PHP code ][ Refresh ]

o tv| > 5> | (1 Showal | Mamberofmows: |25 ~|  Filerrows | Searcn s b Sontby key: | None ~
§3 e gt €52 optons
+= intormation_schoma
F 0 mysal P, 2N v i weight dae time
4~ performance_schema SEG §iCopy @Delele 1 03 20250522 2006:10
%~ phpmyadmin (] 4 Edh BiCopy @Delele 2 144 20250522 221152
o O JEdt BiCopy @Deiele 3 062 20250522 221210
[ tew R :
15 et JEd §iCopy @Delele 4 195 20250522 221256
- umarn # Edl i Copy @ Delets 154 20250522 224018
- smanscale o Edt 3¢ Copy @ Delete 154 20250522 224108
e Edt i Copy @ Delets 19 20260522 224201

5
6
7

Copy @Delele 8 113 20250522 230209
9 095 2250522 230249

Copy @Dalsts 10 211 20250522 230409

n 3iCopy @ Deloto

©@Delcts 1 247 20250522 232232
@Deete 12 062 20250622 232333
@Deete 13 051 20250522 232434
@Deete 19 247 20250522 333N
@Deete 15 235 0250522 233403
©Delels 16 092 20250523 002345

©Delete 17 4543 20250523 00.24:36
Edit_§iCopy @Delete 18 4764 20250523 003158

Fig. 4. Database Table Structure in phpMyAdmin

PHP-Based Data Handling

) File Edit Selection View - & P smartscale 8- eDEO -
EXPLORER e w dashboardphp * loginphp * manual_add pho o recelvephp X ® recoivel1]php
“ SMARTSCALE " receivephp
/O # dashboard php 1 <php
® loginphp 2 $conn = new mysqli("localhost”, "root”, "', "smartscale1”);
ij = logojpg : . . —
e iF ($_SERVER["REQUEST_WETHOD"] === "POST") {
H if (isset($_POST["weight"])) {
I ™ menualaddpho 6 $weight = fleatval($_POST["weight"]);
87w receivephp 7
&
gy s
18 $stmt = $conn->prepare(”INSERT INTO scale_data (weight, date, time) VALUES (2, 2, 2)");
i $stmt->bind_paran("dss”, $ueight, $date, Stime);|
12
13 if ($stmt-renscute())
14 echo json_encode(["status" => "success", "message” => "Data saved successfully."]);
15 } else {
s echo json_encode(["status” => "error”, "message” => "Failed to save data."]);
17 }
18 ¥ else {
19 echo json_encode(["status” => " "message” => "Weight value missing."]);
20 }
21 }else {
22 echo json_encode(["status” => "error”, "message" => "Invalid request method."]);
23
u

Fig. 5. PHP Script for Data Insertion
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A PHP script shown in Fip was developed to receive HTTP POST requests sent by the
ESP32. This script parsed the received weight data, genartibeelstamp using the server
clock, and inserted the data into the MySQL table.

3 Testing and Calibration

Testing and calibration are essential phases to ensure the proper functioning, reliability,
and accuracy of the Smart Scale system. These processeddmify issues, validate
system performance, and determine how well the project meets its objectives.

3.1 Initial Testing

After the hardware and software are integrated, the system is tested to ensure that the com-
ponents work together seamlessly. Durirgjitey, the system is checked for weight accu-
racy, LCD functionality, button press response, and cloud connectivity.

3.2 Calibration of Load Cell

Calibration was performed using a set of known weightsvn in Fig 6 to determine the
sensor's response factohelcalibration factor was adjusted by comparing sensor readings
with actual weight values until high accuracy was achieved.

Teding included:
9 Taring the scale to zero before use
1 Measuring sample weights frob®0g to 5kg.
9 Verifying the consistency of raks over time.

@ uanT SCALE

i

b

Fig. 6. Calibration Procedure with Known Weights
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3.3 Connect to local WiFi.

The microcontroller (such as ESP8266 or NodeMCU) is configured to connect to a local
Wi-Fi network using a predefed SSID and password shown iig.F7. Upon successful
connection, the system retrieves the current date and time from an online time server (via
NTP) and displays it on the LCD screen along with the connection status. This ensures
proper timestamped data logging before sending weight datag@loud.

WiFiManager
Smart-Scale (® SmartScale Login

Configure WiFi Username

admin
Info
Password

Exit

Update

Fig. 7. Wi-Fi manager with login interface

3.4 Results

The final prototype was tested in a readrld scenarioThe prototype device is shown in
Fig. 8. The system was powered continuously and validated over several hours to ensure
performanceThe local database captured the weight values accurately and-imesal
with successful transmission of data from sensor to server.
The measurements from the two scales (Bigeatworld scale; Fig9: smart scale)
show a slight discrepancy. The Ireeorld scale recorded a weight of 5070g, while the
smart scale displayed 5076.72g, resulting in a +6.72g error (0.13% deviation). This minor
difference is likely due to calibration drift, environmental factorsyariationsin place-
menton the smart scal Giventhereavor | d scal eds dcemndear432d t ol e

g.
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The Googlespreadsheet documents shown in Figrelcbrd the weight measurements
captured by the weighing system in real tiffike sheet consists of three columns which
are Date, Timeand Weight (in gramswhich together provide a clear, timestamped rec-
ord of all weighing performed by the load cell and HX711 sensor.

Fig. 8. Final Smart Scale Product Fig. 9. 5 kg Rice bag measurement using scale
@ SmartScale Dashboard 2 admin
I Total Entries @ Today's Entries
12 6
& Scale Data [ Add Manual Data.
Search:
D v | Weight (kg) Date ;‘ﬂmo

Fig. 10.5kg Rice bag measement using Smart Scale

This data is valuable for a range of purposes, including keeping a permanent backup of
measurements, analyzing trends or fluctuations in weight over time and generating reports
or charts for further insight. Furthermore, becauseddita is stored on Google Sheets, it
can be accessed remotely from any location with an internet connection, allowing for con-
venient and flexible monitoring of the weighing process his approach efficiently in-
tegrates reatime data collection with penanent storage and analysis, making it a useful
tool for smaltscale industrial applications and inventory control.
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Untitled spreadsheet r &

File Edit View Insert Format Data Tools Extensions H

(=¥ b =1 IS N = 100% - $ % -0_ .00 123 Defaul.

D16 ~ | B
A~ B <

1 Date Time weight(g)
2 2025-05-10 21:38:09 500
a 2026-056-10 21:40:49 250
4 2026-06-10 21:66:24 348.66
s 2026-06-10 22:04:03 1090.06
s 2025-05-10 22:21:03 748.36

T 2025-05-10 22:22:00 563.26
8 2025-05-10 22:39:37 275
o 2025-05-10 22:40:10 400
10 2026-06-10 22:42:16 160
1 2026-06-10 22:43:67 760.26
12 2025-05-10 23:31:06 2500.53
13 2025-05-10 23:32:31 5560.9
14 2026-06-10 23:40:08 400
15 2025-05-10 23:40:50 550
1e 2025-05-10 23:51:33 27s.s[
17 2024-05-10 12:34:56 690.08
18 2025-05-11 0:05:26 70.92
19 2026-05-10 14:23:00 52.3

+ = Sheetl ~

Fig. 11 Google Sheet Update Data

§ SmartScale Dashboard & dmin
W Total Entries @ Today's Entries
31 0
& Scale Data o Add Manal Data:
o | wighe ) e Time

“sn 20250610 22908

00057

Fig. 12 Web Interface Dashboard

The fASmal & Da s h bbhasdrintedace dasignvee for the weighing system.
The dashboardhown in Fig 10 andFig. 12 provides a clear and comprehensive view of
all the weight measurements collected by the system. At the top, it shows total entries
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representing all the recordings nead s o

far.

t al so

highlights

new recordings for the day. The main table below lists all the recorded weights alongside
their IDs, dates, and times of measurement. Each row corresponds to a weighing event,
and the table makes éasy to search, filter, and view historical data. The interface also

includes

Dat ao

conveni
button

ent
to

options
ma n u aahd his dashbcael plays akeyrraedno r d

to expo

rt

t he

the poject by offering a centralized platform to monitor, manage, and analyze weighing

data in real time, making it a valuable tool for srsalhle industrial applications and in-

ventory control.

Table 3. Summary Table

Item Reference Weight| Smart Scale Weidnt (g) Absolute Error (g)
)]

Sugar 502g 506.23g + 4.23¢g

Salt 10109 1014.63g +4.63¢g

Flour 30069 3010.29¢g +4.29¢g

Rice 5070g 50767 8 +6.7 8

A Stone 827¢g 832.54g +5.54¢g

Average +4.94 g

The performance of the Smart Scale was quantitatively evaluatetstgaket of reference

weights. As summarized in Table 3, the system demonstrated a high degree of accuracy.
The mean absolute error (MAE) across all test items was t#c@ds.

3.5 Comparative Analysis
Table 4.Features and Cost Comparison
Feature Proposed 3nart Scale Commercial Digital Scale
Total Cost Rs.7,790 Rs. 19,541
Cloud Connectivity Yes (Google Sheets) No
Locale Server Logging Yes (XAMPP) No
Web Dashboard Yes (Custom PHP/MySQL) | No
Portability(Battery Power) Yes Yes
User Interface LCD + Web Dahkboard LCD

User Calibration

Yes

Often restricted

Declared Accuracy

<1%

Often <0.1%

The proposed Smart Scale system delivers a unique value proposition, strategically bal-

ancing cost, functionality, and accessibility. As illustrated in Table 4, themsystcupies
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a distinct niche by offering a combination of local and cloud data flexibility, user repaira-
bility, and portability at a fraction of the cost of commercial digital scales. This makes it
an ideal and practical solution for smaflale, budgetonscious applications, such as ag-
ricultural cooperatives, artisanal production, and inventory management.

4 Discussion

The Smart Scale project successfully addressed the primary problems outlined at the out-
set, such as the lack of automation in weight megsent, limited portability of traditional
scales and the absence of digital recordkeeping. The addition of 10T functionality proved
to be a transformative element, enhancing the system's capabilities by enabling remote
access, redime data monitoring, ahcloudbased storage. These upgrades offered sev-
eral advantages over traditional, manual scales. Notably, the ability to track weights digi-
tally eliminates the need for papesased logs and offers users the convenience of access-
ing historical data at anffme. The integration of cloud technologies enables seamless
remote monitoring, which can improve operational efficiency. The system performed well
during field tests, demonstrating its potential for scalability and adaptability across various
industries from agriculture to small manufacturing sectors. Although the system remains
in its early stages, the results suggest that it holds great promise for widespread adoption,
particularly in industries where accurate weight tracking is essential.

5 Conclusiomns

The Smart Scale project achieved its objectives by successfully developing a compact,
reliable, and usefriendly weighing system with integrated loT capabilities. By combining
hardware and software components, the system was able to provitimeaakigh track-

ing, digital logging, and cloutlased data storage. The system demonstrated its practical
applicability, especially in industries like agriculture, tea and honey production, and small
scale manufacturing, where accurate and portable weighing sslwdie essential. The
project also contributes to the advancement of digital transformation in these industries by
introducing loTFenabled devices that improve operational efficiency and data manage-
ment. While the system is still in its early stages,ptesents a significant step toward the
development of more intelligent, automated, and accessible weighing solutions.
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Abstract. In the rapidly evolving technological landscape, smart wearable devices
have become integral to daily lif€he Smart Wireless Wearable Glove Keyboard
(SWWGK) introduces an innovative method of interaction by enabling users to type
effortlessly in midair using finger movements. Unlike conventional keyboards that
restrict user mobility, the SWWGK translates fngyestures into English text with

an accuracy of 89.74%, a latency of 500 milliseconds, and a battery life of up to six
hours per charge. This technology is particularly valuable for presenters, educators,
and professionals, as it transforms presentatitnamore interactive and engaging
experiences. By allowing users to naturally engage with screens while their gestures
are seamlessly converted into written text, the device enhances both learning and
participation. The SWWGK is designed to provide ardigsendly interface sup-
ported by optimized hardware and software to ensure extended battery life and pre-
cise gesture recognition. By removing the limitations of physical keyboards, this
innovation redefines communication and interaction within educatahprofes-

sional environments, offering a powerful tool to enhance connectivity with smart
devices and improve information delivery

Keywords: Smart Wireless Wearable Glove Keyboard (SWWGK), Support Vector
Machine (SVM), Bluetooth Low Energy (BLE), Hum&@omputer Interaction
(HCI), Recurrent Neural Network (RNN).

1 Introduction

In the context of rapid technological advancements, the smart wireless wearable glove
keyboard (SWWGK) represents a significant breakthrough in htooamputer interac-

tion. This devie allows users to type effortlessly by moving their fingers in the air, freeing
them from the constraints of traditional physical keyboards. The glove interprets hand
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movements into English letters with high accuracy, providing a seamless typing experi-
ence Current devices primarily focus on American Sign Language (ASL) recognition or
pushbutton input methods. They often overlook the potential of recognizing handwritten
gesture$l], [2]. Moreover, most existing smart gloves are designed for medical angam
applications and lack features tailored for educational purgdkdd]. Addressing these
gaps requires educatiapecific features to enhance usability in learning environments.
The SWWGK is designed for presenters, educators, and professiomalablés dy-
namic interaction with presentation screens, enriching the learning experience and foster-
ing a stronger connection between human expression and technology. Traditional presen-
tation methods often require physical movement to operate keyboargdsiatets, which
can disrupt the flow of lectures. The SWWGK provides a more intuitive and convenient
input method.
The primary aim of this research is to design and develop a Smart Wireless Wearable
Glove Keyboard (SWWGK) that accurately recognizes hastuges and translates them
into English letters. To achieve seamless interaction, aftisedly interface with a pop
up writing window is incorporated, while optimizing battery life through hardware and
software improvements enhances practicality fofqurged usage. The main contributions
of this work are as follows:

Developing an intuitive user interface with a papwriting window.

Implementing robust gesture recognition algorithms for accurate translafion of

ger trajectory patimovements.

1 Integrding the SWWGK with presentation software for direct slide interaction
through hand gestures.

1 Evaluating the performance and effectiveness of the SWWGK in enhancing

presentation interactions and user experience.

f
f

2 Related Work

In our project, gesture recogioin plays a pivotal role in enabling typing or writing on the
pop-up window during presentations. Various methods have been explored in previous
studies, including pushutton glove keyboards, virtual reality keyboards, Ei&Sed typ-
ing, and gesture recogion technique$l], [5] i [8]. We have chosen gesture recognition
due to its effectiveness in facilitating accurate input without requiring physical contact
Gesture recognition algorithms are critical for converting hand movements into digital
commang, enabling intuitive control of presentation software. Key approaches include
air gesture mode, fingertip detection, and handwriting detection algorithmge#tiire
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mode captures hand movements in +aid allowing interaction with presentation soft-
warewithout physical contact. Fingertietection algorithms track fingertip positions to
execute commands with precision. Handwritdedection algorithms interpret handwrit-
ten gestures into text, with Convolutional Neural Networks (CNNs) and Recurrent Neura
Networks (RNNs) demonstrating particular effectiveri&$s[6], [9] T [14].

Significant studies have explored various technologies for gesture recognition, includ-
ing modular data gloves equipped with accelerometers and gyros&dpédyoWare
Muscle Senors for detecting muscle activatif§i, and devices utilizing gyroscopes and
accelerometers for airitten character recognitidi]. Advanced methods include CNN
based frameworks for gesture recognitjph [13], and combinations ddupport Vector
Machine (SVM) with RNNs for text display14]. Additionally, some researchers have
employed MATLAB plotting techniques to visualize gestyigs Our choice of air ges-
ture mode, fingertip detection, and handwriting detection is motivated by their demon-
stratedaccuracy and practicality in interactive presentation settings.

To address limitations identified in previous research, we selected the SVM algorithm
for handwriting detection, preferring it over CNNs and other machine learning methods.
SVM offers severahdvantages, including efficiency with small datasets, effective han-
dling of highdimensional feature spaces, and memory efficiency stemming from its reli-
ance on support vectors. Additionally, SVMs managelim@ar decision boundaries ef-
fectively, makinghem weltsuited for complex sensor data and diverse user inputs. Their
strong generalization capability ensures reliable performance across varieebndal
conditions.

Wearable sensors play an increasingly vital role in enhamtimganComputerinter-
acfon (HCI) by providing intuitive and immersive interfaces. These sensors facilitate the
translation of natural hand movements into digital commands, thereby creating a more
seamless interaction experience. Effective system design requires not orfiyarsty
interfaces but also the integration of visual cues and feedback mechanisms to improve
gesture recognition accuracy and user comprehension.

In this context, the study presented8hdemonstrates a retime wearable system for
finger airwriting recognition. The system utilizes an Arduino Nano 33 BLE Sense and
employs TensorFlow Lite for edevice recognition and classification of characters. Users
can write characternsicluding digits and English lowercase lettérghreedimensional
space througliinger movements. Motion data captured lingrtial Measurementnits
(IMUs) and processed by a microcontroller enables the recognition and interpretation of
36 characters, highlighting the potential for advanid&d applications in wearable tech-
nology.
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A smart wireless wearable glove keyboard uses Bluetooth technology to connect wire-
lessly with devices like laptops, smartphones, and projectors. This enables seamless, ca-
ble-free control of presentation software, enhancing user mobility and ensuring reliable
communication.

In [15], hand gestures captured by smart gloves with embedded sensors are converted
from analog to digital signals using the voltage divider rule. These signals are processed
by a PIC microcontroller and transmitted wirelessly Radio Frequency (RF), incorpo-
rating error correction mechanisms at the receiver end. Similar[] irstrain sensors
detect knuckle positions by converting them into variable resistance values, which are then
transformed into voltage signals through voltage d@ixsd The Teensy microcontroller
processes these voltages to generate a binary key representing the knuckle states, which is
subsequently transmitted wirelessly.

3 Methodology

The methodologyFig. 1) for developing the Smart Wireless Wearable Glove Keyboard
(SWWGK) integrates hardware design, software development, data collection, and ma-
chine learning analysis. This comprehensive approach ensures accurate gesture recogni-
tion, reliable system performance, and seamless user interaction.

Fig. 1. Working pro@ss of smart wireless wearable glove keyboard.
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3.1 Hardware Implementation

The hardware system is built around a@fnted glove that houses all electronic compo-
nents, prioritizing user comfort and usability. The ESP32 Dev Kit is employed as the mi-
crocontroler due to its compact size, low power consumption, ease of programming, and
integrated wireless communication capabilifEsy. 2). Motion tracking is facilitated by

the MPU6050 sensor, while the TTP223 touch sensor enables intuitive fingertip input.
Power is supplied by a 3.7 V LiPo battery, managed through a TP4056 charging module,
and controlled via an ON/OFF push button serving as the main switch. The circuit design
process begins with schematic development followed by prototyping on a breadboard

. / ~~
> .
T Ve

Fig. 2. Thestage of hardwaredevelopmenprogress

The hardware and software components are integrated by programming the ESP32 to
interface with sensors and establish Bluetooth connectivity with smart devices. Compre-
hensive testing and validation arenducted to evaluate gesture recognition accuracy and
system reliability.The glove is designed in SolidWorks for ergonomics, then 3D printed.
The PCB is created using EasyEDA and fabricated on a copper shield. After assembling
all components, the systamdergoes thorough testing for functionality and wireless com-
munication. Usability testing with volunteers helps refine performance based on feedback.

3.2 Gesture Recognition Software Design

The software design process begins with dataset collection, pregimy;esd augmenta-

tion. Data representing 26 alphabet letters were collected from volunteers, with 25 samples
recorded for each letter. Each gesture was saved as a text file, creating a structured dataset
for model training. © address the limited dataséte, a data augmentation algorithm was
applied to extend and diversify the samples, improving model robustrtessArduino

IDE was used to program the ESP32 for Bluetooth connectivity, facilitating communica-
tion between the glove and a PC. Python scrigseloped within the Anaconda Jupyter
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Notebook environment, supported data collection, preprocessing, and machine learning
model development. Gestutetext mapping was implemented to translate detected fin-
gertip trajectories into their correspondingcdcters.

Support Vector Machine (SVM) was selected as the classification algorithm due to its
strong performance in trajectebased recognition. The model was trained on the col-
lected dataset to capture fingertip movement patterns corresponding tangiish [Etter.
Training, prediction, and evaluation of the SVM model were carried out in the Jupyter
Notebook environment using Python scripts for letter prediction and output, providing an
interactive platform for coding and analysidie user interface & developed in Python
using Tkinter, featuring a pepp writing window that displays recognized text in real
time. This interface also supports training data collection and integrates with presentation
software, enabling seamless interaction during lees®ns. Usability testing was con-
ducted to assess system performance and guide refinements to enhance the user experi-
ence.

4 Results and Discussion

The Smart Wireless Wearable Glove Keyboard (SWWGK) demonstrates significant po-
tential as an innovative midir text input device. By interpreting hand gestures, the glove
enables users to input text without relying on physical surfaces, offering a practical alter-
native to conventional keyboards. A pop writing window provides realme feedback,
enhancing usality in dynamic environmentg-ig. 3).

Font size: 10 Change Font Size A A A A A /CE g
Font style: Cambria Change Font Style E E E E i I, T
— i PR O O 6 &

Fig. 3. A sample design of pepp windowwith handwritten letter converting process
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The device operates via Bluetooth 4.2 (BLE) with a stable indoor range of up to 10
meters, making it welbuited for settingsuch as classrooms and conference rooms. From
an ergonomic perspective, the gloveds di men
mm) and weight (100 g) ensure user comfort during extended use. Additionally, its 3.7 V
DC battery delivers up to six hours @ntinuous operation, withr@charge time of 1 to
2 hours.
The glove collects accelerometer and gyroscope data to predict letters, which are dis-
played in the pojup window (Fig.3), enabling continuous midir writing. This integra-
tion of advanced sengjrtechnology, ergonomic design, and efficient power management
renders the SWWGK both uskiendly and versatile

4.1 Algorithm Overview

Support Vector Machines (SVM) are supervised learning algorithms commonly employed

for classification tasks. Their ipnary objective is to identify an optimal hyperplane that
separates data points of different classes within a-thigiensional feature space. This
hyperplane is selected to maximize the margin, which is defined as the distance between

the hyperplane and ¢hclosest data points from each class, known as support vectors.
Maxi mi zing this margin typicall (Figedhhances t

SVM Hyperplane with Support Vectors

6 @ Class 1 (Gesture A)

B Class 2 (Gesture B)

—— Optimal Hyperplane
Support Vectors

Feature 2
=]

-2t

—4 -2 0 2 4
Feature 1

Fig. 4. lllustrates the working principle of SVM, where the optimal hyperplane separates two clas-
seswith maximum margin, and the nearest points to the margin are identified as support vectors.
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For datasets that are not linearly separable, SVM utilizes kernel functions to map the
input data into a highetimensional feature space, enabling the algorithoapture com-
plex, nonlinear decision boundaries. Commonly used kernels include linear, polynomial,
andRadial BasisFunction (RBF), each tailored to suit different classification scesario

In this work, the SVM algorithm was applied to classify fingettajectory data col-
lected from glove sensors. The feature set was constructed using hand orientation and mo-
tion data corresponding to 26 English alphabet gestures. A grid search over the parameters
6C = [0.001, 0.01, O0.1learn, r1mWwf,, 1MD®DI]WY] a nwWa b |
identify the optimal model configuration. The best performance was achieved using the
RBF kernel with C set to 10.

The besperforming SVM model utilized the Radial Basis Function (RBF) kernel with
a regularization paramestC=10. Additionally, key hyperparameters includedak_ties
= False, a cache size of 200 MB, no class weighting (class_weight = Nonepedfd-
0.0. The decision function employed a evgerest (ovr) scheme for multilass classifica-
tion, with a polynomial degree of 3 (applicable if a polynomial kernel is used). The gamma
parameter was set to 6scaled, allowing aut o
allowed unlimited iterations witmax_iter =1, enabled probability estimates (probability
= True), and used the shrinking heuristic (shrinking = True). The tolerance for stopping
criteria was set to 0.001, no specific random state was fixed, and verbose output was dis-
abled (verbose = False).

The RBFkernel was selected due to its effectivenassaipturing nodinear relation-
ships within fingertip trajectory data, enabling the model to accurately distinguish com-
pl ex gesture patterns. The gamma parameter
ment of the influence of individual data pointssked on the number of features. This pro-
vides a balanced traddf between bias and variance, ensuring stable generalization per-
formance across all 26 gesture classes.

The model was trained and evaluated using a stratifie@5/taintest split to maintai
class distribution consistency. The SVM achieved strong performance metrics, including
an accuracy of 89.74%, precision of 0.92, recall of 0.90, and &edé of 0.89, demon-
strating its robustness in recognizing gestwsised inputsSuch findings resmate with the
known advantages of RBF kernels in gesture recognition tasks, where their capacity to
model intricate, multdimensional data patterns supports high classification accuracy, es-
pecially in wearable sensor applications.
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4.2 Model PerformanceAnalysis

The confusion matrix (Figd) shows that most letters were classified correctly, as evi-
denced by the strong diagonal pattern. A detailed classification report inTijatoieides
precision, recall, and F4core metrics for each letter individually. Hmenchmarking, a
Recurrent Neural Network (RNN) with two Long Shderm Memory (LSTM) layers

was implemented. The performance comparison between the SVM and RNN models is
summarized in Tabl@. The results indicate that the SVM outperforms the RNN on the
current dataset, likely due to its better handling of kdighensional, structured gesture
data and its effectiveness with smaller sample sizes.

Confusion Matrix s ey oyt
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b{0fJo 000 00000000000000000000 — Class ¢ (AUC = 0.99]
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Fig. 5. Confusion matrix& ROC curvedisplaying classification performance across all 26 letters.

Table 1. Classification report for each letter class using SVM.

Letters| Precision  Recall F1-score | Letters| Precision Recall F1-score
a 1.00 0.75 0.86 n 1.00 0.71 0.83
1.00 1.00 1.00 1.00 1.00 1.00
1.00 0.50 0.67 1.00 0.60 0.75
1.00 1.00 1.00 1.00 1.00 1.00
0.78 1.00 0.88 0.67 1.00 0.80
1.00 1.00 1.00 0.83 1.00 0.91
1.00 1.00 1.00 0.80 1.00 0.89
0.83 1.00 0.91 0.80 1.00 0.89

= | |Jo |o

Sl |~ |&a]o |T

(el Bl (7))

162



i 1.00 1.00 1.00 \Y 1.00 1.00 1.00
j 1.00 1.00 1.00 W 0.78 1.00 0.88
k 1.00 1.00 1.00 X 1.00 0.67 0.80
| 1.00 0.50 0.67 y 0.60 1.00 0.75
m 1.00 0.71 0.83 z 0.71 1.00 0.73

Table 2. Performance comparison between SVM and RNN.

Model |Accuracy (%) Precision Recall Fl-score
SVM 89.74 0.92 0.90 0.89
RNN 69.74 0.72 0.70 0.69

5 Conclusiors

The SWWGK demonstrates codsrable progress in migir handwriting recognition by
integrating precise gesture recognition, reliable Bluetooth 4.2 connectivity with an effec-
tive indoor range of up to 10 meters, and an ergonomic design optimized for comfort and

extended use. Its lightight structure (approximately 100 g) and compact dimensions

ensure user comfort, while a 3.7 V battery enables up to six hours of continuous operation.
The SVM model employed delivers strong performance on small;dilgbnsional da-

tasets, outperforminglternative models such as CNN and RNN for this application. How-

ever

t he

studyos

i mitat.i

ons

ncl ude
limited diversity in hand orientation, gesture speed, and environmental conditions, which
could inpact robustness and generalization. Subtle misclassifications among similar ges-

a

ture trajectories persigtuture work will focus on expanding the dataset with more diverse

users and movement variations, exploring deep learning and hybrid models for idhprove
accuracy, refining hardware design for better ergonomics and power efficiency, and im-

r el

plementing hand gestures for essential keyboard functions such as backspace, enter, de-

lete, and spacebar. Furthermore, extending recognition to include numbers al&ngside
systemds

s h

ette

rs

Wi

broaden

t he

versatile, reliable, and scalable solution for faidtext input applications.
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Abstract. Indoor air quality (IAQ) in industrial environments is a critical determi-

nant of occupational health; however, it remains an ureprlated domain in Sri

Lanka.Pr ol onged exposure to elevated particul at e
workplaces is linked to respiratory diseases, cardiovascular complications, and re-

duced worker productivity. This study present
concentrations@oss 15 industrial sites spanning seven key sectors, including textile

and apparel, rubber and plastics, food and beverage, electronics, cement production,

logistics, and power generation, based on data collected from 2015 to 2024. Over

300 data points we analyzed from more than 80 unique indoor locations, covering

both general workspaces and higitposure zones such as boiler rooms, dye houses,

and chemical storedleasurements were conducted using USEPAroved high

volume air samplers in accordancithathe Sri Lankan Ambient Air Quality Stand-

ard for PM . The results revealed that seve
cessing, el ectronic assembly, and tea packagi
significantly exceeded the national and WHO gliites. In some areas, levels ex-

ceeded 150 pg/m3, posing chronic health risks to workers through inhalation of res-

pirable particulatesThis study highlights the urgent need for regulatory IAQ frame-

works tailored to the industrial landscape of Sri Lankas Btudy provides critical

evidence to support policy reform, implementation of engineering controls, and

workplace health interventions, contributing to sustainable and safe industrial devel-

opment aligned with international occupational health standards

Keywords: Indoor Air Quality (IAQ)Par t i cul at eSriMakanle-r ( PM )
dustries
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1 Introduction

Industrial indoor environments in loweniddle-income countries like, such as Sri Lanka,
face significant IAQ challenges, especially due to underdevel@gedatory frameworks.
Although guidelines exist for residential and commercial 1AQ, industrial workplaces ex-
posed to mechanical, thermal, and chemical emissions often lack enforceable standards.
Air pollution is a major global health concern. Accordingie1O Indoor exposure to
solid fuels causes over 1.5 million premature deaths and 38.5 million disability adjusted
life years (DALYs) annually. Outdoor air pollution contributes to over 800,000 deaths,
with 65% occurring in Asia. In Sri Lanka, indoor anddndr air pollution are linked to
an estimated 4,200 and 1,000 deaths per year, respectively [1]. Although comprehensive
national data are limited, studies likee s e a rAg pollubon and public health in de-
veloping countries: Is Sri Lanka different?far valuable insights [2].

Particulate matter (PM)e s peci al ly PM , PM . , and PM

can penetrate the respiratory tract and trigger chronic illnesses. While Sri Lanka provides
ambient air quality standards, they do not address the prolonged exposuresncommo
industrial indoor environments.

Poor ventilation and extended worker presence further exacerbate 1AQ risks, contrib-
uting to health issues like asthma, cardiovascular disease, and Sick Building Syndrome
(SBS)[3]. In Sri Lanka, IAQ research mainly foedson outdoor and residential settings,
despite the large industrial workforce. Regional studies show varying public awareness,
with pollutants such as tobacco smoke, cooking emissions, and plastic waste burning iden-
tified as key sources [4].

Internationalstandards like ISO 16000 and ASHRAE 62.1 emphasize PM monitoring,
but i mpl ementation in Sri Lankads indust
this gap by presentinga40e ar | ongi t udi nal anal ysis of
environments across the country.

2 Methodology

2.1 Site Selection and Industrial Sectors

The study covered 15 industrial facilities across Sri Lanka, representing varied geographic
regions and economic sectors, including Textile and Apparel, Rubber and Plastics, Food
and Beverage, Electronics, Power Generation, Cement Production, Logistics and Ware-
housing.
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Walkthrough assessments helped identify kégposure zones, like production floors,
material handling areas, and furnace vicinities.

2.2 Instrumentation and Sampling Protocol ' r } T ]

PM Monitoring e '
Particulate matter (PM - g| ed usin
approved Highvolume Air Sampler (HVAS), in accord- ] |
ance with Sri Lankads CH The
tures a sizeselective inlet and an automatic volumetr
flow controller to maintain sampling consistency undq
variable environmental conditions.

Gl ass fiber filter pape to col
nominal flow rate of 1.1 1 y parti
were captured on the filters. Filters were weighed bef
and after samptig under controlled conditions to ensu
precision.

Fig. 1. Indoor Particulate Matter Monitoring
Concentration Calculation
P M concentration (Og/ mj) was determined u

PM10 Concentratioqug/m?® = (FP2-FP1)gX 10° 1)
(Duration (Minutes) X Air Flow Rate(m3/min)

Where:

FP ssamplingefilter weight

FP =sanfpling filter weight

Duration = Typically 24 hours Flow rate measured dhlstart and end

Filters were conditioned in a desiccator for 24 hours ane postsampling to eliminate
moisture bias.

2.3 Sampling Strategy and Indoor Zone Selection

Sampling was strategically focused on zones with high potential for exposure, including
raw material input areas, intermediate processing stages, product packaging sections, and
locations housing machinery or combustion units. Measurements were conducted during
standard operational conditions to ensure the data accurately reflected typiqabe®rk
environments.
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2.4  Temporal and Spatial Data Coverage

The study wutilized historical P M measur emi
mental Services Department of National Engineering Research and Development Centre,
collected between 2015 and 20Dver 300 validated measurement data points across

more than 80 indoor locations were analyzed to provide compreheesiperal and spa-

tial coverage.

2.5 Statistical Analysis

Aoneway ANOVA and Tukeybdés HSD test were used
centrations across industrial sectors (204324), while longitudinal trend analysis exam-
ined temporal changes and ppsindemic effects, all at a 95% confidence level.

3 Results and Discussion

31 Summary of PM Concentrations by I ndust:i

Table 1.1 nd o or né&Mration STmmary by Sector (202824)

Sector Min Max Typical High Locations
(Hg/m3)  (ng/m?3)

Apparel Industry 40 277 Finish Fabric Area, QC, Canteen Area, Knittil
Section

Electronic Industry 32 231 Winding Room, Metalicon, Rework Area,
Press/Maskind\rea

Tobacco Industry 34 223 PMD Area, SMD Locations, Dust Rooms

Food Industry 11 200 Biomass Boiler Room, Packing Areas, Pro-
cess/Feeding Sections

Ship Repairing & Mainte- 15 184 PipeFabrication, Onboard NC, Alumitm

nance Workshop

Activated Carbon Indstry 26 162 Location 2

PVC Processing 90 99 Mixing Area, Cutting Area

Cement Industry 42 82 Locations 1 and 2

Rubber Industry 66 99 Location A

Power Plant 34 94 Guest House, Residential Area

Aviation Industry 86 97 Locations C & D

Logistics/Warehouss 24 35 Warehouses 08, 09, 11
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P M concentrations wer e madogud0entjueandooross 15
sites betweeR015 to 2024. The measurements revealed considerable variability in parti-

cle concentrations depending on activity typeation within facilities, and industrial pro-

cess.
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Fig. 2 Maximum PM10 Levels by Sector (20B924) vs WHO and SL Standard
3.2 Yearly Trends

From 2022 to 2024, increased PM concentr at
and food industries, vith were largely attributed to the resumption of-tdpacity oper-

ations following COVID19related disruptions. In contrast, the period from 2020 to 2021
showed a noticeable decline in PM l evel s
temporarypr oducti on halts during the pandemic.
remained at moderate baseline values, although localized peaks were identified in sectors
such as tea processing, textile manufacturing, and capacitor production.

3.3  Comparison with IAQ Standards
Table 2. Applicable Indoor Air Quality Standard

Standard P M Gui dhel i ne
Sri Lanka Ambient Standard (CEA) 100 pg/m3
WHO Indoor Air Quality Guideline 50 pg/m3
Sri Lankan I1AQ Guideline 150 pg/ms
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More than 40 indoor locations recorded! P concentrations exceec
breaching both WHO and Sri Lankan air quality guidelines. Notably, certain zones, such

as the wave soldering area (554 pg/m3) and garment fabric handling sections (381 pg/m3),
surpassed even the ambient outdoor adlity standards by a wide margin. Chronic over-

exposure was also observed in textile chemical storage and quality control areas, tea pack-

ing rooms, and capacitor winding rooms, indicating persistenttisgtenvironments for

occupational exposure.

3.4 High-Risk Zones

Locations such as chemical storage areas, biomass boiler rooms, soldering zones, and dye-

ing operations were frequentigentified as higle x posur e zones. Sites €
concentrations exceeding 200 pg/m3 commonly featuredghrstrating processes and

inadequate ventilation, highlighting consistent risk factors across multiple industrial envi-
ronments.

3.5 Health and Requlatory Implications

According to WHO data,long er m exposure to PM concentr
linked to an elevated risk of respiratory and cardiovascular diseases. In this study, many
recorded indoor PM v a | u erambgert ouwtdead @rdun-t hr e s h |
derscoring the urgent need for Sri Lanka to implement and enforce ispgecific air

quality regulations to protect worker health.

3.6  Statistical Analysis of Sectoral Variations

A oneway ANOVA was conducted on sectaise average M concentration.
2015 2024 to assess whether mean levels differed significantly across industries. Results
indicated a statistically significant vari a

0.001). Poshoc Tukey tests showed that appaedtctronic, and food industries had sig-
nificantly higher mean concentrations compared to logistics and cement sectors, highlight-
ing the heterogeeity of exposure environments.

3.7 Trend Analysis (2015 2024)

Linear trend analysis across the full datasetredeala n over al | upward tr a
concentrations in highctivity industries (textile, electronics, food), with average in-

creases ofid% per year after 2021. The regression model (R2=0.71, p < 0.01) confirmed

the statistical strength of this tren@donversely, lowactivity industries such as cement,

power, and | ogistics showed stable or sl ight
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These findings reinforce the importance of continuous monitoring, particularly in sectors
undergoing productioaxpansions or process intensification.

4 Conclusiors

This longitudinal study provides a critical evidence base on the status of indoor air quality
across diverse industrial sectors in Sri L a
centrations in multipl@perational zones. Over the tgear period from 2015 to 2024,
measurements consistently demonstrated exceedances of both international (WHO) and
national ambient standards, often by significant margins, in zones such as dye houses,
soldering stations, bmass boiler rooms, chemical stores, and fabric handling areas.
ANOVA confirmed statistically significant differences (p < 0.05) between industrial sec-
tors, while trend analysis showerdkindus-r si st en
tries despite technological progress. These findings reflect not only-seetific emis-

sion characteristics but also systemic deficiencies in engineering controls, ventilation de-

sign, and IAQ governance.

The observed concentration levels pose serious occupational health risks, especially
given prolonged worker presence and inadegjg@&posure mitigation strategies. Workers
in these environments face heightened risks of chronic respiratory illnesses, cardiovascular
complications, and reduced lung function. The absenegefofceable indoespecific reg-
ulatory standards in Sri Lankaaoerbates this challenge, leaving industrial employees
exposed to chronic particulate matter levels far exceeding Headtid thresholds. Fur-
thermore, the disparity between observed indoor levels and outdoor air quality limits un-
derscores a critical reqtbry blind spot, where ambient standards are inappropriately used
as proxies for indoor environments.

From a public health and policy standpoint, the data call for urgent action to integrate
Il AQ into Sri Lankads nat i onSframework. Wihaut i on a l
a coordinated response encompassing policy reform, engineering interventions, adminis-
trative protocols, and workforce education, indoor air pollution will continue to undermine
worker wellbeing, productivity, and loAgrm national halth indicators.

The study recommends a dual approach to address indoor air quality (IAQ) issues: pol-
icy reforms and health interventions. Policy reforms include setting IAQ standards, man-
datory monitoring in highiisk sectors, enforcing ventilation anghission controls, estab-
lishing a national IAQ surveillance program, and ensuring worker protection through PPE
and exposure regulations. Health interventions focus on regular medical screening, aware-
ness programs, factotgvel health surveillance, and omic disease management inte-
grated with national health programs.
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This study thus provides a foundational baseline for industrial IAQ reform in Sri Lanka,
paving the way for targeted interventions that align with international best practices and
sustainal® workplace safety standards.
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Abstract. This study investigates the effect of drag force on thefaienotion of

coir pith particles under varying moisturentents and particle sizes. Partiglie in-
teractions play a vital role in drying efficiency. Understanding these dynamics is
critical for optimizing rotary drying operations. The main objective was to analyze
how moisture content affects the drag coefficiand velocity profiles of coir pith
particles. A simple experimental setup was used, where particles of three average
diameters and five different moisture contents were dropped from varying heights,
and their fall times were recorded. Drag coefficiemse estimated numerically us-

ing measured fall times and calculated velocities. The veltioity profiles were
analyzed to assess whether particles approached terminal velocity during the availa-
ble fall distances. Results obtained indicate that increasésture content leads to
higher drag coefficients, which delays the attainment of terminal velocity. Addition-
ally, drag coefficients increased with particle diameter. These results provide deep
insights into particldluid interactions relevant to rotadrying.

Keywords: drag force, drag coefficient, coir pith, rotary drying, free fall

1 Introduction

Coconut is the third most important crop in Sri Lanka, making the country the -fourth
largest global producer of coconut. Sri Lanka is also a significanfilbeirexporter, sec-

ond only to Indig1]. Coir pith is an organic waste byproduct of coir fiber extracted from

the husks of coconuts, which is biodegradable anefremudly [1]. It is a light, spongy,
lignocellulose fibrous material with natural chemicahstituent$1], [2], [3], [4]. In mod-

ern research, coir pith has become an agricultural resource as a growth medium due to its
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high-water retention capacity, porosity, and fertility, because of the micro and macronu-
trient compositiorf2]. It is utilizedas an adsorbent in water treatmi&ijt and soil condi-
tioning, growing bags in the agriculture sector, due to their physical and chemical proper-
ties[6].

In rotary dryers, the moisture content of the coir pith decreases as it moves through the
drying pro@ss. Coir pith particle motions in the rotary dryer depend mostly on the drag
force and terminal velocity. Aerodynamic drag is one of the key forces affecting particle
trajectories during drying. Understanding the changes in the moisture content oégarticl
helps improve the accuracy of the drying process, as the air drag force on a particle is a
major factor in the movement of particlgg. Drag force is influenced by the relative
vel ocities of the air and t hensitg, and moistutee s ,
content. The drag force that the particles experience might vary significantly depending
on the moisture level of the coir pith. Understanding effective forces is crucial for accurate
prediction, including gravity, buoyancy, partidentact, electrostatic, and air drag forces.
The variation between drag force and moisture content highlights the interdependence of
these factors and the need for precise control and modeling in practical drying applications
[81[9].

Additionally, substatial studies have examined the drying kinetics of coir pith, focus-
ing on moisture content reduction through various drying technologies. Due to the com-
plexity of measuring particle motion in real story dryers, simplified experimental ap-
proaches are oftersed.

Similar research on lodensity objects has been conducted by Giinther and Hoang
[10], who investigated the feasibility of determining drag coefficients throughfdtee
experiments. Average drag coefficients for falling spheres were theoretictithatsl
and experimentally validated. This work supports the validity of using a simplified exper-
imental setup to evaluate aerodynamic properties ofdemsity materials.

Bagheri and Bonadonrfd016)[11] proposed a drag coefficient model for freelyifay|
nonspherical particles based on Reynolds number and simple shape descriptors like flat-
ness and elongation. Their findings highlight those irregular particles in air exhibit random
orientations, which are relevant to materials like coir pith, wherg finze plays a key
role in determining fredall and drying trajectories.

Gori al a n d (1990)[CH investigathdathre separation of grain from straw in
a vertical air stream, focusing on how particle characteristics, air velocity, and injection
direction affect separation efficiency. This research provides foundational insights into
pneumatic particle separation technigues, which are highly relevant for materials such as
coir pith, where aerodynamic behavior plays an important role.

Coir pith, a leterogeneous agricultural residue with particles of varying shapes, sizes,
and densities, undergoes significant property changes during drying as moisture loss alters
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density and inteparticle interactions. However, the combined effects of particle size a
moisture content on drag force remain poorly understood. This study addresses this gap
by examining how these factors influence particle behavior, providing novel insights es-
sential for improving simulation accuracy of particle motion in drying prosesseh as
rotary drying.

The present study utilizes a frésl experiment to isolate and analyze the effect of drag
force on coir pith particles. The objectives of this research are to investigate the impact of
moisture content on the drag force of cathpparticles during drying and to quantify the
effect of drag force on falling cofith particles by measuring the deviation from ideal free
fall and extrapolating the findings to rotary drying conditions. This approach provides a
foundational understaimty of particleair interactions and offers data that can be extended
to computational simulations or empirical dryer optimizations

2 Materials and Methods

a. Materials

Fresh coir pith particles were obtained from the milland eveni ed at 150 fo
to facilitate sieving. The dried material was then separated by particle size using a sieve
shaker. Specific amounts of water were added to adjust the moisture content of the parti-

cles to the desired levelShis study utilized coir pith particles with aege particle di-

ameters of 1.2 mm, 0.855 mm, and 0.355 mm, which were determined using sieve analy-

sis. The particles were characterized by known bulk density, moisture content of 20%,
30%, 40%, 50%, and 60%. To simplify the aerodynamic modelling, partides as-

sumed to be spherical. Each practical involved a 5g sample, ensuring that individual par-

ticle behavior dominates over bulk effects.

b. Experimental setup

Experiments were conducted by releasing coir pith particles from 0.5 m, 1 m, 1.5 m, 2 m,
and 2.5 mA 5g sample was dropped for each experiment, and the fall time was recorded
using a stopwatch. Three repetitive experiments were conducted for each height to ensure
consistency and reduce human error. Average times used for the data §b@]yfld],

[13].
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c. Data analysis

In this study, the motion of coir pith particles during free fall was analyEkd.drag
coefficient was estimated for various particle sizes and moisture contents. Excel Solver
was used to numerically determine the dralgted constarby minimizing the error be-
tween measured fall time and mogbeédicted distance, based on the analytical drag equa-
tion.

Drag coefficients were calculated using that estimated constant. This process was re-
peated for each particle size and moisture cargendition. The particle velocities and
their rate of change, dv/dt, are calculated using the constant value obtained. The effect of
moisture content on the calculated drag coefficient was analyzed for each particle size.

A series of graphs were plottegth moisture content (%) on theaxis and drag coef-
ficient on the yaxis. Each graph represented one particle size and included multiple series
corresponding to different fall heights. This allowed clear visualization of how the drag
coefficient varies Wwh moisture under free fall, as influenced by both particle dimension
and fall distance.

d. Theoretical framework

In rotary drying systems, particles undergo complex motion involving cascading, rolling,
and freefall phases. Particles are subject to gragityl aerodynamic drag forces during
free-fall phases. It is important to understand the drag force acting on a particle since it
directly affects the particle's residence time and drying efficiency.

However, due to the dynamic and opaque nature of theyrdtger, directly measuring
drag under real conditions is challenging. A verticalfiedbexperiment is conducted to
simplify the analysis and isolate the effect of drag. Modelling the free fall of a particle
under quadratic drag with a constant dragfficient is used as the theoretical framework.

The following equation describes the motion of falling particles with mass m and no
initial velocity [10], [14].

Qu .
— U
Q0
where g is gravitational acefieddast ati on and
" 60

ca
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He r e is the density of air, A is the projected area, andsGhe drag coefficient.
This equation can be analytically solved by assuming a constant drag coeffictesrC
the fall duration. The velocitysaa function of time is then given below.

. Q. =
L O —O0OAl BO

Integrating v(t) yields the displacement equation as follows,

(o Piiki 0ETa

Vertical descent of a particle falling under gravity and quadratic dragdeliad by
these expressions. In the experiment, the known fall distances and measured fall times are
used to numerically estimate y using Excel
Cuqis calculated as follows,

This method, which is adapted from Gunther and Hoang [10] allows estimation of an
average drag coefficient over the fall period for{density, spherical particles.

The main advantage of this approach is its simplicity and its ability to isolate drag ef-
fects n the absence of other interfering forces common in rotary dryers. Furthermore, the
particle velocities and their rate of change, dv/dt, are calculated to determine whether ter-
minal velocity was achieved during the fall.

Rotary dryers feature a repeatattitlefreefall phase because of their internal lifter
flights [15]. The drag behavior observed in vertical drop experiments can be used as an
analogue for dragominated motion segments in actual drying systems. Specifically, for
varying particle sizeand moisture contents, the estimated drag coefficientsphnetfict
how particles of different properties respond to airflow during drying.
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3 Results and Discussion

a. Effects of moisture content on velocity profiles

The velocitytime profiles of coir pith paitles with different diameters under varying
moisture contents have revealed distinct patterns in their free fall behavior. Across all par-
ticle sizes and moisture contents, the velocity increased over time but did not attain a con-
stant velocity within théighest experimental drop height of 2.5m, indicating that terminal
velocity was not attained. This is validated by the-mero values of acceleration(dv/dt)

at the final time points of all conditions as indicated in table 1 shown below. In a previous
resarch study, the same pattern of graphs was identified as in Fig. 1, Fig. 2, and Fig.3
[16][13].

Notably, the acceleration values have increased with moisture content across all particle
sizes. In the case of D=1.2mm particles, dv/dt has increased froR60n032 at 20%
moisture to 0.0077 mist 60% moisture. Similar trends were observed for D=0.85mm
and D=0.35mm particles. This increment implies that higher moisture content delays the
approach to terminal velocity, due to increased particle mass anid,inventch require
greater air resistancefore equilibrium is achieved.

Table 1. Acceleration of particles

dv/dt when H=2.5m

MC% D=1.2mm D=0.85mm D=0.35mm
20 0.0036 0.0025 0.0005
30 0.0037 0.0031 0.0019
40 0.0039 0.0034 0.0021
50 0.0070 0.0037 0.003
60 0.0077 0.0038 0.0037

As moisture content is increased, particle mass increases significantly, while surface
area remains relatively unchanged. Since the gravitational fgree¢ff becomes greater
relative to the resistive drag forc@(F%A), a higher velocity is required for the drag to
counterbalance gravity and obtain the terminal velocity. Thus, particles with higher mois-
ture content experience a longer period to obtain the terminal velocity, and up to that point
continue acceleratin
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Importantly, these data show that the terminal velocity condition has not been met
within the available fall distance where dv/dt=0. Future experiments should engage greater
drop heights to allow particles to approach stestdye velocity.

Time vs Velocity of D=1.2mm particles
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Fig. 1. Time vs Velocity graph for 1.2mm particle size

Time vs Velocity of D=0.85mm particles
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Fig. 2. Time vs Velocity graph for 0.85 mm particle size
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Time vs Velocity of D=0.35mm particles
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Fig. 3. Time vs Velocity graph for 0.35 mm particle size

b. Influence of moisture content on drag coefficients

The drag coefficiet (Cy) of each particle size was analyzed as a function of fall distances
and moisture contents. Across all distances, a consistent pattern has been developed. For
a given height, the drag coefficient increases with moisture content as we can see in Fig
4, Fig 5, Fig6. These trends offer insights into the dynamics of paftigteinteraction

during free fall in still air.

The positive correlation between moisture content and drag coefficient at all drop
heights is primarily due to increased particle smathout a proportional increase in pro-
jected surface area. Highewisture particles generate greater gravitational force, which,
for a given velocity, results in a higher calculated|€ addition, structural changes such
as particle swelling, surfaceughening, and aggregation may adjust the flow regime
around the particles, increasing from drag. Overall, these results highlight that moisture
not only affects mass and acceleration but also influences drag behavior and settling dy-
namics.

Atlowerdrophei ght s (particularly 0.5 m), deviat
observed. These are primarily due to the limited time available for particles to accelerate
and reachnegrer mi nal vel ocity. I n such <calses, t he

transient stage, where velocity is low and the assumption of a stable flow regime does not
hold. This can cause the modiling procedure to overestimate the drag coefficient to
match the observed displacement. Furthermore, the short time intema@lsthincrease

the sensitivity to timing errors, making the result@igralues less reliable at these heights.
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Therefore, drag coefficients estimated from lower heights should be interpreted cautiously
and are not as representative as those obtaioedlémger fall distances.

MC Vs Cd (Diamater=1.2mm)
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Fig. 4. Moisture content vs gyraph for 1.2mm
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Fig. 5. Moisture content vs @graph for 0.85mm

Drag Coeffient Cd

c. Variation of drag coefficients with particle size

The G vs. diameter plots in Fig. 7 and Fig. 8 exhibit a general trend of incgedsig
coefficient with particle diameter. Across all moisture content levels, larger particles con-
sistently show higher {ralues compared to smaller ones. This can be attributed to ele-
vated Reynolds numbers at larger sizes, as well as greater surfastarencétention,
which may cause shape irregularities and increase the effective projected area.
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MC Vs Cd (Diameter=0.35mm)
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Fig. 6. Moisture content vs ggraph for 0.35mm

Notably, this trend becomes more prominent at higher moisture contents, where mois-
ture amplifies daginducing effects. Moreover, QOvalues vary slightly between drop
heights; for example, s marginally higher at S = 1.0 m compared to S = 1.5 m for the
same patrticle size and moisture level. This could be due to shorter fall distances allowing
less ime for particles to reach stable velocity, resulting in higher transient drag effects.
These heightlependent variations highlight the importance of considering falling distance
when evaluating drag behavior, particularly under variable moisture corgdition

Diameter Vs Cd (S=1m)
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Fig. 7. Diameter vs @graph for 1m height
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Diameter Vs Cd (S=1.5m)
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Fig. 8. Diameter vs @graph for 1.5 m height

d. Implications for rotary drying conditions

The trends observed for particle velocity and drag coefficient under varying moisture con-
tent and particle sizes have a direct impact on rotary dryer design and operation. High
moisture content significantly slows down particle motion, requiring longer drying times
and reducing thermal efficiency. Moist particles are likely to clump and sloettting.
Smaller particles are more affected by moistaduced cohesion, which increases their
aerodynamic resistance and decreases drying uniformity

Altering drum diameter or lifter design to increase fall height within the dryer can re-
duce drag, whiclnelps to improve particle dispersion, enhancing heat and mass transfer.
Drying systemsnust considethe combined effects of size, moisture, and dynamic behav-
ior because of the increase inv@th particle size under moist conditions.

Particle size and nigture content should be balanced for effective rotary drying oper-
ations to optimize flow behavior, residence time, and energy consumption. These findings
support customized drying strategies based on material properties and process geometry

(8]
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4  Conclusions

This study quantitatively demonstrates the effect of particle size and moisture content on
the aerodynamic drag of coir pith particles in free fall, providing insights directly relevant
to rotary drying. Experimental results show that increasing meistmtent from 20% to

60% raised drag coefficients by 65 95% depending on particle size and fall height.

On average, @ncreased by ~83% for 1.2 mm patrticles, ~70% for 0.85 mm particles, and
~73% for 0.35 mm particles.

Moisture also had a pronouncimpact on acceleration. At 2.5 m drop height, the ac-
celeration of 1.2 mm particles more than do
mm particles it increased nearly sevenfold
higher moisture content not lgrincreases drag but also delays the approach to terminal
velocity by amplifying particle inertia and aerodynamic resistance.

Larger particles consistently exhibited higher drag coefficients under moist conditions,
highlighting a strong size moisture irgetion. For rotary dryers, these findings imply that
high-moisture particles resist airflow more strongly and settle more slowly, extending res-
idence times and reducing drying efficiency. The observéd@%Sncrease in gper 10%
additional moisture undscores the importance of accounting for moisture variability in
dryer design and control.

Future work should extend drop heights to capture terminal velocity and apply compu-
tational fluid dynamics (CFD) to generalize these quantified findings to rotaey dey
ometries.
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Abstract. This research investigates the aerodynamic performance of airfoils in both
subsonic and supersonic flows, focusing on the impact oEyemmetric and sym-
metric surface dent&Jnlike previous studies that primarily considered symmetric

or regularly spaced dimples, this study explores the effects of isolated dents
ispherical, conical, and cylindrigalplaced at various chordwise locations on both
the upper and lower surfacesthe airfoil. Computational simulations were con-
ducted using ANSYS Fluent. A total 6& simulations were performed for a three
dimensional NACA 0012 airfoil under subsonic conditions, with Reynolds numbers
ranging from 1.9 1 10 to 8.3 T 10 and angl ¢
tionally, nine twedimensional simulations were carriedt for a doublevedge air-

foil at Machnumber3 to assess performance in the supersonic regime. The results
demonstrate that the geometry, location, and surface area of dents significantly in-
fluence aerodynamic behavior. In subsonic flow, the highegolifirag ratio of 49.6

was achieved with a hemispherical dent located at thechoed on the upper sur-
face, indicating improved boundary layer control and delayed flow separation. In
supersonic flow, a trailing dent placed at the leading edge of the sonface gen-
erated lift even at zero angle of attack, doubling thedifirag ratio compared to

the clean airfoil. These findings were validated by benchmarking clean airfoil sim-
ul ations against NASA6s NACA 0012 data and e
agreement in pressure distribution and drag values. Overall, the study provides com-
pelling evidence that nesymmetric dents can function as effective passive flow
control mechanisms, with potential applications in UAVs, missiles, and other high
speed a@space platforms.

Keywords: Airfoil Aerodynamics Non-Symmetric DimplesPassive Flow Control,
Subsonic and Supersonic FloBomputational Fluid Dynamics
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1 Introduction

The aim of this study is to investigate the aerodynamic effect of suehymonetric dent
characteristics. By simulating dents of different shapes (conical, cylindrical, hemispheri-
cal), sizes, and positions along the airfoil chord, this work aims to understand how these
localized geometric deviations affect lift, drag, and overibdynamic efficiency. A total
of 54 threedimensional simulations were performed on a NACA 0012 airfoil under sub-
sonic conditions, with velocities ranging from 30 m/s to 130 m/s and angles of attack be-
t ween T12A and +12A. -speedegimes,ainedtwalinterssionalo r k
supersonic calculations were conducted with a dewelgge airfoil at Macmumber3 as
representative missile or higipeed wing sections. One particular region of interest in this
research is the effect of n@ymmetric denplacement on boundary layer behavior, sepa-
ration, and, in supersonic flows, on geométryal shockwave interaction. Through com-
parison of dented versus smooth surfaces, and through examinatiort@fllifig (L/D)
ratios, the investigation tries to disnepatterns and locations that would provide better
aerodynamic performance via passive flow control. In the last several years, a number of
studies have been conducted on the effect of dimples and surface modifications on the
aerodynamic performance ofrfails. These investigatiodsboth experimental and nu-
mericab have covered a range of airfoil profiles, dimple geometries, and locations. Find-
ings, however, vary from study to study, especially on whether the occurrence of dimples
improves or worsens perfornce. Livya et al. [1] and Kaushik et al. [2] numerically stud-
ied a 3D symmetric NACA 0018 airfoil with various dimple geometries. Livya [1] tested
semispherical, cylindrical, hexagonal, and compound dimples and determined that inward
semispherical shags gave maximum lift enhancement. Kaushik [2] found through his
studies that both inward and outward dimples increased lift but also drag. Srivatsav [3]
later confirmed with 2D and 3D simulations that outward dimples reduced drag in 2D,
while in 3D, lift was increased at the expense of higher drag. Saraf et al. [4] tested on a
NACA 0012 airfoil, testing 2D cases experimentally with dimples at different chordwise
positions. The best performance was achieved when the dimple was positioned around
75% of the cbrd, which shows that position is crucial to the behavior of flow. Singh et al.
[5] tested a NACA 0011 airfoil experimentally with different shapes and sizes of dimples
and concluded that seroylindrical outward dimples of medium size positioned at 66%
chord length performed optimally. In addition, Binci et al. [6] found that dimples on a
NACA 64-014A airfoil reduced laminar separation and pressure drag, leading to enhance-
ment of aerodynamic stability. On the contrary, Stolt et al. [7] reported perforhasses
caused by dimple application on a NACA 0015 airfoil, particularly in the leaslilug
region. Zulkefli and MohdNur [8] tested dimples on a NACA 4415 profile and determined
that inward and outward dimples were not effective near stall but thatdrivaples gave
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marginal liftto-drag benefits at moderate angles of attack. Mustak et al. [9] showed that
both forms of dimples delayed stall by approximately 4° and improved lift and drag per-
formance over the range of angles of att&ekther, Tejet al.[10] conducted a compara-
tive CFD study of various 3D NACA airfoils and concluded teareslogped inward dim-
ples at 70% chord to be most effective, especially on more highly cambered airfoils. Some
research has been conducted to improve flow control dagl sleseparation over airfoils.
Siauw et al. [11] performed an experiment of pneumatic vortex generators on a NACA
0015 airfoil and noted a presstrelocity signal correlation during the occurrence of flow
separation at high attack angles. Niu et al] [i&formed dynamic stall behavior on a
NACA 0012 airfoil and showed that a variable droop leadidge can enhance aerody-
namic performance. Also, conventional cambleanging devices like slats and flaps have
been shown to increase lift [13]. Matsson lefB4] took the NACA 2412 airfoil at low
Reynolds numbers into account and found the stall angle to be somewhere between 14°
and 16° by experiment and CFD investigatiOnerall, these studies show that the dimple
performance is a function of several paeters shape, size, location, and airfoil geometry.
While some configurations enhance the lift and reduce the drag, others may worsen the
performance. Such inconsistency brings out the need for exhaustive parametric studies
like the current work, which adésses noisymmetric dents in subsonic flow. Supersonic
aerodynamics studies recently have focused on the impact of surface geometry changes
on shock behavior and aerodynamic performance. Hodson et al. [15] and Manshadi &
Aghajanian [16] demonstrated thaitimal airfoil shapes have the potential to maximize
lift -to-drag performance by reducing shock. Hari et al. [17] showed that small surface in-
tersections can have a profound influence on shockwave interactions. Together, these pa-
pers confirm that supersiarflow can be passively manipulated by local surface feadures
i.e., dents or dimples. This work builds upon that foundation by investigatingymon
metric dent geometries as a passive means to control-sloocklary interactions and im-
prove aerodynamic fi€iency. Ajay Varma [18] formulated Pressure Coefficient is found
to decrease with increase in Mamtmberafter the shock. Maximurivlach number and
turbulent kinetic energy over the surface is found to increase with inlet Maoher.
Aminjan et al. [19konducted a CFD (Computational Fluid Dynamics) simulation of thick
doublewedge airfoils at Machumber 2The research is likely to have been aimed at the
study of aerodynamic characteristics of such airfoils under the condition of supersonic
flow at a Mah number of2 and could have studied the effect of airfoil thickness on the
flow pattern. Ferrari developed an analytical theory in 1958 to calculate wave drag for thin
doublewedge airfoils [20]. The theory provides a way of understanding and predicting
the drag behavior of such airfoils at supersonic velocities. The most significant aspect of
the theory is its consideration of the wave drag as a significant contributor to overall drag
at supersonic velocities due to the formation of shock waves. Thisadaols to a clear
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void in published research for utilizing previous studies and examiningyrametric

dents on 2D and 3D airfoils under subsonic and supersonic conditions. This situates this
research in a special position of contributing innovative hisigo passive flow control

and aerodynamic surface development.

The findings not only reveal the mechanisms by which surface damage can lead to de-
creased performance but also mechanisms by which strategically located dents can in-
crease lift or reduce dragpotential concept for UAVS, missiles, and higeed applica-
tions where the use of external control devices is undesirable. This study bridges the gap
between idealized control of airflow and real geometric defects.

2  Computational Methodology

This study investigates the aerodynamic influence of surface dents on airfoils under both
subsonic and supersonic conditions using Computational Fluid Dynamics (CFD) in
ANSYS Fluent. The NACA 0012 airfoil for the subsonic case and dewbtige airfoil
for the supersonic case were considered. Various dimple geordesyasmetric and non
symmetric geometriesere explored using surface geometry modification and the calcu-
lation of lift, drag, and flow structurén the subsonic simulations, dent diameters were
varied between (1110) % of the chord length, with depths ranging from{0.3%6 of the
chord. These ranges were chosen to capture shallow dents as well as deeper configurations
that could act as passive flesontrol devices. The purpose of this variation veasves-
tigate whether dent size influences lamitarbulent transition, flow separation, and stall
delay.

Governing Equations The computational analysis of airflow owdie dented airfoils
was performed by solving the Reynoléiseraged NavieiStokes (RAS) equations along
with the Shear Stress Transport (SST¥k t ur bul ence model in ANSY
equations govern the conservation of mass, momentum, and turbulence transport. All
equations were solved in steashate form, using a secowdder discrézation scheme
Continuity equation;

Ou/ O0x + Ov/ Oy + Ow/ Oz
Momentum equations;

J(u Ou/ O0x + v Op/ Oyu+ w Ou(20z)

J(u Ov/Ox + v -OPNOW € w Ov((30z)

;1 (u Ow/ Ox + v OOy /O0grw+ we Ow#)Oz)
k-equation:(turbulence kinetic energy);

O(y kNEOF KWyb*) Kok [ ¢ k| Gk £ 1(5)

0
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¥-equation:(specific dissipation rate);
O(y¥)LO1 vY) =-bU(vLk+( Bk RY G¥vet) (6)

Nomenclaturesu, v, z are the components of velocity vector inx-y,@ mponeamt s } =
density,e =dynamic viscosityPk = production term of k} = velocity vector,U , b, ak,
0 ¥ empirical constants derived from calibration.

2.1 Subsonic Methodology

Mesh Sensitivity AnalysisA mesh independence test was conducted to ensure accurate
aerodynamic predictions for the subsonic 3D NACA 0012 airfoil. Three meshes of in-
creasing density, casining approximately 400,000, 500,000, and 800,000 elements, were
generated and tested at 50 m/s and OA angl e
near the airfoil surface to resolve the boundary layer, with the first cell height adjusted to

ach eve vy < 1, ensurindgy ctounptadli dondéd tmo dva It .h L
coefficients were computed for each mesh and compared to evaluate convergence. Mini-

mal variation (<4%) was observed beyond 500,000 elements, confirming that further re-
finement did not significantly affect the results. Based on this analysis, the finest mesh of
800,000 elements was adopted for all subsonic simulations.

Computational Setup A 3D model of NACA 0012 airfoil with a chord length and span

of 1 meter was preparedehhispherical, cylindrical, and conical shaped surface dents of

different depths and diameters were developed and introduced at various chordwise from

leading edge to trailing edge positions on upper and lower surfaces.

The computational domain was stretdheertical height 8 and horizontal height 12

lengths to offer undisturbed flow. An unstructured tetrahedral mesh was generated, such

as inflation layers next to the airfoil surface. The boundary conditions were a uniform

velocity inlet (30 130 m/s), presge outlet 0 Pa, symmetry side surfaces, and-slipo

airfoil wall. The simulations used the pressbesed solver with SSTik t ur bul ence
model, which is capable of simulating boundary layer separation andvaéagffects.

Secondorder discretizationchemes were used, and simulations were run until residuals

fell bel ow 10 and aerodynamic forces cony
1.91 1 10 and 8.29 I 10 , which were depen

Simulation Parameters
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Table 1. Simulation cassetup for NACA 0012 airfoil.

Case Reynolds Dent Dimple diam- Dimple Placement Ao A
No Number shape eter (D/C)  depth(d/D) (%Chord)

1-4 1.91 - -4,0,4,12
5 6.38 - - - - -8
6 7.65  HS(NS) 0.01 03 LE 12
711 1. 91  HS(NS) 0.01 0.3 LE -8,-4,0,4
8
1216 6. 38 H S(S) 0.1 0.5 MC -4,0,4,8
12
17 .46 H S(S) 0.1 0.5 MC -8
1822 1. 91  HS(NS) 0.05 0.333 TE -4,0,4,8
12
23 3.19 ~ HS(NS) 0.05 0.333 TE -12
2426 3. 19  HS(NS) 0.01 1 L E(L-S) -8,0,8
2730 3. 19  CO(N-S) 0.05 0.5 LE -4,0,4,12
31 4. 46  CON-S) 0.05 05 LE -12
3235 6.38  CO®S) 0.05 0.5 MC -8,0,8,12
36 8.29 CO(S) 0.05 0.5 MC -12
3738 1.91  CO(N-S) 0.01 0.1 TE 4,8
39 6. 38  CO(N-S) 0.01 0.1 TE 0
40 1.91 ~ CO(N-S) 0.01 0.1 TE -4
41 4. 46  CON-S) 0.01 0.1 TE -8
4245 6.38  CO®S) 0.05 0.5 M C(L-S) -4,0,4,4
46 6. 38 CY(B-C) 0.05 1.5 LE 0
47 6.38 - - - - 8
48 1.91  HSNS) 0.01 0.1 T E(L-S) 0
49 6.38 CY(B-C 0.05 0.52 MC 0
50 1.91 ~ CYHole 0.01 6 LE 0
5154 6. 38  CY(B-F) 0.05 0.2 TE -12,
-8,0,12

Nomenclatures :C=chord length, H S=Half spherical, CO=conical, CY=Cylindrieakmdnrsym-
metric, Sssymmetric, BC=bottom curve, BF=bottom flat, L E=Leading edge, M C#id chord,
T E=Trailing edge, LS=lower surface

@ (b)
Fig. 1. Boundary conditions (a) inlet (b) outlet
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2.2 Supersonic Methodology

For the supersongimulation, a 2D doubteedge airfoil of 2 meters chord length and 0.3
meters height was simulated. Mesh density was increased at leading edges and dimple
locations to capture shock interactions accurately. Boundary conditions were defined as a
supersonidénlet (Mach numbeB), pressure outlet, and inviscid slip wall boundary on the

surface of the airfoil.

Two simulation approaches were utilized. First, an inviscid flow simulation was used
to study generic shock wave structures and surface pressure.efectsid, particular
cases were simulated using a viscous setup with the 86T kmo d e |
count for boundary layer flow effects. The solver was run at compressible flow conditions
with coupled formulations, with convergence ensured thrgughitoring drag, lift, ad

residual stability.

of

Table 2 Supersonic simulation setup parameters for double wedge airfoil

tur bul

Case Mach Dent  Dimple di- Dimple  Placement Turbulence AoA
No No shape ameter(m) depth(m) Model (
1 3 - - - - Inviscid 0
2 3 S C(S) 0.009 0.009 L E(U-S) Inviscid 0
3 3 S C(S) 0.01 0.01 L E(L-S) Inviscid 0
4 3 T(S) 0.003 0.003 L E(L-S) Inviscid 0
5 3 S C(S) 0.009 0.009 L E(U-S) Inviscid 0
6 3 T (NS) 0.01 0.01 L E(L-S) Inviscid 0
7 3 T (NS) 0.02 0.02 L E(L-S) Inviscid 0
8 3 T (NS) 0.003 0.003 L E(L-S) Inviscid 0
9 3 T (NS) 0.01 0.01 L E(L-S) SSTKY 4

Nomenclatures: S CSemicircle, T=Triangular, Sssymmetric, NS=Non-symmetric, L E-Lead-
ing edge, US=upper surface, 1S=lower surface

@

(b)

Fig. 2. Mesh configuration (a) Airfoil (b) Around dimple
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