Pertanika Journal of

SCIENCE &
TECHNOLOGY

VOL. 31 (6) OCT. 2023

=

PERTANIKA

A scientific journal published by Universiti Putra Malaysia Press




Pertanika Journal of Science & Technology

Pertanika Journal of Science & Technology

>
o
o
]
c
<
®
2
o3
©
o
c
2
5]
(]
—
5]
=
c
IS
3
o
3
]
=
IS
5]
=
5]
Q.

PERTANIKA JOURNAL OF SCIENCE & TECHNOLOGY
About the Journal

Overview

Pertanika Journal of Science & Technology is an official journal of Universiti Putra Malaysia. It is an open-
access online scientific journal. It publishes original scientific outputs. It neither accepts nor commissions
third party content.

Recognised internationally as the leading peer-reviewed interdisciplinary journal devoted to the publication
of original papers, it serves as a forum for practical approaches to improve quality on issues pertaining to
science and engineering and its related fields.

Pertanika Journal of Science & Technology currently publishes 6 issues a year (January, March, April,
July, August, and October). It is considered for publication of original articles as per its scope. The journal
publishes in English and it is open for submission by authors from all over the world.

The journal is available world-wide.

Aims and scope

Pertanika Journal of Science & Technology aims to provide a forum for high quality research related to
science and engineering research. Areas relevant to the scope of the journal include: bioinformatics,
bioscience, biotechnology and bio-molecular sciences, chemistry, computer science, ecology, engineering,
engineering design, environmental control and management, mathematics and statistics, medicine and
health sciences, nanotechnology, physics, safety and emergency management, and related fields of study.

History
Pertanika Journal of Science & Technology was founded in 1993 and focuses on research in science and
engineering and its related fields.

Vision
To publish a journal of international repute.

Mission
Our goal is to bring the highest quality research to the widest possible audience.

Quality

We aim for excellence, sustained by a responsible and professional approach to journal publishing.
Submissions can expect to receive a decision within 90 days. The elapsed time from submission to
publication for the articles averages 180 days. We are working towards decreasing the processing time
with the help of our editors and the reviewers.

Abstracting and indexing of Pertanika

Pertanika Journal of Science & Technology is now over 27 years old; this accumulated knowledge and
experience has resulted the journal being abstracted and indexed in SCOPUS (Elsevier), Clarivate Web
of Science (ESCI), EBSCO, ASEAN CITATION INDEX, Microsoft Academic, Google Scholar, and MyCite.

Citing journal articles
The abbreviation for Pertanika Journal of Science & Technology is Pertanika J. Sci. & Technol.

Publication policy

Pertanika policy prohibits an author from submitting the same manuscript for concurrent consideration by
two or more publications. It prohibits as well publication of any manuscript that has already been published
either in whole or substantial part elsewhere. It also does not permit publication of manuscript that has
been published in full in proceedings.

Code of Ethics

The Pertanika journals and Universiti Putra Malaysia take seriously the responsibility of all of its journal
publications to reflect the highest in publication ethics. Thus, all journals and journal editors are expected
to abide by the journal's codes of ethics. Refer to Pertanika’'s Code of Ethics for full details, or visit the
journal’s web link at http://www.pertanika.upm.edu.my/code_of_ethics.php



Originality

The author must ensure that when a manuscript is submitted to Pertanika, the manuscript must be an original
work. The author should check the manuscript for any possible plagiarism using any program such as Turn-It-
In or any other software before submitting the manuscripts to the Pertanika Editorial Office, Journal Division.

All submitted manuscripts must be in the journal’s acceptable similarity index range:
<20% - PASS; > 20% — REJECT.

International Standard Serial Number (ISSN)
An ISSN is an 8-digit code used to identify periodicals such as journals of all kinds and on all media—print
and electronic.

Pertanika Journal of Science & Technology: e-ISSN 2231-8526 (Online).

Lag time
A decision on acceptance or rejection of a manuscript is reached in 90 days (average). The elapsed time from
submission to publication for the articles averages 180 days.

Authorship
Authors are not permitted to add or remove any names from the authorship provided at the time of initial
submission without the consent of the journal’s Chief Executive Editor.

Manuscript preparation
For manuscript preparation, authors may refer to Pertanika’s INSTRUCTION TO AUTHORS, available on
the official website of Pertanika.

Editorial process
Authors who complete any submission are notified with an acknowledgement containing a manuscript ID on
receipt of a manuscript, and upon the editorial decision regarding publication.

Pertanika follows a double-blind peer-review process. Manuscripts deemed suitable for publication are
sent to reviewers. Authors are encouraged to suggest names of at least 3 potential reviewers at the time
of submission of their manuscripts to Pertanika, but the editors will make the final selection and are not,
however, bound by these suggestions.

Notification of the editorial decision is usually provided within 90 days from the receipt of manuscript.
Publication of solicited manuscripts is not guaranteed. In most cases, manuscripts are accepted conditionally,
pending an author’s revision of the material.

The journal’s peer review

In the peer-review process, 2 to 3 referees independently evaluate the scientific quality of the submitted
manuscripts. At least 2 referee reports are required to help make a decision.

Peer reviewers are experts chosen by journal editors to provide written assessment of the strengths and
weaknesses of written research, with the aim of improving the reporting of research and identifying the most
appropriate and highest quality material for the journal.

Operating and review process
What happens to a manuscript once it is submitted to Pertanika? Typically, there are 7 steps to the editorial
review process:

1. The journal's Chief Executive Editor and the Editor-in-Chief examine the paper to determine
whether it is relevance to journal needs in terms of novelty, impact, design, procedure, language
as well as presentation and allow it to proceed to the reviewing process. If not appropriate, the
manuscript is rejected outright and the author is informed.

2. The Chief Executive Editor sends the article-identifying information having been removed, to 2 to
3 reviewers. They are specialists in the subject matter of the article. The Chief Executive Editor
requests that they complete the review within 3 weeks.

Comments to authors are about the appropriateness and adequacy of the theoretical or conceptual
framework, literature review, method, results and discussion, and conclusions. Reviewers often
include suggestions for strengthening of the manuscript. Comments to the editor are in the nature
of the significance of the work and its potential contribution to the research field.
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The Editor-in-Chief examines the review reports and decides whether to accept or reject the
manuscript, invite the authors to revise and resubmit the manuscript, or seek additional review
reports. In rare instances, the manuscript is accepted with almost no revision. Aimost without
exception, reviewers’ comments (to the authors) are forwarded to the authors. If a revision is
indicated, the editor provides guidelines for attending to the reviewers’ suggestions and perhaps
additional advice about revising the manuscript.

The authors decide whether and how to address the reviewers’ comments and criticisms and
the editor’s concerns. The authors return a revised version of the paper to the Chief Executive
Editor along with specific information describing how they have addressed’ the concerns of
the reviewers and the editor, usually in a tabular form. The authors may also submit a rebuttal
if there is a need especially when the authors disagree with certain comments provided by
reviewers.

The Chief Executive Editor sends the revised manuscript out for re-review. Typically, at least 1
of the original reviewers will be asked to examine the article.

When the reviewers have completed their work, the Editor-in-Chief examines their comments
and decides whether the manuscript is ready to be published, needs another round of revisions,
or should be rejected. If the decision is to accept, the Chief Executive Editor is notified.

The Chief Executive Editor reserves the final right to accept or reject any material for publication,
if the processing of a particular manuscript is deemed not to be in compliance with the S.O.P. of
Pertanika. An acceptance letter is sent to all the authors.

The editorial office ensures that the manuscript adheres to the correct style (in-text citations,
the reference list, and tables are typical areas of concern, clarity, and grammar). The authors
are asked to respond to any minor queries by the editorial office. Following these corrections,
page proofs are mailed to the corresponding authors for their final approval. At this point, only
essential changes are accepted. Finally, the manuscript appears in the pages of the journal
and is posted on-line.
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Foreword

Welcome to the sixth issue of 2023 for the Pertanika Journal of Science and Technology (PJST)!

PJST is an open-access journal for studies in Science and Technology published by Universiti Putra
Malaysia Press. It is independently owned and managed by the university for the benefit of the
world-wide science community.

This issue contains 30 articles; five review articles and the rest are regular articles. The authors
of these articles come from different countries namely Bangladesh, India, Indonesia, Malaysia,
Morocco, Nigeria, Pakistan, Sri Lanka, Switzerland and Thailand.

A review on poultry manure and its contribution to inflammation and cancer progression was
conducted by Ana Masara Ahmad Mokhtar and colleagues from Malaysia. Indiscriminate manure
disposal has been highlighted as a significant cause of environmental contamination due to
various biological and chemical irritants that harm the environment and human health. Several
incidents have been reported, most notably among farmers and those living near the farms,
because of air and water pollution caused by manure losses, which result in various health issues,
including infection, inflammation, and even cancer. This review discusses the potential health
risks or diseases linked to poultry manure and recommends future measures to minimize the
hazards to health and the environment. Details of this study are available on page 2645.

A regular article titled “Effect of Scaling the Electrostatic Interactions on the Free Energy of
Transfer of Azurin from Water to Lipid Membrane Determined by Coarse-Grained Simulations”
was presented by Dian Fitrasari and co-researchers from Bandung Institute of Technology,
Indonesia. Azurin protein potentially plays an important role as an anti-cancer therapeutic agent,
particularly in treating breast cancer without having a negative effect on normal cells. Although
the interaction mechanism between protein and lipid membrane is complicated, it can be
modeled as protein-lipid interaction. Since the all-atom (AA) model simulation is cost computing,
the researchers applied a coarse-grained (CG-MARTINI) model to calculate the protein-lipid
interaction. They investigated the binding free energy value dependency by varying the windows
separation and electrostatic scale parameters. After scaling the electrostatic interactions by a
factor of 0.04, the best result in terms of free energy is -140.831 kcal/mol, while after window-
separation optimization, it reaches -71.859 kcal/mol. The detailed information of this study is
available on page 2735.

A numerical investigation on the distribution of pressure coefficients of modified building
shapes was conducted by Siti Rohani Mohd Isdris et al. from Universiti Sains Malaysia. This study
evaluates the impact of shape mitigation on tall buildings by applying corner modifications, such
as chamfered, corner cut, plan changes with height, tapered, and setback, and combining a
single modification model. The numerical simulations were carried out using Computational Fluid



Dynamic (CFD) simulation with the RNG k-£ type of turbulence model. All single modifications
reduced the maximum +Cp and -Cp better than the basic model. The setback model is more
effective in reducing suction than the basic and tapered model. Choosing an efficient geometry
modification for high-rise structures can help mitigate aerodynamic concerns, particularly in
pressure distribution on the building surfaces. Further details of the investigation can be found
on page 3139.

In the last 12 months, of all the manuscripts peer-reviewed, 16% were accepted. This seems to
be the trend in PJST.

We anticipate that you will find the evidence presented in this issue to be intriguing, thought-
provoking and useful in reaching new milestones in your own research. Please recommend the
journal to your colleagues and students to make this endeavour meaningful.

All the papers published in this edition underwent Pertanika’s stringent peer-review process
involving a minimum of two reviewers comprising internal as well as external referees. This was to
ensure that the quality of the papers justified the high ranking of the journal, which is renowned
as a heavily-cited journal not only by authors and researchers in Malaysia but by those in other
countries around the world as well.

We would also like to express our gratitude to all the contributors, namely the authors, reviewers,
Editor-in-Chief and Editorial Board Members of PJST, who have made this issue possible.

PJST is currently accepting manuscripts for upcoming issues based on original qualitative or
guantitative research that opens new areas of inquiry and investigation.

Chief Executive Editor
Mohd Sapuan Salit
executive_editor.pertanika@upm.edu.my
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ABSTRACT

Indiscriminate manure disposal has been highlighted as a significant cause of environmental
contamination due to the presence of various biological and chemical irritants. It includes
pathogens, antibiotics, and organic pollutants, all of which have the potential to harm not only
the environment but also human health. Several incidents have been reported, most notably
among farmers and those living near the farms, as a result of air and water pollution caused
by manure losses. Acute and chronic exposure to these hazards may result in a variety of
health issues, including infection, inflammation, and even cancer. Despite this, humans are

constantly exposed to these risk agents due
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methods and knowledge of the risk agents’
associations with diseases. Thus, the review
discusses the potential health risk or diseases
linked to poultry manure and recommends
future measures to minimise the hazards to
farmers’ health and the environment posed
by their existing practices.

Keywords: Cancer, infection, inflammation,
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INTRODUCTION

The growing demand for food products, whether proteins, carbohydrates, or fibre, has
rapidly increased over the last decade, in lockstep with the world’s population growth. The
global population was 7.9 billion in 2022 (Population Matters, 2023), expected to reach
9.7 billion by 2050. On the other hand, population growth will undoubtedly increase the
demand for poultry production for human consumption. According to the United Nations
Food and Agriculture Organization (2021), poultry meat production increased from 9 to
132 million tonnes worldwide between 1961 and 2019, accounting for nearly 39% of global
meat production. Additionally, global broiler meat production reached approximately
83.2 million metric tonnes in 2012 and is expected to reach approximately 102 million in
2021 (https://www.statista.com/aboutus/our-research-commitment/1239/m-shahbandeh).
In Malaysia, the yearly per capita consumption of poultry meat increased from 41.9 kg in
2012 to 53.1 kg in 2022 (Organisation for Economic Co-operation and Development, 2022).

While modern agricultural technology has increased production efficiency and safety,
the risks to the human population posed by these industries have remained relatively
constant. It is because as poultry farming becomes more popular, the production of poultry
waste will increase, endangering humans and contributing to environmental contamination.
It has been established that poultry excrement contains a variety of contaminants, including
veterinary antimicrobials, heavy metals, and pathogens. These contaminants can enter
surface water, groundwater, and agricultural soil during storage and disposal, posing direct
or indirect threats to public health (Gbotosho & Burt, 2013).

Poultry manure is the faeces of poultry (chicken, turkey, duck, and geese), which
is frequently used as an organic fertiliser to increase the soil’s nitrogen, phosphate, and
potassium levels. However, it is a major source of pathogens that can harm humans. For
example, Listeria, Salmonella, Staphyloccocus, Actinobacillus and Campylobacter are
just a few pathogens that have been prevalent in poultry wastes and have been linked to
adverse effects on human health and the human food chain (Kyakuwaire et al., 2019). These
pathogens may be spread from poultry wastes to water sources through run-off, which
humans may consume or ingest as a source of water or marine-based food (Kyakuwaire
et al., 2019).

Additionally, due to easier market access, most poultry industries are massive and
concentrated in urban areas. However, this location is frequently near critical areas such
as rivers and drainage systems that provide water to nearby residents (Taiwo & Arowolo,
2017). Inadequate waste management increases their risk of contracting infections, which
can cause life-threatening conditions (Food and Agriculture Organization of the United
Nations, 2013). Exposure to these zoonotic pathogens, which are pathogens that have
spread from animals to humans, has been shown to cause a variety of infectious diseases
in humans, including Listeriosis, Salmonellosis, and Campylobacteriosis (Kyakuwaire et
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al., 2019). Thus, appropriate and preventive strategies must be implemented at all levels
of agriculture to mitigate health risks (Food and Agriculture Organization of the United
Nations, 2013). Additionally, this approach would contribute to sustainable agriculture
without the risk or concern of zoonotic pathogen contamination (Garcia et al., 2020).

CURRENT MANAGEMENT OF POULTRY MANURE AND ITS
DISADVANTAGES TO HUMANS

Poultry manure contains thirteen essential nutrients required for plant growth and
development, including Nitrogen (N), calcium (Ca), phosphorous (P), sulphur (S),
copper (Cu), chlorine (Cl), iron (Fe), molybdenum (Mo), potassium (K), magnesium
(Mg), manganese (Mn), zinc (Zn), and Boron (B) (Singh et al., 2018). These nutrients are
frequently derived from poultry feed, medications, supplements, and drinking water. The
abundance of nutrients in poultry manure can be regarded as one of the best fertilisers as
it fulfils the main plant growth requirements (Singh et al., 2018).

Reused Poultry Manure as Bedding Material

Poultry litter usually consists of bedding material mixed with manure, feathers, spilt water
and waste feed accumulated during the production cycle. Although poultry litter is often
used as an excellent fertiliser for enhancing the growth of vegetable crops, it also has been
extensively re-used as bedding materials for subsequent batches of broilers due to the high
cost and demand for high-quality wood shaving bedding, the primary component of litter
(Redding, 2011). This re-used practice is prevalent in several countries, including the United
States of America (Macklin et al., 2006) and Australia (Runge, 2007).

Unfortunately, this practice will promote certain food-borne pathogens such as
Salmonella and Campylobacter, which are commensals in poultry, increasing the risk of
human contamination via direct contact with food crops or spray irrigation (Kyakuwaire et
al., 2019). Despite concerns about the spread of harmful pathogens into the environment,
this practice of reusing bedding material is expected to grow in the future due to limited
supplies of suitable bedding material. Nevertheless, Bucher et al. (2020) found the benefit
of using reused poultry litter to deter the growth of Salmonella. It contradicts ideas probably
due to the environmental stressors or alteration of physiochemical parameters disrupting
the normal mechanism that regulates the complex interplay between bacterial members of
the community, driving the lower abundance of Salmonella in reused bedding.

Source of Energy Production

Additionally, as poultry manure is a complex source of organic components, these wastes
could be utilised for energy production. Among the common methods for converting poultry
litter to energy is fluidised bed combustion (FBC) technology. The heat produced from this
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method can then be used to produce energy or to provide heating for buildings or poultry
houses (Choudhury et al., 2020). Nevertheless, the main concern with this technique is the
number of gases produced, such as carbon dioxide (CO,), methane (CH,) and nitrous oxide
(N,0O), all of which is known as greenhouse gases (GHG) contributor, and particulates that
are being released and polluting the air. Exposure to these particles may promote several
cardiovascular and respiratory consequences for humans, including cardiac arrhythmias,
asthma attacks, and bronchitis (Manisalidis et al., 2020).

Stockpiled of Poultry Manure

In some countries, surplus poultry litter is also openly stockpiled in the environment.
Normally, poultry stacking generates heat, which kills any pathogens present in the litter
(Wilkinson et al., 2011). However, it may cause pathogen run-off into adjacent rivers and
creeks, particularly during heavy rain or flooding (Kyakuwaire et al., 2019). Although
certain measures were implemented to ensure the effective use of poultry manure while
minimising its negative impacts, there is still a risk to the environment and human health
if it is not correctly managed.

ROUTE OF HUMAN EXPOSURE TO POULTRY MANURE
Inhalation

It is common knowledge that poultry farms generate excessive dust from bedding materials,
feed, dried faeces, and feather particles. Dust may contain microorganisms, including
endotoxins, fungi, and bacteria, affecting living things when inhaled. Dust-containing living
organisms are referred to as bioaerosol, and they can spread throughout the environment
and food chain, causing numerous diseases such as pulmonary disease, infection, and skin
irritation (Jerez et al., 2014).

Salmonella, Listeria, and Campylobacter are among the pathogens known to be
released from the internal environment of poultry facilities (Hakeem & Lu, 2021) (Figure
1). After poultry have been transported or eliminated, the broiler house is contaminated to
varying degrees, increasing the likelihood of their release into the environment. In order
to prevent infections in large-scale poultry farms, it is required to disinfect the housing.
Disinfection can minimise or eliminate potential pathogenic bacteria in the home and
prevent their spread across batches. Infectious diseases in poultry houses can be effectively
controlled by selecting the most appropriate disinfectants, disinfection procedures, and
strategies (Jiang et al., 2018). Some pathogens released into the environment can adapt to
harsh environmental circumstances, allowing them to grow, breed, infect other hosts, and
produce toxic compounds that may damage human health (Mokhtar et al., 2022). Among
the potentially produced toxic compounds are listeriolysin O (LLO), a pore-forming toxin
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encoded by the Aly gene of Listeria monocytogenes (Churchill et al., 2006) and Salmonella
cytolethal distending toxin (S-CDT), a toxin that can cause DNA damage in eukaryotic
cells, produced by Salmonella enterica serotype Typhi (Miller et al., 2018).
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Figure 1. Possible pathogen transmission routes from poultry manure to humans. Improper waste management
will spread pathogens to poultry farmers, adjacent inhabitants, and farmers who use contaminated manure
as fertiliser via air pollution, water contamination, and the ingestion of contaminated vegetables and fruits.
In addition, infections may spread from poultry wastes to water sources via run-off, which occurs during
floods or heavy rains, resulting in humans consuming or ingesting water or marine-based food. Created
with BioRender.com

Farmers are also typically exposed to the poultry manure-associated hazard, ranging
from mild conditions, such as loss of olfactory recognition, to severe chronic pulmonary
diseases, such as asthma and chronic obstructive pulmonary disease (COPD), that require
special attention (Kitjakrancharoensin et al., 2020). For instance, the amounts of respirable
dust and bioaerosol on exposed farmers were more significant than those measured with
stationary indoor samplers. Although the respirable dust is still below the Occupational
Safety and Health Administration’s permissible exposure level, it surpasses the limit for
animal buildings suggested by other studies (Jerez et al., 2014).

Some nearby inhabitants were also exposed to harmful odour compounds such as
ammonium, dimethylamine, trimethylamine, butyric acid, phenol, and indole that may
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irritate the human respiratory tract (Fan et al., 2020). Additionally, since poultry manures
may also spread some bioaerosol-containing harmful pathogens, excessive and sustained
intake of these pathogens might result in the fatal illnesses listed in Table 1. Meningitis
and encephalitis are common disorders associated with pathogen infections caused by
excessive inflammation. Chronic or sustained exposure to these inflammatory processes
may also contribute to the advancement of cancer as inflammation and cancer cross-talked
(Grivennikov et al., 2010).

Table 1
List of pathogens commonly found in poultry waste
Pathogen Host Route Disease
Listeria monocytogenes Cattle, sheep, Food, water Listeriosis, febrile gastroenteritis,
pigs Perinatal infection
Brucella spp. Cattle Direct food, inhalation Brucellosis
Enterohemorrhagic £.  Cattle, sheep, Food, water Haemorrhagic colitis
coli pigs
Campylobacter jejuni ~ Poultry, pig,  Food, water, direct A neurological disorder in very young,
Cattle elderly or immunocompromised

human patients.
Guillain-Barre syndrome in human

Campylobacteriosis

Hepatitis E virus Pigs, poultry, Faecal-oral, food, Hepatitis

rats water
Yersinia enterocolitica  Pigs Food, direct water Yersiniosis
Mpycobacterium bovis  Pigs, cattle Inhalation Tuberculosis
& M. tuberculosis
Salmonella spp. Pigs, cattle Faecal-oral, food, Diarrhoea, nausea, chills, fever,

water, direct headache, abdominal pain

Escherichia coli Cattle, pigs Food, water Diarrhoea

and sheep

Drainage and Surface Water System

Pathogen transport from poultry manure can also occur via tilled drained land or drainage
and surface water systems such as spray irrigation for agricultural activities. The reused
of agricultural wastewater, including manure and other wastes from farms, poultry houses
and slaughterhouses, is common, especially in some European and Mediterranean countries
that suffer from water scarcity (Al-Gheethi et al., 2018). Some Italian regions have been
adversely affected by drought, and the lack of water resources has primarily hampered
agricultural activity, which consumes more than half of the total available water. For these
reasons, other water sources are required, and usually, the most readily available source of
water to meet the rising need for crop irrigation is treated municipal wastewater. Besides,
agriculture wastewater recycling has gained importance because it provides a significant
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amount of irrigation water, helps conserve potable resources, and reduces the environmental
impact of effluents discharged into water systems (Mokhtar et al., 2022). However, vigilance
must be exercised while reusing these wastewaters to minimise the hazards to agricultural
goods, soil, and groundwater from toxic and pathogenic pollutants, which pose possible
health risks to consumers when they reach the food chain (Mokhtar et al., 2022).

IMPLICATIONS TO HUMANS: HEALTH-RELATED RISKS
Infection-Induced Inflammation

Although sewage sludge contains several nutrients and organic matter useful for improving
soil structural, chemical and biological properties (Gubisova et al., 2020), it also contains
several pathogens that may affect human health (Table 1). It is because of the favourable
conditions of poultry manure, including high moisture, nutrients, and optimal pH and
temperature, which are suitable for pathogens to thrive and grow in abundance (Black et al.,
2021). As aresult, pathogens have a high proclivity for spreading from poultry to humans via
a variety of routes, such as via food, water, inhalation or direct contact. All these pathogens
are the source of infection and may elicit an immune response, causing inflammation.

Listeria Infection. Listeria species are Gram-positive bacteria that belong to the
Listeriaceae family. There are 17 Listeria species in the phylogeny, with 9 recently
described in 2009 (Orsi & Wiedmann, 2016). It favours cool, damp environments and can
be found throughout the environment (Zhu et al., 2017). Apart from their reputation as
food-borne diseases, numerous Listeria species, the most common of which are Listeria
monocytogenes, L. innocua, and L. ivanovii, have been found plentiful in poultry manure.
Exposure to these bacteria can cause listeriosis in humans. Some species have also
developed resistance to more than three types of antibiotics (multidrug resistance), including
ciprofloxacin, penicillin, and fluoroquinolone (Cokal et al., 2022). Hence, to reduce cross-
contamination and the zoonotic potential of listeriosis, food safety management systems
and interventions were required at all phases of the broiler-rearing cycle (Zhu et al., 2017).
It is due to its adaptability to hostile environments. For instance, Listeria was found to
survive for three months in animal slurries and unclean water and one month in manure
heaps with temperatures exceeding 55 °C. Even after manure was spread to agricultural
land, Listeria survived for over a month in clay loam grassland soils up until 270 days
(Chen & Jiang, 2014).

Furthermore, Listeria may persist in severe environments and build biofilms on a
range of environmental surfaces (Beresford et al., 2001). Because of the possibility of
contamination, this clearly poses a substantial risk to human safety and hence signifies the
need to eradicate Listeria, such as through disinfection with disinfectants or antibiotics.
Nevertheless, the persistence used of antibiotics in animals as a growth stimulant and
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infection control measure may result in the evolution or development of antibiotic-resistant
Listeria (Chattopadhyay, 2014), especially those resistant to chloramphenicol and ampicillin
(Odjadjare et al., 2010). It could eventually become a global issue as present antibiotics
may be insufficient in addressing its pathogenicity.

Listeria is primarily spread to people by consuming infected food or drink. Depending
on the host’s health, listeriosis infection causes various clinical symptoms ranging from
invasive to non-invasive. During invasive manifestation, L. monocytogenes can infect its
host’s body by penetrating the blood-brain barrier or the placenta, resulting in a brain or
foetal infection. In most cases, the invasive type of Listeriosis affects mainly high-risk
people, such as immunocompromised people, the elderly, and newborns. This population
typically gets meningitis and septicaemia at the start of listeriosis (Silk et al., 2012). Non-
invasive Listerial gastroenteritis, also known as febrile Listerial gastroenteritis, is a milder
infection commonly accompanied by fever, diarrhoea, headache, and muscle discomfort
(Sim et al., 2002).

L. monocytogenes was found in 20 to 50 % of retail beef and poultry meat items sold
in Malaysian wet markets and supermarkets. Despite this, no instances of food-borne
listeriosis have been documented, which could be attributable to a lack of recognition of the
disease or a lack of a national registry (Goh et al., 2012). The presence of L. monocytogenes
in raw chicken meat is undesirable yet unavoidable. As a result, additional research on
the processing procedure to minimise and eliminate this type of bacteria in chicken meat
before eating is required.

Salmonella Infection. Salmonella is the next most frequently encountered pathogen in
poultry waste. It is abundant and is thought to be associated with reptiles, rodents, and
mammals’ intestinal tracts. Sa/monella is a motile bacterium that is a member of the
Enterobacteriaceae family. According to Voetsch et al. (2004), Salmonella causes 1.4
million cases yearly, with 15,000 requiring hospitalisation and 400 resulting in death.
Additionally, it is widely accepted that humans’ primary Salmonellosis sources are
poultry and poultry products (Mouttotou et al., 2017). According to Djeffal et al. (2018),
approximately 34.37% of poultry farms were found to be contaminated with Salmonella.
Salmonella is classified into two distinct species: S. enterica and S. bongori, and six distinct
subspecies: enterica, houtenae, arizonae, diarizonae, salamae, and indica (Lamas et al.,
2018). Only S. enterica serovar Gallinarum and S. enterica serovar Pullorum, however, are
primarily associated with poultry (Xiong et al., 2018), whereas S. enterica serovar Typhi
is primarily associated with humans (Garai et al., 2012).

Humans may become infected with Sa/monella because of improper poultry farming
management (Mouttotou et al., 2017). Besides, since it can survive months in soil (Jechalke
etal., 2019), the risk of human infection, particularly among poultry farmers, is high. You
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et al. (2006) discovered that S. enterica serovar Newport can survive for 184, 332, and
405 days in manure, manure-amended unsterilised soil, and manure-amended sterilised
soil, respectively (You et al., 2006). Additionally, S. enterica serovar Enteritidis persisted
for approximately a year in the dust of an empty broiler breeder, despite disinfection and
cleaning (van Immerseel et al., 2009). Therefore, it is vital to explore viable methods for
reducing the risk of Salmonellosis, such as employing composting techniques that have
effectively prevented pathogen growth (Chen & Jiang, 2014). Although high-temperature
composting helps reduce Salmonella, the pathogen persists in manure and litter by adapting
to thrive in dry environments (Avidov et al., 2021), contributing to Salmonella’s dispersion
throughout the food chain (Waldner et al., 2012).

Campylobacter Infection. Campylobacter is also thought to be a source of human
infections from poultry waste. While it colonises the intestines of poultry without generating
symptoms, it is known to induce food-borne enteritis in humans (Facciola et al., 2017).
Campylobacter jejuni is the most common Campylobacter species linked with poultry and
the most common Campylobacter species involved with human disease (Sibanda et al.,
2018). Infected laying hens regularly excrete large amounts of C. jejuni with their faeces,
representing a reservoir of infection within the flock and animals in the region. Culturable
C. jejuni can survive up to 96 hours in artificially infected faeces and 120 to 144 hours in
spontaneously colonised flocks to make matters worse (Ahmed et al., 2013), making it
highly transmissible to humans.

Pigeon manure piles may also contribute to Campylobacter infection in humans
via vectors like flies (Nichols, 2005). The flies will then contaminate human food with
Campylobacter, resulting in food poisoning. Arsenault et al. (2007) consistently discovered
that when manure is located approximately 200 meters from a poultry farm, the prevalence
of Campylobacter in poultry is 5.2 times higher.

Although the number of infection cases in Malaysia is not documented, there is
an increased number of Listeriosis, Salmonellosis and Campylobacteriosis cases in
Australia from 67, 6151 and 13595 cases in 2000 (Lin et al., 2010) to 84, 18088 and
24164 cases in 2016 (Hood, 2021), respectively. A similar pattern has been observed for
Campylobacteriosis in England and Wales, between 2013 and 2020, with 3099 cases in
2013 (Public Health England, 2013) and 3378 cases in 2020 (UK Health Security Agency,
2020). It proves that the infection can occur in any nation but critically depend on the
farmers’ existing practices. Nevertheless, although significant measures and awareness
have been taken, the number of cases continues to rise, highlighting the need for a more
robust global response.

Numerous studies have also demonstrated that persistent infections may promote
inflammation and that chronic or protracted inflammation may lead to cancer development.
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It is because aberrant inflammatory responses have a role in numerous phases of tumour
growth, including initiation, promotion, malignant conversion, invasion, and metastasis
(Grivennikov et al., 2010). Germline mutations cause only 10% of all malignancies, while
somatic mutations and environmental factors cause most (90%). According to Aggarwal
et al. (2009), these environmental factors are highly related to bacterial or viral infections
that induce chronic inflammation.

Cancer

Viral Infection-induced Cancer. Exposure to poultry manure is also linked to cancer
development in humans, particularly among poultry workers. It could be due to recurrent
or extended contact with oncogenic viruses in poultry faeces. According to Johnson et al.
(2010), workers are more prone to get these oncogenic viruses due to daily contact with a
high number of fowl and wound or skin injury that often occurs among workers. Oncogenic
viruses discovered in poultry manure include reticuloendotheliosis virus (REV), avian
leucosis sarcoma viruses (ALSV), papillomaviruses, and Marek’s disease virus (MDV), all
of which have been linked to haematological and lymphatic malignancies in both poultry
and humans (Gopal et al., 2012).

Viral infection induces an inflammatory response necessary for virus elimination and
tissue homeostasis, including tissue repair, regeneration, and remodelling (Medzhitov,
2008). Nonetheless, mounting evidence shows that tumour-associated viruses might avoid
host protection, boosting cancer growth. It is owing to similarities between the innate
immune system and tumour suppressor signalling, as both processes initiate cell cycle
arrest and trigger apoptotic pathways. For instance, the main players of these signalling
networks, p21 cyclin-dependent kinase inhibitor and p53, are present in both tumour
suppressor and innate immune surveillance signalling networks. It suggests that the virus’s
capacity to target tumour suppressor pathways may be an immune evasion response that
inhibits antiviral pathways and promotes the malignant transformation of the infected cell
(Moore & Chang, 2010).

Interestingly, almost 20% of cancer cases begin with infection and chronic inflammation
at the same site of inflammation (Grivennikov et al., 2010). Usually, chronic inflammation
caused by infections may promote oncogenic mutations, early tumour promotion, genomic
instability, and angiogenesis (Grivennikov et al., 2010). Nonetheless, tumour-associated
inflammation often co-occurs with tumour formation, with upregulation of responses to
tumour development, inflammation, neoangiogenesis, metastatic dissemination, tumour
progression, local immunosuppression, and genomic instability (Grivennikov et al., 2010).

Aside from cancer, viral infection can cause various illnesses ranging from mild upper
respiratory tract infection to severe pneumonia, acute respiratory distress syndrome, and
even death. The fact that most human cases of influenza A (H5N1) and A (H7N9) virus
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infection have been attributed to direct or indirect contact with infected live or dead poultry
poses a public health risk. Hence, to reduce the risk to humans, it is necessary to establish
an effective and safer poultry waste disposal system for all poultry, regardless of their health
status. It is because the infection can only be discovered after it has affected individuals,
making the treatments more challenging (Christin et al., 2016).

Heavy Metals-induced Cancer. Furthermore, it was revealed that poultry manure has a
high concentration of heavy metals such as Cu, Mn, Zn, Fe, Mo, cobalt (Co), nickel (Ni),
and selenium (Se), which are all beneficial to plant growth and development (Singh et al.,
2018). Poultry manure also contains arsenic (As) and chromium (Cr) (Wang et al., 2021),
both of which are known to generate epigenetic alterations and genetic defects when
exposed to them for an extended period (Abdul et al., 2015).

Heavy metal poisoning may accelerate cancer growth by creating reactive oxygen and
nitrogen species, which may result in oxidative stress and DNA damage. Consequently,
this genetic instability will result
in protein misfolding and the
inactivation of enzymes essential
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5to 15% of heavy metals are absorbed, while the rest are excreted in faeces and urine into
the poultry litter, which is then used as manure (Bolan et al., 2010). As a result, safe levels
of heavy metals in poultry manure must be established for land application to avoid these
negative consequences. Besides, using these supplements raises the daily discharge of
anthropogenic wastes into the environment, particularly the aquatic environment, posing
a severe health danger to humans and marine life (Adekanmi, 2021).

With these risks and implications, there is a need for suggestions to ease this issue and
to ensure that the use of poultry manure is beneficial rather than detrimental. As mentioned
previously, poultry manure is an excellent fertiliser due to its high concentration of nutrients
necessary for plant growth and development, but it can also generate electricity via
microbial fuel cell (MFC) technology due to high carbon sources, which could eventually
serve as another source of renewable energy (Oyiwona et al., 2018).

SUGGESTIONS TO ALLEVIATE THE HEALTH-RELATED RISKS

Intense farming, livestock and poultry can excrete bacteria and viruses, including
opportunistic pathogens, through their faeces, which may harm humans and the environment
(Jiang et al., 2018). Treatment practices that aid in pathogen reduction in poultry waste are
necessary to prevent the spread of these pathogenic microorganisms to humans. However, it
is also critical to consider their implications in agricultural settings to ensure that agricultural
production is not affected and that agricultural products are safe for consumption (Manyi-
Loh et al., 2018).

Disinfection

Disinfection of poultry houses is a crucial step in preventing the transmission of pathogenic
germs between batches in large-scale poultry farms. Infectious diseases can be prevented
in poultry houses by selecting the appropriate disinfectants, disinfection procedures, and
technologies. These techniques consist primarily of washing, soaking, fumigating, spraying,
and UV irradiation (Jiang et al., 2018). Furthermore, aerosolised disinfectants have been
utilised for more than half a century, as it is known to preserve resources while providing a
disinfecting aerosol-vapour gas system. Besides, acrosolised disinfectant also improves the
disinfectant’s ability to penetrate the bacterial cell wall, increases the disinfection impact,
and shortens the disinfection time (Jiang et al., 2018).

Composting

Composting, where poultry wastes are processed to be utilised as organic fertiliser, is one
of the most used treatment procedures (Glatz et al., 2011). It is a microbe-driven process
that is beneficial for eradicating pathogens such as Campylobacter and Listeria. Bacillus
and Lentibacillus are two effective microorganisms (EMs) commonly used in composting
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due to their high amino acid metabolism. These EMs secrete diverse proteases and can
stimulate the dominant microbiota in poultry manure’s carbohydrate metabolism (Zhang
et al., 2018). Several co-composting options combine various kinds of waste to obtain
‘tailored’ products with designed properties (Giagnoni et al., 2020).

Although composting has been used for an extended period, the accumulation of
waste at the producer level underscored the importance of proposing an environmentally
safe composting system. According to Lemunier et al. (2005), L. monocytogenes was
detected in 4-week-old seeded in-vessel biowaste composts, showing the need for a more
thorough and prolonged composting process that can inhibit the pathogen’s survival. Thus,
by extending the composting process, it is possible to reduce the pathogens’ survivability
and thus prevent their spread and manifestations in humans. However, composting does
not guarantee that the composted product is pathogen free, as some pathogens, such as
thermolabile Salmonella, are heat resistant. In addition, some cells may become stress-
adapted throughout the build-up or composting process, which protects them from future
treatments (Lemunier et al., 2005).

Deep Stacking

The storage of poultry litter serves two primary functions: (1) it serves as a holding area
between cleaning and feeding, and (2) it serves to eradicate any pathogens found in the litter
(Waziri, 2017). Deep stacking is the most widely used and cost-effective storage method
for four to six weeks. The litter is said to undergo a combined composting-ensiling process,
where EMs are used as an initiator due to their metabolic processes, which heat the litter
stacks from 140 °F to 160 °F. With this elevated temperature, any pathogens found in raw
litter, such as Salmonella, can be eradicated (Bush et al., 2007; Wilkinson et al., 2011).
However, caution should avoid overheating the litter, which can deplete the nutrients.

The litter should contain between 20%—-30% moisture and be stacked at approximately
6-8 feet to ensure proper heating during deep stacking. It is because humidity below this
point can obstruct heating to the 130-degree threshold, interfering with the margin of safety
against pathogens. Additionally, it has been discovered that deeper stacking promotes better
heating due to its critical mass and can inhibit mould growth. Before use, it is recommended
that the litter be deep stacked for four to six weeks to allow for sufficient heat generation
to kill pathogens, including some thermolabile pathogens such as Sa/monella (Bush et
al., 2007).

Microbial Fuel Cell (MFC) Technology

Interestingly, due to the large number of carbon sources in poultry waste, it has also been
used as a substrate for producing renewable energy. It is accomplished through a process
known as microbial fuel cell (MFC) technology, which utilises electrogenic bacteria (EB)
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such as Bacillus subtilis as a catalyst to
oxidise the organic and inorganic matter in
poultry waste to generate electricity (Muaz
et al., 2019) (Figure 3). Not only can this
technology be used to generate electricity,
but it can also initiate and promote the
biodegradation of organic wastes (Muaz et
al., 2019).

Although no study has been conducted
to date on the benefits of MFC in reducing
health-related risks, it may aid in the
removal of harmful substances found in
poultry manure (Mokhtar et al., 2022).
It is because MFC utilised some EB that
may secrete metabolites, bacteriocin or
macromolecules with anti-inflammatory
or anti-cancer properties. Interestingly,
Bacillus subtilis has been shown to possess
an anti-inflammatory property due to its
ability to secrete Exopolysaccharide (EPS),
which promotes the development of M2
macrophages, inhibiting T cell activation
(Paynich et al., 2017). Additionally,
bioflocculant, a metabolite composed of
polysaccharides, proteins, glycoproteins,
and proteoglycans from Bacillus subtilis
F9, was shown to have a high capacity for
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Figure 3. The principal operation of the microbial
Fuel cell. Biodegradable substrates varying from
pure chemicals to complex mixtures of organic
compounds are metabolised by electrogenic bacteria
(EB). EB near the anode would decompose the organic
materials, transporting the electrons directly through
cell components such as proteases or nanowires on
the membrane surface or indirectly via the electron
shuttle. The cathode accepts electrons and protons
from the anode and initiates a reduction process. The
MEFC, also known as mediator-less MFC, should no
mediators be added or utilised. M: redox mediator; E
and EH represent the enzyme in reduced and oxidised
form, respectively. Adapted from (Zhu et al., 2019).
Created with BioRender.com

scavenging DPPH, hydroxyl, and superoxide radicals, making it a promising antioxidant
or anti-cancer agent (Giri et al., 2019). The MFC also produces carbon dioxide and
water, which are essential vegetation components, demonstrating the MFC’s utility in an
agricultural setting.

Aside from that, several studies have discovered the benefits of MFC technology in
promoting bacteria found in WWTPs to be susceptible to antibiotics. It is due to MFC’s
ability to break down antibiotics and Antibiotic resistance genes (ARGs), which is a major
contributor to AMR development, increasing the likelihood that it will help prevent AMR
transmission in the environment. It is proven by Ondon et al. (2020) and Xue et al. (2019),
who found MFC technology to be able to remove 85.1% and 65.5% of sulfamethoxazole
(SMX) and norfloxacin (NFLX), respectively (Ondon et al., 2020; Xue et al., 2019).
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Additionally, the number of ARGs and integrons after MFC treatment was significantly
less than that discovered in WWTPs. For example, the relative abundance of the intl1 is
between 63.11 and 652.00 copies/mL(g) in the MFC product compared to 109 to 1011
copies/mL in WWTPs (Chen et al., 2021).

Nevertheless, it is critical to remember that each treatment process must be
appropriately managed. Even composting, which is exceptionally effective at pathogen
reduction, may cause Salmonella regrowth if the composting process and composed litter
are adequately handled (Sidhu, 2001). The most effective way to prevent disease outbreaks
among poultry farmers is to dress appropriately and avoid confined or poorly ventilated
areas, which is more practical and applicable to everyone. Additionally, the awareness of
farmers and authorities needs to be raised regarding poultry manure management. There
should be stricter enforcement of existing environmental regulations and the enactment
of new legislation to minimise the threats that the farmers’ current practices pose to their
health and the environment.

CONCLUSION AND FUTURE DIRECTIONS

Even though poultry manure has been routinely applied to land as organic fertiliser or
soil improvement, it will surely influence the survival and spread of pathogens such as
Listeria, Salmonella, and Campylobacter to the environment. Improper handling and
treatment of poultry manure contribute to spreading these pathogens to the environment
and humans, promoting inflammation and cancer progression in the long run. Thus, before
land application, it is vital to improve current approaches for preventing these pathogens
from colonising. Nonetheless, current therapies are ineffective and require additional
refinements, such as developing new technologies or procedures capable of fully utilising
poultry manure while eradicating pathogenic microflora and pathogens. Furthermore, it
would be advantageous to implement new technologies or techniques that expedite manure
processing while minimising capital expenditures.

Physical, chemical, and biological treatments are all viable options for eliminating
and inactivating heavy metals and quantifying reductions in various bacterial pathogens
and indigenous microorganisms in poultry manure. However, these treatments may
not eradicate heavy metals or food-borne microorganisms permanently. It is due to the
possibility of pathogens, such as faecal coliforms, which are resistant to treatment and
undiscovered by existing laboratory detection methods. However, not all faecal coliforms
or detected pathogens originate from animal faeces, making it more challenging to study
the fate of pathogens in animal wastes after various treatments. Nevertheless, the priority
should be inactivating the most resistant and tenacious varieties of infections one could
encounter. Therefore, future research should focus on analysing the survivability of selected
pathogens in response to various treatments under specific conditions often encountered
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when treating poultry manure. It will enable the identification of a comprehensive profile
of the various types and concentrations of each pathogen following various treatment
approaches, facilitating an accurate evaluation of their risk to humans. These data would
aid the poultry business, the healthcare sector, and allied agricultural industries, allowing
them to manage waste effectively and reap its benefits without endangering human life.

In addition, each type of treatment can be employed in conjunction with other
disinfection or treatment procedures to increase pathogen lethality. This approach may
completely eradicate pathogens from poultry manure if the appropriate control mechanisms
are implemented. However, owing to the many treatments involved, it will undoubtedly
increase the capital costs associated with poultry management.
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ABSTRACT

Aircraft icing remains a key aviation hazard as the global fleet of aircraft in various sectors
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characterized by the accretion of ice on aircraft surfaces. Icing occurs frequently on the
leading edges of an aircraft’s wing, tails, engine inlet, windshield, and helicopter blade
(Sreedharan et al., 2014). Moreover, ice accumulation on the rotating spinner positioned
at the engine’s front surface would impair the uniformity of the inlet flow field, resulting
in airflow separation and compressor surge (Zheng et al., 2019). Additionally, ice of the
inlet lip would affect the vanes, resulting in mechanical damage and a drop in downstream
performance (Shen et al., 2013). The icing on the other surface, i.e., the windshield, would
affect output performance and result in energy loss (Yang et al., 2022).

Also, the accumulation of ice on the aircraft tail would impair the stability and control
of the aircraft. This phenomenon is most noticeable during landing, cruising, and rising
(Ronaudo et al., 1991). Ice buildup on the aircraft wing surface would exacerbate the
aircraft’s control and stability. Furthermore, the lift force is reduced due to ice on the
wing, thus increasing drag and altering moment characteristics (Ronaudo et al., 1991). As
a result, the aircraft’s fuel consumption increases, thus raising operational costs. Overall,
aircraft icing would hinder aircraft performance, increase aircraft weight and drag force,
reduce lift forces, and degrade thrust handling, thus creating significant safety concerns
(Hassaani et al., 2020).

Therefore, it is necessary to remove ice from aircraft to ensure its safe performance
and operation (Shen et al., 2013). As a consequence, several techniques to eliminate ice
accretion have been developed. Anti-icing and de-icing are the two primary methods
of an ice protection system. The de-icing method removes ice periodically when it has
accumulated to a significant thickness (Nagappan, 2013). Electro Magnetic Expulsion and
the Pneumatic Inflatable Boot are ice protection devices that use de-icing. On the other
hand, the anti-icing method is a prompting system that is activated prior to the onset of icing
conditions (Nagappan, 2013). Thermal and chemical fluids are examples of ice protection
systems that employ anti-icing methods. Thermal anti-icing is the more prevalent of the
two and is classified as either an electric heater or hot bleed air. As previously discussed,
an increase in the number of flights is frequently accompanied by a rise in noise levels. It
is considered that aircraft noise is the second most infuriating source of noise after traffic
noise (Ives, 2009). Researchers have proposed several solutions for reducing engine and
turbine noise, including installing an acoustic liner (AL) in a noise cowl zone. However,
combining an acoustic liner and anti-icing on the leading edge of a nacelle lip skin would
not be adequate to boost thermal performance (Ismail, 2013). Therefore, it is of the utmost
importance to research the integration of ice protection and noise abatement systems for
aviation applications.

This review discusses the integration of ice protection and noise abatement systems in
aircraft applications, particularly focusing on ice protection systems, CFD in ice protection,
and noise abatement systems.
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ICE PROTECTION SYSTEMS

Ice protection has been an important component of all aviation for a long time. The United
States National Transportation Safety Board (2007) reported that icing problems caused many
aircraft crashes. Chemical fluid, mechanical, thermal, hybrid, and other ice protection methods
are widely used in commercial aircraft. The chemical fluid ice protection method removes ice
deposits and forms a protective film on airplane surfaces (Grishaev et al., 2021). This method
protects aircraft surfaces from icing by lowering the freezing temperature of supercooled
water below the ambient temperature by mixing a chemical fluid with supercooled water that
has been impinged. The mechanical ice protection method, i.e., pneumatic inflatable boot,
on the other hand, breaks the ice’s bond from the aircraft’s surface, and the ice fragments are
blown away into the atmosphere. Also, the thermal ice protection method uses hot bleed air or
electricity to the protected aircraft surface. Lastly, a hybrid ice protection system comprises
a running wet electro-thermal anti-icing system and an Electro-Mechanical Expulsion De-
icing System (EMEDS). While the former system maintains temperatures above freezing
point, the actuators of the latter system periodically eradicate ice.

Two systems in aircraft ice protection are widely used in commercial aircraft: the
anti-icing system (Al) and the de-icing system (DI). The DI system removes or breaks
ice accumulation periodically, while the Al system prevents ice from always forming on
aircraft components. Therefore, it is understood that the fundamentals of ice protection
tools can guide researchers in recommending the most appropriate ice protection device for
a given icing condition. The types of ice protection tools are described, and their strengths
and weaknesses are listed in Table 1.

Table 1
Types of ice protection devices

Examples of Ice ~ Al/

Protection Devices DI Strengths Weaknesses
Mechanical DI These are light and have low operational costs. ~ Special compound
Deformation Ice Useful for small aircraft material and stretchable
Protection Less energy consumption and maintenance and  fabric-reinforced

the cost and weight are comparably small and clastomer are needed for

reliable (Li, 2012). PIB to avoid weathering

and erosion.

Electro-Mechanical DI Mostly used to lift aircraft surfaces, such as Conductive strips should
Expulsion Ice wings. be fabricated on the
Protection System Low power consumption. flexible dielectric sheet.

The cycling time would be controlled and

varied.

Efficient and automatic ice protection

The Pulse Electro- DI Low energy consumption is required. Difficult to manage ice
Thermal Ice Very useful on the windshields of many modes  formation outside the ice
Protection Systems of transportation, including airplanes, bridges, protection area (Ma, 2011)
(PETD) and automobiles. (Petrenko, 2005).
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Table 1 (continue)

Examples of Ice ~ Al/

Protection Devices DI Strengths Weaknesses
Thermo-Mechanical AI  This system provides excellent anti-icing This system is too
Expulsion Ice performance while consuming less energy (June expensive (Jun et al.,
Protection System 2020). 2020).

Thermal Ice Al  The optimum heat transfer from the jet to the Weight and manufacturing
Protection System impinging surface occurs at a distance from the  costs are comparatively

hole to the impinging surface of 5-7 times that ~ high (Syed et al., 2018).
of the jet diameter (Raghunathan et al., 2006). Higher energy costs are

required.
Hybrid Ice DI  Itis a more cost-effective method instead of Warm and high liquid
Protection System  and using hot air. water content condition is
Al required.
Double-walled Ice Al Provides a more uniform temperature. Disrupts installation of
Protection System Avoids hotspots occurring on the nacelle lip noise abatement material.
skin. Complex construction

is required, resulting
in higher installation
and maintenance costs
(Birbragher, 1988).

Chemical Liquids DI  Useful in small aircraft The required glycol
Ice Protection and solution must be carried
System Al on board.

Limited duration of ice
protection (Ramamurthy et

al., 1991).
Swirl Ice Protection Al  Construction is very simple in comparison to A huge amount of hot air
System other ice protection systems. is required.

Provide uniform temperature distribution on
the nacelle lip-skin, preventing the runback ice
accretion on the downstream area.

Mechanical Deformation Ice Protection

The pneumatic inflatable boot (PIB) is a mechanical deformation ice protection device
commonly used in light airplanes. The development of the inflatable boot began in 1928,
and this has been used in more than 30,000 small aircraft worldwide (Ramamurthy et al.,
1991). This device has inflatable rubber strips on the wings’ outer surface and control
surfaces where ice is accreted (Ronaudo et al., 1991). The ducts inside the rubber strips
function as an air conduit and become inflated when they receive pumped air from the
engine. Due to the combination of shear, bending, and peel forces, the surface distorts and
breaks the ice down. Then the broken ice is carried away from the surface by aerodynamic
force (Ramamurthy et al., 1991). The working principle of the pneumatic inflatable boot
is shown in Figure 1.
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T -’ ICE -""\v/

"-"' 5 Protected surface Z Z Z ZW j

Fracture stresses

De-icing rubber boots inflated 3 Shear stresses

Figure 1. Working principle of Pneumatic Inflatable Boot (PIB) (Battisti, 2015)

Electro Impulse Ice Protection System

This system ensures the aircraft’s safety Switch
during icing conditions. The capacitors are
discharged through an electric coil. This T Enggg;tg:zge )

system produces a huge magnetic field and, Col Skin
thus, large amplitude and impulse, which act
on a nearby electrically conductive plate.

The impulse force exerted on the nacelle’s Figure 2. Working principle of Electro Impulse Ice
surface slightly expands, then contracts, Protection (Jiang & Wang, 2019)

generating mechanical vibrations on the

leading edge. As a result, ice on the surface is shed due to mechanical vibration caused
by the Electro Impulse Ice Protection System’s impulse forces (Li, 2012). Figure 2 shows
the elementary circuit of this ice protection system. In this system, the pulse coils are
connected to a high voltage capacitor by low resistance, low inductance cables. When
the switch is turned on, the discharge of the capacitor through the impulse coils creates
a rapidly forming and collapsing electromagnetic field. According to Maxwell’s law, it
is known that the time-dependent magnetic field induces eddy currents in the metal skin.
Therefore, the Lorentz force formula obtains the instantaneous impulse force of several
hundred pounds in magnitude. However, the duration is only a few hundred microseconds.
A small amplitude, high acceleration movement of the skin acts to shatter, de-bond, and
expel the ice (Jiang & Wang, 2019).

Electro-mechanical Expulsion Ice Protection System

This system is a modern ice protection technique used in aircraft. In this case, opposing
electromagnetic fields are generated in actuators by a high-current electric pulse, which
causes the actuators to deflect. This deflection is then transmitted to the erosion shield,
which bends and vibrates at a very high frequency. As a result, the accumulated ice on
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the erosion shield is released (Goraj, 2004).

De-icing control

The working principle of this type of ice E;ﬁ;'%” "y module
protection system is shown in Figure 3. f,,,f-\ . f
The Pulse Electro-thermal Ice Wing h — T NA

Protection Systems (PETD) =
. . | Sensor
It is an improvement of the Electro-Thermal

_~=_Current Coil i

Ice protection system that uses an electro- @

/ ) _Acélé?ltor
thermal pulse approach. This system w—

—~___Impulsed

encompasses strips and shedding zones as | Force Detail A } == _icing
heating components. While the partition / =
strips maintain the surface temperature Detail B

above freezing, the shedding zones melt Figure 3. Working principle of Electro-Mechanical
the ice contact on the leading-edge surface  Expulsion Ice Protection System (Goraj, 2004)

(Ma, 2011). In addition, the thin ice layer is

melted by high-density power, which reduces the amount of melted runback water. Figure
4 displays the working principle of this type of system. In this system, the airflow cools
the skin temperature below freezing very quickly when the power is cut off. Thus, the
impinged water freezes quickly, resulting in minimal runback ice formation.

Thermo-mechanical Expulsion Ice Protection System

It is a hybrid system designed to provide ice protection on icing surfaces using less power.
This system employs a resistive heater connected to the leading edge, with special attention
paid to the impingement zone where the incoming air stream divides between upper and
lower surfaces and engineering applications require additional time (Al-Khalid, 2007).
Figure 5 shows a schematic representation of the system.

Metal
foil _5- Metal Skin leading edge _
O g
S5/ i<k | O
g 20
] (X
O :
Cold
Power Power|| plate Ice
sup suppl )
cha]c[?ctrlc—f" >y EMEDS Actuator
fim Bonded heater to Skin to spar

impingment limits attachment

Figure 4. Working principle of PETDS (Pulse Electro  Figure 5. Thermo Mechanical Expulsion Ice protection
Thermal De-icing, 2005) system (Al-Khalid, 2007)
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Thermal Ice Protection System
Acceleration siot | TR SRl
In this technique, thermal energy is 3

. . D-ba ”

transferred to the nacelle lip skin as well K{ ,\ Wing fixed
as a wing in modern commercial aviation t ' Aft-bay leading edge
(Khai et al., 2020). This energy evaporates  |fuoe ®—py ™ i

. .. Lo High-speed seal
the impinging water, a consequence of S

[

keeping the surface temperature above | Vet
freezing. Particularly, Piccolo Tube Anti Piccolo holes ~ ~*+—Slat heel exhaust

Icing (PTAI? I'S one of the mO.St popular Figure 6. Thermal Ice Protection System (Ismail,
thermal anti-icing systems for aircraft, and  2013)

it has staggered holes around the tube. The

engine compressors supply hot air at high temperatures and pressure. This hot, high-pressure
air is then introduced to PTAI, where the supply pipe is directed toward the internal surface
through discrete holes in the perforated piccolo tube. After impinging on the internal surface,
the exhaust air circulates the D-chamber and exits through the exhaust grill, as shown in
Figure 6 (Ismail, 2013). In this case, the pneumatically operated valves control the PTAI
system. The hot air is distributed via a piccolo tube that runs the length of an aircraft slat
within the D-chamber (Raghunathan et al., 20006).

Hybrid Ice Protection System

The fundamental concept of this system is similar to that of the Thermomechanical
Expulsion Ice protection system. Electric heaters and a low-power ice protection system
are combined to reduce energy consumption, which is therefore known as a hybrid anti-
icing system (Al-Khalil et al.,1997).

Double-walled Ice Protection System

| #——Wrap = 0%

It is another alternative ice protection
. . . —D-duct
system, as shown in Figure 7. This system

—i—Injection nozzle

-+—FEngine
=+—bleed air
\Q-#Llixhaust

+———Wrap = 100%

forces hot air from the D-chamber into a
channel between two walls. Consequently,
the heat from the hot air is transferred
to the walls by convection (Rosenthal &
Nelepovitz, 1985). This method provides a
more uniform temperature distribution and

prevents the occurrence of hotspots on the  Figure 7. Doubled-walled Ice Protection System
nacelle lip skin. (Rosenthal & Nelepovitz, 1985)
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Chemical Liquids Ice Protection System

The chemical ice protection system works by lowering the freezing point of an ethylene
glycol-based fluid through laser-drilled titanium panels on the leading edges of the wings,
horizontal and vertical stabilizers, and a slinger ring that protects the propeller. The fluid is
dispersed as air flows over the wing and empennage, coating the surfaces and preventing
the formation and adhesion of ice (Whitfeld, 2021).

Swirl Ice Protection System

This system transfers high-pressure and high-temperature air from the jet engine to the
D-chamber by a supply pipe (Ismail & Wang, 2018). The nozzle is located at the end of the
supply pipe and bent 90° to direct the high-pressure, hot air into the D-chamber. The air with
a high temperature and velocity exits the nozzle and comes into contact with the cooler air
in the D-chamber, causing a relatively large amount of cold air to be entrained by hot air.
Thus, the air is entrained in a circular motion around the annular D-chamber. As a result,
this system transfers heat from hot air to the nacelle lip skin more uniformly than other ice
protection systems (Ismail, 2013).

This technique has a variety of nozzle

designs and arrangements which enhance
heat transfer and temperature distribution in
stationary air due to turbulent enhancement,

Injection nozzle

thus increasing the mixing process between
hot air and stationary air. As a result, the AN Exhaust
duration of heat and momentum transfers NJ
from hot air to the nacelle lip skin has
been reduced significantly (Syed et al.,
2018). Figure 8 illustrates a schematic

> ' Figure 8. Swirl Ice Protection system (Rosenthal &
representation of this type of system. Nelepovitz, 1985)

CFD APPLICATION IN ICE PROTECTION SYSTEM

Many researchers use CFD applications in anti-icing due to the difficulty and cost constrain
in experiments and validation tests. Previous researchers applied CFD techniques to
optimize the performance of hot-air anti-icing systems, particularly Piccolo Tube Anti
Icing (PTAI). Al-Khalil et al. (1997) investigated the performance of hot-air anti-icing
using engine inlet ice protection. Here, the authors utilized trajectory code to estimate
local water-impingement rates on the nacelle inlet surface. The temperature distribution
on the nacelle lip skin was determined by solving the energy balance on surface runback
water and nacelle lip skin. According to the results, the authors recommended that a large
amount of heat be concentrated on the stagnation point of water droplet impingement
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to evaporate these water droplets. The results also showed that the runback water might
reach freezing temperature downstream of the nacelle lip-skin. Therefore, the authors also
suggested protecting this area with moderate thermal anti-icing systems, such as Electro
Thermal Heaters (ETH).

Subsequently, Morency et al. (1997) introduced a simple mathematical model to analyze
the heat transfer phenomenon on the aerofoil surface. This mathematical model was used
to simulate the temperature changes of the runback water film and the conduction in the
airfoil’s skin. The results demonstrated that evaporation heat loss increases with temperature
more rapidly than convection heat loss.

Later, Smith and Taylor. (1997) examined the simulation of a 2D anti-icing system in
dry and wet conditions using the PHEONICS code. This code solved the energy equation
to determine the cooling effects of water impingement. The simulation result was congruent
with the flight test. Afterward, Croce et al. (1998) obtained the predicted results from
the FENSAPICE code they had developed. The code utilized a finite element method to
determine ice accretion, droplet impingement, and conjugate heat transfer by solving the
Navier-Stokes equation. They used a standard k-epsilon model to resolve turbulent flows
inside the wing’s leading edge. Their results were claimed to be satisfactory. However,
there was no validation against experimental results. In addition, de Mattos and Olivera
(2000) studied conjugate heat transfer on an anti-icing system wing slat using the FLUENT
CFD code. The results showed that the heat transfer characteristics were proportional to
the mass flow rate of hot air.

Morency et al. (2000) once again developed a numerical code and implemented it
into a CANICE CFD code to design an ice protection system on wing-leading edges.
The boundary layer equations were solved by the finite difference method and integral
method. The results showed that the finite difference method was able to give results that
were in good agreement with experimental results obtained by the integral method. Hua
and Liu (2005) used the FLUENT CFD code to predict the temperature distribution along
the wing’s leading edge. They focused on two-dimensional bay slice approximations to
obtain predicted results. This method needed a low number of meshes and the shortest
time for the convergent. Further, the authors compared the results from the flow field of
the two-dimensional bay slice with those from the flow field of the three-dimensional
simulation. The comparison concluded that the results of the two-dimensional bay slice
had overestimated the vortex area inside the wing leading edge and the wing leading edge
temperature, confirmed by experimental results.

Subsequently, Planquart et al. (2005) employed the FLUENT CFD code to map heat
transfer coefficients in a multi-impinging jet anti-icing system. The authors observed that
their simulation results were relatively close to the experimental data for the surface heat
transfer coefficients measured by infrared thermography. Rigby (2006) later conducted a
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numerical analysis of the diamond hole arrangement of PTAI. He utilized a GLENNHT code,
which employed a standard k-epsilon model to fix the turbulent flow of jet impingement,
to forecast anti-icing performance. The author presented that a significant improvement
occurred even if a small amount of total heat was supplied to PTAI in the design.

Papadakis and Wong (2006) then applied the FLUENT CFD code to examine the effect
of piccolo tube configuration on the temperature distribution of the wing leading edge. They
reported that the predicted results closely matched the experimental results they obtained
in the same study. According to their investigation, the best configuration of the piccolo
tube occurred when the piccolo pipe center was 0.75 inches and 0.193 inches behind and
under the wing highlight, respectively.

Hua et al. (2007) developed 3D unsteady thermodynamic models to characterize
the dynamic response of an aircraft wing anti-icing operation. The results obtained by
the authors demonstrated that the three-dimensional CFD unsteady simulation yielded
an outstanding correlation with the flight test. However, the 2D unsteady simulation
underestimated the increment of skin temperature at the initial period and suddenly
overestimated the increment of skin surface when the flow was well set up.

Wang et al. (2007) used the FENSAPICE CFD code to investigate PTAI performance
on the wing slat under wet conditions. Based on the findings, they recommended double-
wall anti-icing on the lower slat surface to prevent icing on the wing leading edge surface.
In the same year, Elangovan and Hung (2007) formulated a new C++ code to predict the
temperature distribution on the wing leading edge, the minimum heat required for PTAI,
and skin temperature. A comprehensive experimental and numerical study of PTAI was
conducted by Wong et al. (2009). The authors predicted the temperature distribution
on the leading edge of a wing in wet and dry conditions using the FLUENT CFD code.
In this method, the authors could determine the minimum heat requirement of PTAI to
protect the wing from icing. The skin temperature prediction has been achieved by using
alternating direction implicit methods. The proposed heat transfer correlations and their
applications have been published in heat transfer literature to estimate heat transfer of
impinging jets on the inside skin. They also utilized thermodynamic energy transfer rate
to resolve thermodynamic energy and boundary conditions on the external wing skin. The
simulation showed that the wing skin temperature under dry conditions was higher than
that under wet conditions.

Domingos et al. (2010) then developed a 2D computational method to analyze hot-
air anti-icing systems. Using this method, they could predict the temperature of the wing
leading edge in both dry and wet situations, as well as the runback ice phenomenon. Reid
et al. (2012) conducted a numerical simulation of in-flight electro-thermal anti-icing
using a conjugate heat transfer technique, which had been implemented in FENSAPICE
for solving complex heat transfer phenomena. Here, the external and internal flow was
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decoupled before being used to provide boundary conditions to the steady-state thermal
dynamic model. They used a 2D RANS equation with SST k-® turbulent model to
compute gaseous phase flow for external flow. A Nusselt number correlation was also
used to solve the heat transfer problem in the internal flow module. It is claimed that
the simulation results showed good agreement with experimental data for both dry and
wet conditions.

Following that, Bu et al. (2012) proposed mathematical models and a numerical
code for the simulation of thermal ice protection. In their study, heat transfer coefficient
distributions were determined using the boundary layer integral method, and the external
flow field and local water collecting efficiency statistics were predicted with the Eulerian
method. This numerical code also calculates airfoil equilibrium surface temperature,
the mass flux of runback water, and runback ice mass flux. In addition, a user interface
is developed to integrate the computation fluid dynamic code to achieve a method for
analyzing a thermal anti-icing system.

A fully three-dimensional ice accretion model was developed by Shen et al. (2013) to
characterize ice shapes at the engine inlet. They determined the film flow direction and the
mass flux distribution of the runback water using the shear stress on the inlet surface. Hannat
and Morency (2014) introduced an anti-icing conjugate heat transfer method based on the
ANSYS-CFX flow solver and FENSAP-ICE software. Later, Bu et al. (2013) analyzed
the performance of the hot air ice protection system to calculate the external heat transfer
coefficient and thermal conductivity. Sreedharan et al. (2014) generated a CAD model of
the wing-piccolo tube using CATIA software. The discretization of the flow domain and
the steady-state CFD analysis of the internal and external flow field were performed using
ANSYS ICEM CFD and the ANSYS FLUENT, respectively. It was observed that a piccolo
tube-wing surface spacing of 9 mm provides desired temperature distribution. Ismail and
Abdullah (2015) then investigated the factor influencing the temperature distribution on
the nacelle lip. They demonstrated that the temperature deviation coefficient increases as
the nozzle diameter increases while the nacelle lip skin average temperature drops as the
average air velocity inside the nacelle lip decreases. However, the authors have not studied
the temperature distribution on the nacelle lip with bias flow.

Cao et al. (2016) presented a numerical simulation of three-dimensional ice accretion
on an aircraft wing. In this study, they derived the governing equations for supercooled
droplets in three-dimensional applications using the conservation of mass and momentum
laws. The droplet phase was regarded as pseudo-fluid. Furthermore, some meteorological
parameters involved in ice accumulation were also investigated in this study. In a separate
study, a 2D simulation of thermal Pitot tube de-icing was conducted by Asante et al. (2016).
By applying heat to the walls of the pitot probe, they determined the time taken to melt the
ice surrounding the pitot probe. Azam et al. (2016) subsequently investigated the effect of
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bias flow on the lift and drag forces. With a bias acoustic liner, the drag coefficient of the
nacelle lip is reduced by 90.5% compared to without a bias acoustic liner.

Zhou et al. (2017) published an article on temperature and runback ice prediction
methods for three-dimensional hot-air anti-icing systems. According to their findings, two
parameters, such as liquid water content and Mach number, significantly affect runback ice
accretion. Syed et al. (2018) used one-way fluid-structure interaction (FSI) to investigate
the influence of the Reynolds number based on the effective impingement surface of the
piccolo tube anti-icing system on the maximum thermal stress and strain of the nacelle
lip skin for different aluminum series. According to their simulation, the maximum strain
increases with the Reynolds number. The maximum stress, on the other hand, rises to a
peak and then quickly decays with the Reynolds number.

Liu et al. (2019) proposed a three-dimensional ice accretion model to simulate a
stratospheric airship icing performance in an ascending process. Rohini et al. (2019)
conducted additional research to compare the performance of a rotating piccolo tube with
apiccolo tube using CFD. Based on the results, the piccolo tube model performed better in
temperature distribution and had a higher surface temperature than the rotational piccolo
tube model. However, a higher and more concentrated temperature zone was obtained for
the fixed piccolo tube model.

The effect of ice accretion on an aircraft’s longitudinal aerodynamic properties was
then investigated by Cao et al. (2020). An engineering prediction of the longitudinal
aerodynamic derivatives was established based on the individual component CFD
calculation and narrow strip theory. Based on the flight test data, the longitudinal
aerodynamic parameters of clean aircraft and icing aircraft were calculated. Based on
their findings, the icing makes an aircraft’s lift and elevator less effective, and increases
drag. Barzanouni et al. (2020) numerically investigated the blowing-out impact on the
NACAO0012 airfoil surface to prevent ice accretion. The shear-stress transport k- model
was selected to simulate the turbulence closure model and make better predictions. The
results demonstrated that the diameter and pitch of the holes are important parameters for
reducing ice accretion and ice weight, respectively.

Khalil et al. (2020) examined the effects of hot air arrangement from a piccolo tube
using ANSYS software. In their studies, three distinct jet configurations were used: an
inclined shape with one jet row, a staggered shape with two jet rows, and a shape with three
jet rows. Based on the results, the third shape covers a larger surface area on the leading
edge as compared to the other two shapes.

Following this, Bu et al. (2020) carried out a numerical simulation of an aircraft thermal
anti-icing system based on a tight coupling method. The authors have established the heat
and mass transfer model of runback water. According to the results, this approach produces
downstream surfaces with a greater temperature and a lower drop rate. It contributes to
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a higher convective heat transfer coefficient. In another study, Hassaani et al. (2020)
performed a numerical investigation of the thermal anti-icing system of the aircraft wing.
Three-dimensional Navier-Stokes codes were used to simulate jet flow impinging on
aircraft leading edge surfaces, and the numerical results were claimed to be in excellent
agreement with the experimental data. In the same year, Huanyu et al. (2020) investigated
the optimisation of a simulated icing environment by altering the arrangement of nozzles
in atomization equipment for aircraft anti-icing and de-icing. According to the authors, the
study’s findings will contribute to creating a better-simulated icing environment.

Wang et al. (2022) investigated the numerical simulation of aircraft icing under a local
thermal protection state. The authors demonstrated the method for icing by considering
the water film flow. They designed different protection ranges and powers and simulated
them under different conditions. They found that when the protection range is large, and
the protection power is low, the ice will accumulate in the protection range. Further, ice
will accumulate outside the protected area when the protection range is small. They also
claimed that the ice ridges degrade the aerodynamic characteristics. Bennani et al. (2023)
presented the numerical simulation of an electro-thermal ice protection system in Al and DI
mode. The authors presented the models to describe the behavior of the thermal protection
system and unsteady ice accretion. They used many methods to solve the boundary layer
flow, and the solvers were used to compute the heat transfer coefficient. They also claimed
that this approach is easier to prolong to a three-dimensional solver than the Prandtl
boundary layer solver.

NOISE ABATEMENT SYSTEMS

The concept of noise abatement has been around since the Greek civilization. The ancient
Greeks used this concept to absorb and amplify sound, and their acoustic absorption coefficient
was at its highest value when fluid trapped inside resonated (Hoffman, 2007). On the other
hand, noise abatement tools are installed on commercial aircraft to reduce excessive engine
noise that may cause noise pollution in the surrounding environment (Azam & Ismail, 2018).
In this sense, porous material has been introduced and incorporated to enhance the acoustic
resistance of the acoustic liner. In contrast to the air cavity of the Helmholtz type, as depicted
in Figure 9, porous materials are effective acoustic energy absorbers throughout a broad
frequency range. Despite being commonly used in air-conditioning and motorcycle exhausts,
this material is unsuitable for aircraft applications due to a tendency to migrate, fracture, and
blind due to ash, dust, or liquid (Amin & Garris, 1996). As a result, modified acoustic liners
for aircraft applications have been introduced, and these types of acoustic liners comprise
porous plates, honeycomb channels, composite woven materials for acoustic absorbent, and
the backplate sheet, as displayed in Figure 10 (Azam et al., 2017). Bias acoustic liners (BAL)
have also been developed to advance this technique.
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Figure 9. Perforated face system (Moe et al., 2009)  Figure 10. Modified acoustic liners (Amin and
Garris, 1996)

Bias Acoustic Liner (BAL)

With technological advancements, the Boeing Company patented an improved version
of an acoustic liner known as the BAL, which uses hot air from the compressor (Ives,
2009). The benefit of using BAL is that it produces bias flow, which has a greater impact
on acoustic absorption (Sun et al., 2002). The bias acoustic liner and bias flow within the
bias acoustic liner are represented in Figures 11 and 12, respectively.

The performance of BAL for noise reduction is also important. BAL behaves similarly
to Helmholtz resonators that allow noise reduction within an optimized frequency range.
As aresult, BAL is suitable for fan noise, which is essentially atonal noise. Superimposed
layers of BAL, known as 2 degrees of freedom or 3 degrees of freedom acoustic liner, are
typically used to broaden the absorption range (Leylekian et al., 2014).

Research has been carried out to analyze the noise abatement effect of BAL, although
there were just a few. Legendre et al. (2014) investigated sound absorption using an acoustic
liner with bias flow. Based on their results, BAL with bias flow at a small Mach number
changes the acoustic pressure in the boundary layer, thus improving its acoustic properties.
Azam et al. (2017) presented a state-of-the-art noise abatement system in commercial
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Figure 11. Bias acoustic liner (Breer et al., 2021) Figure 12. Bias flow diagram (Azam et al., 2016)
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aircraft using BAL. According to their article, the BAL has an excellent noise-absorbing
capacity and is best used with the nacelle anti-icing system liner on the nacelle lip skin.
Azam and Ismail (2018) researched the effect of BAL on the lip skin of the nacelle on
civil aircraft and claimed that BAL significantly improves the aecrodynamic performance
of the nacelle lip skin.

Thanapal et al. (2019) investigated the effect of perforated liners’ porosity in the
presence of grazing flow. According to their findings, acoustic amplification will occur
instead of damping when the perforated liner has very low porosity. Increasing porosity
will increase the acoustic damping capability of the perforated liner until optimal porosity
is attained. Further increase in porosity will affect the performance of liners. Khai
(2021) conducted additional CFD research to study the thermal characteristics of the AL
and BAL in real flight conditions. The study concluded that the thermal performance of
hot air anti-icing systems with BAL is improved over those with AL and without any noise
abatement tools and is directly proportional to the number of BAL.

INTEGRATING ICE PROTECTION SYSTEM AND NOISE ABATEMENT
SYSTEM

Integrating ice protection systems with noise abatement systems is vital in aircraft
applications to eliminate thermal hotspots as well as noise pollution. In most aircraft
anti-icing systems that use hot bleed air, ice can be melted, which can cause the nacelle
surface to overheat due to non-uniform temperature distribution. Acoustic liners have been
developed to reduce noise while cooling the combustion chamber. However, acoustic liners
have desirable acoustic properties for absorbing excessive engine noise. Due to their poor
heat transfer characteristics, which lower the overall temperature of the lip skin surface,
these have an adverse effect when combined with hot air anti-icing. Consequently, a higher
anti-icing temperature must be supplied to hot air in the nacelle D-chamber, thus increasing
engine power, consumption, and expense (Khai, 2021).

Several studies have examined the aerothermal properties and noise abatement effect
of BAL. Ives (2009) reviewed the current state of the art of aerothermal properties of
acoustic liners. Based on their review, the author concluded that the heat transfer rate may
be insufficient due to the flow and thermal properties of the acoustic liner. Further studies
have been conducted on the noise abatement system in a nacelle lip skin application.

Khai et al. (2020) investigated hot air anti-icing adjoining with a noise abatement
system using a bias acoustic liner. The study concluded that the BAL has tunable sound
absorption characteristics due to various bias flow velocities through the perforated
faceplate. This sound absorption property gives BAL a higher heat transfer rate and a
longer lifespan than AL (Ma & Su, 2020).

Researching the integration of the ice protection system with the noise abatement
system is crucial. However, only a few studies have been initiated to date. According to
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the research by Ives et al. (2011), the heat transfer coefficient of BAL is higher than that
of AL as fluid can pass through two porous plates in BAL, whereas only one porous plate
exists in AL. As a result, the active area for heat transfer between a fluid and a solid surface
in BAL is approximately double that of AL (Ives, 2009).

Studies were performed by Ibrahim et al. (2018) to examine the effect of the perforation
shape of a perforated fin during heat transfer. They revealed that the perforation on the
fin facilitates heat transfer with higher turbulence intensity. Additionally, the turbulence
intensity depends on the shape or geometry of perforations. Since the higher turbulence
intensity causes rapid heat dissipation, BAL with a perforated back-face sheet has a higher
heat transfer rate than AL.

Therefore, scientists and researchers have proposed incorporating BAL into aircraft
anti-icing systems to diminish hotspots and maintain uniform temperatures (Khai, 2021).
In addition, flight manufacturers also intend to integrate an ice protection system with this
noise abatement tool due to its adverse heat transfer characteristics as well as minimizing
environmental noise pollution. However, employing this concept in real flight scenarios
is challenging due to the cost constraint in experiment and validation. In this sense, CFD
analysis gives the great opportunity of studying the comprehensive factors of integrating the
ice protection system with noise abatement technique. Surface temperature distribution, bias
flow velocity, uniformity of lip skin temperature, and air velocity and temperature profiles
inside bias acoustic liner are the important characteristics that are difficult to measure
during real flight conditions. However, these characteristics can be predicted by using
CFD. Hence, designing and analyzing these systems using CFD before implementation is
essential. Furthermore, this system would be designed by extending the noise abatement
tool from the nacelle nose cowl zone to the nacelle lip skin. Then, the hot air would be
sent to the nacelle lip skin via the PTAI system. Hence, this would be the most effective
technique for absorbing excessive engine noise and preventing noise pollution.

CONCLUSION

The article has reviewed the recent findings regarding integrating ice protection and noise
abatement systems. This review emphasizes various factors pertaining to integrating the
ice protection system with the noise abatement system. In the present review, various
ice protection systems are discussed in detail. Also discussed are the advantages and
disadvantages of each ice protection system. Anti-icing studies utilizing CFD have been
the subject of a limited number of studies. These are explained properly; the information
is very important for future research. In addition, noise abatement tools are crucial,
particularly in aircraft, to minimize excessive engine noise that might cause noise pollution
to the surroundings; these tools are therefore described in length. As it is essentially
important to integrate the ice protection system with the noise abatement system, this

2682 Pertanika J. Sci. & Technol. 31 (6): 2667 - 2687 (2023)



Aircraft Icing Remains a Key Aviation Hazard to Flight Safety

is also explored, along with prior research findings. Thus, this review will be valuable
for researchers interested in anti-icing and noise abatement techniques. Recently, many
researchers proposed substituting electric motors for jet engines in aircraft trust systems.
The designer of aircraft thermal systems, therefore, faces a new challenge in overcoming
icing and noise problems.
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ABSTRACT

Sumbawa’s Kuris River is one of the rivers contaminated by the island’s traditional gold
mine. In order to detect contaminant levels, we examine the magnetic susceptibility,
HCN levels, and the heavy metal contents on the river’s surface sediment. Environmental
pollution has been widely assessed using a combination of magnetic properties and
geochemical analysis. The goals of this research are to discover how magnetic susceptibility
() can be used as a first-order proxy for pollution. The relation between susceptibility

and HCN is of particular interest, as this
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gold mining. The surface sediment
samples were collected at ten different
locations along the rivers. The magnetic
susceptibility was determined using the
Bartington MS2B, and the hydrogen cyanide
(HCN) concentration was determined using
Argentometric titration. The element content
was determined by an Atomic Absorption
Spectrometer (AAS). The low-frequency
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magnetic susceptibility (y;;) ranges from 71 to 115x10®* m*/kg, with an average of 97x10*
m?/kg, and the yz(%) analysis ranges from 2% to 4%. The presence of spherical iron oxides,
which are indicative of combustion byproducts, was also confirmed by SEM. The samples
have low magnetic susceptibility but high levels of Hg and HCN. AAS results showed
high Fe, Zn, and Cu concentrations in river sediments, with more variable concentrations
of Hg, Mn, As, Cr, and Au. Because Fe, Cu, As, Hg, and HCN have a significant Pearson’s
correlation with (%), this parameter can be a useful indicator for contamination caused
by gold mining waste.

Keywords: Geochemistry, hydrogen cyanide (HCN), magnetic susceptibility, river sediments, tailings

INTRODUCTION

Tailings from traditional gold mines in Sumbawa, Indonesia, are allegedly the source
of serious pollution in this region’s environment, including rivers and lakes, residential
and agricultural areas, and, eventually, the sea. This type of pollution can be caused by
the direct disposal of gold mining processing waste or the runoff from waste collection
areas, typically located near rivers during rainy seasons (Bruno et al., 2020). Lake Lebo
in Taliwang is an example of river pollution because the Suning and Seran Rivers feed
it, and it overflows into the Brang Rea River. The Hg levels in the lake’s fish are above
the hazard level (Junaidi et al., 2019). Humans, particularly their hair and livestock, are
affected (Anderson, 2010; Donato et al., 2007; Junaidi et al., 2019). Human consumption of
contaminated fish or livestock meat can have short- and long-term negative consequences.
Anthropogenic contamination has also been observed to affect bacterial communities in
China’s Jiaolai River, increasing the Ni content in its sediment (Li et al., 2016).
Geochemical data, such as anomalous levels of heavy metals in an area, are frequently
used to assess the degree of contamination of soils or sediment (Salomao et al., 2021). The
study used elemental analysis obtained from atomic mass spectrometry (AMS) at the Tembi
River in Iran was discovered an increase in Cd, Cr, Cu, Fe, Pb, Ni, and Zn concentrations
in sewage both upstream and downstream of the entry point (Shanbehzadeh et al., 2014).
Similar studies in rivers showed heavy metal contamination was conducted in India’s Beas
River (Kumar et al., 2018), rivers in Kabul, Pakistan (Ali & Khan, 2018), the urban river
in the Philippines (Decena et al., 2018), rivers in Ukraine (Alokhina, 2021), and Vistula
River in Poland (Szczepaniak-Wnuk et al., 2020). Heavy metal pollution in sediment was
also assessed in Ghana’s Pre Basin using the geo-accumulation index (Igeo), which tracked
As, Pb, Zn, Mn, Cr, Ni, and Fe using atomic absorption spectroscopy (AAS) (Duncan et
al., 2018). Heavy metal tracking can also be used in the case of leather factory tanning
waste that has polluted the river. Cr tracking is used in this case to determine pollutant
waste (Swietlik & Trojanowska, 2016). Geochemistry methods for monitoring pollution
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can be combined with magnetic methods; magnetoresponse for arsenic pollution tracking
is one example (Ouyang et al., 2020). There are numerous examples in the literature, such
as research into coastal sediments (Ravisankar et al., 2018; Suresh et al., 2011), topsoil
(Ouyang et al., 2020); snow deposits (Alfonsi et al., 2021), and sediments in a reservoir
(Chaparro et al., 2020). In Indonesia, a combination of geochemical and magnetic methods
has been used to study lacustrine sediment at Lake Limboto in Sulawesi (Yunginger et al.,
2018), sediment of Citarum River in West Java (Sudarningsih et al., 2017), and sediment
in Brantas River in East Java (Mariyanto et al., 2019a; Mariyanto et al., 2019b).

Few studies have used magnetic properties in conjunction with geochemistry analysis
to track contamination associated with gold mining. Jordanova et al. (2013) demonstrated
that sediment from the floodplain of the Ogosta River in Bulgaria exhibits enhanced
magnetization, which can be linked to high concentrations of As, Pb, Zn, and Cu. This
study compared the magnetic susceptibility of river sediments from the Labuan Kuris
River in Sumbawa, Indonesia, to geochemical elemental data and hydrogen cyanide (HCN)
concentration. Artisanal gold mining occurs along the river, and mine waste frequently
enters the river. For comparison, samples also were taken from processing wastes at mining
sites.

METHODS

Hijrah and Labuan Kuris areas of Sumbawa, Indonesia, were chosen for sampling because
of the high artisanal gold mining activities. Labuan Kuris River receives input from mining
processing waste, particularly waste associated with the first processing stage, known as
Gelondong, labeled GL. Tong (labeled as TG) is a secondary processing stage. Here gold-
containing rocks are ground in the first stage, and the gold is bonded with Hg. The left-over
material from the first stage is processed again in the second stage using HCN and Pb.
After the GL and TG treatment, surface river sediment (SP) and ground rock samples were
collected. Figure 1 depicts the location of the sampling sites. SP1 was obtained from the
upstream trial of Kuris River, while SP10 was acquired from the downstream trial near an
estuary mangrove forest at an inlet leading to the sea.

Surface sediments were taken 1 kg and placed in a plastic bag for transport to the
laboratory. Three samples were collected from each site: one from the left bank facing
downstream, one from the center of the river, and one from the right bank. The sediment
was then washed and filtered with distilled water and a 325-mesh sieve. After drying at room
temperature, the sample was ground into powder and placed in a standard cylindrical plastic
holder for magnetic measurement. A digital weight balance was used to weigh the samples.
The magnetic susceptibility of all samples was measured using Bartington Magnetic
Susceptibility Meter MS2B in two frequencies, 470 Hz, y;; and 4700Hz, y,,.. Frequency-
dependent magnetic susceptibility, y4(%), was defined using Equation 1 (Dearing, 1999):

Pertanika J. Sci. & Technol. 31 (6): 2689 - 2702 (2023) 2691



Siti Zulaikah, Arif Juliansyah, Muhammad Fathur Rouf Hasan, Bambang Heru Iswanto,
Mariyanto Mariyanto, Ardyanto Tanjung, Satria Bijaksana and Ann Marie Hirt

" 7°3I3'O"E 11 7°31l3‘55“E 117°36'40"E  117°37'35"E ~ 117°38'30"E  117°39'25"E

0r0rE ooTE

1 7"3?'50"E

20°00E T00TE

117°3I5'45"E

LEGEND

mmmm=  Kuris River
= Sampling Waste
of TG
= Sampling Waste
of GL
Sampling of
SP2-5 } River Sedimen

SR, 1[:|_-l GL1-6 : 3

1M7°33'0"E 117°33'65"E  117°34'50"E  117°35'45"E  117°36'40"E  117°37'35"E  117°38'30"E  117°39'25"E

4
Kilometel

Figure 1. Geographic location of Sumbawa sampling points in the Kuris River

Xra (%) = [F140] 5 100% [1]

Several representative samples were prepared from the remaining powder for chemical
elements analysis using Atomic Absorption Spectrometer (AAS) and HCN concentration
measurement using argentometric titration. The magnetic minerals extracted from several
samples were morphologically tested for tailing using scanning electron microscope (SEM)
analysis.

RESULTS

AAS was used to determine the elemental concentration in all river surface sediment
samples and the three tailing samples. Table 1 shows the results of the AAS magnetic
susceptibility and HCN analysis. The Fe concentrations in the river and the tailing samples
are significantly higher than other elements. Earlier reported XRF results also confirmed it.
In sediment rivers, the elements with the highest concentrations are Si and Fe, followed by
Mn, Al, Ca, and K. Meanwhile, Ba, Cu, Cr, Zn, and Ti have relatively low concentrations
(Juliansyah et al., 2020). The concentration of heavy metals varies. On average, the tailing
samples have the highest concentrations of Au, As, and Hg, while the river sediments have
higher concentrations of Mn, Zn, Cu, and Cr.
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Table 1
Magnetic susceptibility, elemental analysis obtained from AAS, and argentometric titration for HCN detection

Sample N g’ - Au Cu Pb Zn Ni Cd Fe Cr Mn V As Hg HCN
D S )
= (ppm)
SP1.2 9517 331 <006 52 12 110 1 52200 36 4925 116 3.923 70.17
SP2.2 103.67 3.57 <0.06 49 <12 108 <l 52300 30 3535 128 5.061 75.10
SP3.2 10597 4.01 - - - - - - - - - - - - -
SP42 71.72 2.64 0.13 46 82 93 <l 45000 34 1819 121 2.692 50.12
SP52 74.63 429 074 51 <12 74 <l 46700 31 1426 107 9.639 59.52
SP6.2 108.39 397 1.61 50 <12 65 7 50600 105 987 145 212 31.53 67.74
SP7.2 92,63 385 136 57 <12 85 <l 49000 33 1426 98 33.42 5271
SP82 11538 4.83 <0.06 63 <12 101 <l 51900 40 1484 115 2200 4495
SP9.2 108.90 2.65 021 62 <12 103 <l 50100 72 1204 113 6.204 63.33
SP10.2 93.80 3.76 0.12 59 <12 129 <l 46000 43 716 122 3923  72.59
GL1K 2039 229 6.19 34 <12 17 <5 30300 28 110 47 248 6857 99.29
TG1H 14046 0.52 03 15 186 <I5 <5 20600 18 154 30 265 28.16 109.80
GL1H 23149 0.70 933 321 17 23 <l 50500 45 218 191 126.1 -

The concentration of HCN in river sediments ranges from 45 (SP 8.2) to 75 (SP 2.2)
ppm, with an average of 62 ppm. The concentration of HCN in the river is still smaller than
the two samples from Gelondong and Tong, which are about 100 ppm, smaller than the
concentration of HCN in the gold mine soil in China, which is about 70.55 ppm (Shehong
et al., 2005), and higher than that reported result from Brazil, which is around 0.83 - 1.44
ppm (Prereira & Neto, 2007).

The TG sample has the highest concentration of HCN as weighed by argentometric
titration. It is expectable because HCN is used in the Au extraction processes. Although
it should not be used in GL processing, the high HCN concentration indicates that the
substance is being used to some extent. There is a considerable concentration in the
river sediment, especially at SP 6.2 and SP7.2, indicating that HCN is entering the river
ecosystem. It may be coming from the GL waste tailing that enters the river. It also holds
for sites SP1.2 and SP2.2, which are upstream from the present mining and processing
sites used by the local population. It suggests that the local runoff from GL processing is
broader than the immediate processing area.

Magnetic susceptibility varies in river sediment samples; the y;;ranges from 71 to
115 x10°®* m¥kg. The susceptibility, measured in low and high frequencies, is consistent
(Figure 2a). It varies according to its location at a site, but no consistent difference exists
(Figure 2b). y:(%) is low in samples from the river and is between 2.6% to 4.8% (Figure
2¢). It suggests that the grains are larger than 17 nm (Hrouda, 2011). These low values
suggest that the ferromagnetic particles are blocked and do not exhibit superparamagnetic
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Figure 2. Distribution of: (a) relations between y;-and s (b) sampling point and y,; and (c) sampling point
and y(%) showing their variation along the course of the Kuris River

The magnetic minerals were extracted from Gelondong and Tong tailings samples
with a hand-permanent magnet and analyzed using SEM (Figure 3) to aid in identifying
ferromagnetic minerals in the tailings. Many magnetic phases were irregular in shape
and size, but there were also spherules (Figure 3a and 3b, right). Some irregularly
shaped grains are iron oxide, but they may also contain Si and, to a lesser extent, Al or
Cr (Figures 3a and 3b, left). Magnetic minerals with spherules have a 30—50 m diameter
and are pure iron oxides that could be magnetite (see the EDAX data in the bottom
right of Figures 3a and 3b). The surface may be smooth or have an orange skin texture
(Figures 3a & 3b, right). These spherules are commonly found in combustion processes
in, for example, factories and automobiles (Kelepertzis et al., 2019; Wang et al., 2017;
Zajzon et al., 2013).
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Figure 3. The SEM capture of magnetic minerals and composition of extraction results using EDAX show

that magnetic minerals are dominated by Fe content in a representative: (a) Gelondong sample; and (b)
Tong sample

DISCUSSION

The magnetic susceptibility of low frequency, y;; in the surface sediment of Kuris River is
influenced by lithogenic and anthropogenic input. The average magnetic susceptibility of
this area is 104.8 x10-¥m?/kg, which is lower than other areas in Indonesia, such as Brantas
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River with 3022.9 x10®* m*/kg (Mariyanto et al., 2019a) and Cikapundung River with
734.7%10® m*/kg (Sudarningsih et al., 2017) in Java, where the contribution of volcanic
sources is larger. Its magnetic susceptibility dependence frequency, x:(%), is about 3.1%.
This value is larger than that of the Brantas River (1.03%) and is similar to the reported
value from the Cikapundung River. The values of more than 2% mean that the grain size
of the magnetic minerals is smaller and that it is the contribution by anthropogenic input
as reported in Cikapundung River. Other areas, such as Lake Limboto, have magnetic
susceptibility in the same order as this study (Yunginger et al., 2018). Therefore, the
magnetic susceptibility of the samples from Kuris River is not largely affected by volcanic
but by anthropogenic input, as found in the tailing samples.

The high Fe content is related to the high lithogenic contribution to the sediment in the
river. The lower Fe concentration in the TG sample suggests that some of the Fe contents
were removed during the second step of the Au extraction process. Here the residue
sample of Gelondong inserted into the vertical spinning Tong will make heavy metals,
including Fe, seep into the bottom of the disposal pond, which reduces the ingress of Fe
into river sediments. It would also explain the lower Mn, Zn, and Cu concentration in the
tailing samples. It should be noted that the GL samples have a higher concentration of Au
compared to TG samples and river sediment. It indicates that the GL processing does not
bind all the Au in the first processing step; Au is removed after the second step. Au is also
relatively low in the river samples but slightly higher at SP6.2 and SP7.2. These two sites
also have high Hg concentration, on the same level as in the TG samples.

HCN levels in tailing waste and river samples are both high. It is important to note that
the values in the river sediments exceed the government’s 0.02 ppm threshold (Government
Regulation of the Republic of Indonesia, 2001). The negative correlation between (%)
and HCN, Cu, Fe, As dan Hg suggests that y:(%) can become a quick first-order proxy to
monitor HCN levels in river sediments. The correlation indicates an increase in the magnetic
domain and the formation of possible strong compounds, i.e., Fe - CN and/or Au - CN, and
weak compounds, such as Ag - CN and/or Cu - CN. The formation of these compounds
may occur in the environment, as described in previous studies (Jaszczak et al., 2017).
Further research should be conducted along other rivers that flow through areas of artisanal
gold mining to determine how robust this correlation is. It has been established that the
Tong waster area or tailing ponds have a relatively high frog fatality rate, which may be
linked to the high HCN concentration (Donato et al., 2007). A method that allows for rapid
first-order monitoring of a large area would be beneficial, allowing more time-consuming
or expensive methods to focus on areas where the environment may be threatened. Figure
4 shows the correlation between y;;or y(%) with different major elements as determined
from AAS. Pearson’s correlation list is available in Table 2. There is a good correlation
between y;and Fe content in the river sediments, but this does not hold for the tailing
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Figure 4. Linear correlations that are statistically significant for: (a) Fe versus y; (b) Cu versus y; (¢) Fe
versus ¥z (%); (d) Cu versus y (%); (e) As versus ¥ (%); and (f) HCN versus ¥z (%)
Note. Open symbols are not considered in the respective correlation

sample (Figure 4a), and a particularly good correlation with Cu when all samples are
considered. It suggests that the lithogenic component of river sediments controls ;.. A
significant correlation between magnetic susceptibility of low frequency and Fe element
was also reported from the surface sediment of the Brantas River (Mariyanto et al., 2019a).
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Table 2
Pearson Correlations (R) between magnetic susceptibility and elements 'using only river sediments;
Yincluding GLIH

Xhf XIf Xfd Cu Fe Cr Mn As Hg
XIf 0.999
Xfd -0.240 -0.70
Cu 0.012 0.796™  0.830%**
Fe 0.157  (0.786") 0.831™  0.906™
Cr 0.279 0.200 0.301 0.401 0.437
Mn 0.101 0.107 0.292 0.316 0.596 -0.105
As -0.071 -0.052  -.656**  -0.837" -0.812" 0.828"!  -0.518
Hg -0.448 -0.505  -0.620” -0.786"* -0.587 -0.023 -0.522 0.718"
HCN  -0.125 -0.042  -768*%*  -0.834™ -0.822**  -0.262 -0.300  0.840**  0.567

*p < 0.05, ** p <.005
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Figure 5. The mapping of low-frequency magnetic susceptibility and Hg and HCN content along Kuris
River and some point of tailing area

Furthermore, strong significant correlations are seen between (%) and Cuand HCN
and between y(%) and Fe and As. (Figure 4). Usually, high correlations are shown by
wrand some heavy metals as well as in other polluted sediment, but in this case, a good
correlation is present between (%) and some pollution inputs like HCN. In this case,
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where an anthropogenic input is not strong enough, x(%) may serve as a good proxy
indicator of pollution. It is different from the fact that the wastes of mining activities are
heavy metals (Morales et al., 2016). The high correlation between Hg and HCN suggests
that those elements and compounds are used in high concentrations in the second step of
gold binding. Figure 5 illustrates magnetic susceptibility as well as Hg and HCN content of
all surface sediment samples collected along Kuris River, including the gold mining waste.

Figure 5 depicts the mapping for the levels of magnetic susceptibility, HCN, and
Hg content in each sampling point as a result of Kuris River’s dominant pollutant input,
which represents how much pollutant enters the river where agriculture and residential
areas are irrigated by the river. Based on this evidence, we can estimate how much HCN
and Hg will pollute agricultural soils over time if traditional mining cannot be stopped
or improved with immediate waste management. As previously stated, cyanide weakens
the human body and causes various diseases, such as hypothyroidism, renal damage, and
miscarriages (Jaszczak et al., 2017).

CONCLUSION

Kuris River sediments have an average y; of 97 x 10®*m?/kg, which is relatively low
compared to other rivers in Indonesia, generally contributed by volcanic materials. The
correlation between y;r and lithogenic elements suggests the dominant influence of the
component. There is no trend in Y along the river flow, which supports the notion that, in
this case, the contribution of anthropogenic y;; is minor. X;;(%) indicates that the magnetic
minerals are larger than SP. The correlation between g (%) and HCN and other elements
such as Cu, Fe, As, and Hg suggests that y; (%) may be used as the first-order proxy for
HCN, As, and Hg content in sediment for nonmagnetic pollutant input, particularly in the
case of gold mine tailing.
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ABSTRACT

This paper proposes a method to recognize fruits whose quality, including their ripeness,
grades, brix values, and flesh characteristics, cannot be determined visually from
their skin but from striking and flicking sounds. Four fruit types consisting of durians,
watermelons, guavas, and pineapples were studied in this research. In recognition of fruit
types, preprocessing removes the non-striking/non-flicking parts from the striking and
flicking sounds. Then the sequences of frequency domain acoustic features containing
13 Mel Frequency Cepstral Coefficients (MFCCs) and their 13 first- and 13 second-order
derivatives were extracted from striking and flicking sounds. The sequences were used to
create the Hidden Markov Models (HMMs). The HMM acoustic models, dictionary, and
grammar were incorporated to recognize striking and flicking sounds. When testing the
striking and flicking sounds obtained from the fruits used to create the training set but were
collected at different times, the recognition accuracy using 1 through 5 strikes/flicks was
98.48%, 98.91%, 99.13%, 98.91%, and 99.57%, respectively. For an unknown test set,
of which the sounds obtained from the fruits that were not used to create the training set,
the recognition accuracy using 1 through 5 strikes/flicks were 95.23%, 96.82%, 96.82%,
97.05%, and 96.59%, respectively. The results also revealed that the proposed method
could accurately distinguish the striking sounds of durians from the flicking sounds of
watermelons, guavas, and pineapples.

Keywords: Flicking sounds, fruit grading, fruit recognition, Hidden Markov Models, striking
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peeling them, many customers were unsatisfied with the quality of the fruits they bought.
For certain kinds of fruits, for example, durians, watermelons, guavas, and pineapples
(Figure 1), the characteristics of fruit pulp and physiochemical properties were generally

unknown by observing from their outer skins.

(d)

Figure 1. Four types of fruits in the recognition: (a) durians; (b) watermelons; (c) guavas; and (d) pineapples

Experienced fruit merchants usually determine the fruit quality by striking or flicking
them and listening to the generated sounds. When flicking, the index or middle finger is
released from the thumb against an object (Figure 2). Flicking can assess the quality of
fruits, e.g., watermelon, guava, and pineapple. However, flickering a durian- the thorny
king of fruit- is not practical as it can injure the finger. Striking or tapping the durian with
a tapping stick and listening to the sounds to determine the ripeness of durians are shown
in Figure 3.

Figure 2. Flicking a guava Figure 3. Tapping a durian

Figure 4 shows the characteristics of the striking/flicking sounds of durians,
watermelons, guavas, and pineapples. They are quite similar and difficult to be visually
distinguished. They consist of non-striking/non-flicking parts and striking/flicking parts.
Each striking/flicking sound normally begins with a non-striking/mon-flicking part, followed
by a striking/flicking part, and ends with a non-striking/non-flicking part. The flicking/
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Figure 4. Striking and flicking sounds of fruits five times: (a) durian; (b) watermelon; (c) guava; and (d) pineapple

striking parts have higher amplitude than the non-flicking/non-striking parts. The striking/
flicking parts, usually much shorter than the non-striking/non-flicking parts, contain more
information about the types of fruits and fruit characteristics. In addition, the duration and
the amplitude of flicking/striking signals derived from the same or different fruits fluctuate,
resulting in difficulties in recognition. The pace of flicking/striking the fruits can affect
the results, especially if the duration of non-flicking/non-striking parts is long. In order to
overcome these differences, the preprocessing method of reducing the flickering parts based
on the amplitude of the signals was proposed (Phoophuangpairoj, 2014a). The duration of
striking/flicking parts depends on when the finger or the tapping stick hits the fruits. The
hardness or impact of flicking and striking affects the amplitude of signals.

Therefore, it is not practical to determine the quality of fruits from the amplitude but
from the frequency-based features extracted from signals and models that can efficiently
capture acoustic phenomena. It can be seen from how some merchants recognize short
flicking and striking sounds, which have some frequency differences to predict the
internal fruit flesh. Based on the results, using HMMs with frequency-based features
could efficiently handle the different impacts of watermelon flicking and durian tapping
(Phoophuangpairoj, 2014a; Phoophuangpairoj, 2014b). For guavas, repeatedly flicking the
same area can affect the recognition results. The flicking should be applied to the different
areas of the guavas to classify the freshness of the guavas.

There was research applying speech recognition technologies to recognize the
quality of watermelons and guavas using flicking sounds (Phoophuangpairoj, 2014a;
Phoophuangpairoj, 2013). For the recognition of firm flesh and flesh with cracks, the
average watermelon quality recognition rates of 95.0%, 97.0%, 98.0%, 98.0%, and 98.0%
were achieved by using 1 through 5 flicks, respectively. For guavas stored in a normal
refrigerator, the average correct freshness recognition rates of 92.0%, 88.0%, and 94.0%
were obtained from fresh, 3-day-kept, and 6-day-kept guavas, respectively. The striking
sounds were also used to recognize ripe and unripe durians using a dictionary and grammar
(Phoophuangpairoj, 2014b) and an N-gram language model (Phoophuangpairoj, 2014c).
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The recognition system using MFCC-based features and HMMs efficiently recognized
the quality of watermelons and durians. When using grammar, the durian ripeness
recognition rates 0f 91.0%, 92.0%, 90.0%, 92.0%, and 92.0% were achieved using 1 through
5 strikes, respectively. Using an N-gram language model, the durian ripeness recognition
rates of 88.0%, 91.0%, 91.0%, 92.0%, 92.0%, and 90.0% were achieved using 1 through
5 strikes, respectively. The flicking sounds were also studied to classify pineapples and
their physicochemical properties. Even though predicting pineapple grades using flicking
sounds cannot be done efficiently, the results showed that pineapples classified as grade
1 and grade 3 differed significantly in terms of total soluble solid (TSS), pH value, and
water content (Phoophuangpairoj & Srikun, 2014).

When recognizing some fruit types whose internal characteristics cannot be visually
determined from their skin, flicking and striking sounds can also be applied. Studying the
feasibility of recognizing the types of fruits from the flicking and striking sounds without
using image processing is beneficial. The image processing requires another different
source of data, while the proposed method merely utilizes a source of data, which is more
efficient. Hence, this work proposed a novel method to recognize the fruit types without
using image processing but did not stress the quality of fruits because this issue had already
been researched.

LITERATURE SURVEY

Automation in food processing plays a crucial role in increasing the productivity, quality,
and profitable growth of countries. Fruit grading is a process for producers which affects
fruit quality evaluation and export markets (Raja et al., 2018). Automatic fruit classification
is an interesting issue in the retailing and fruit-growing industry because it can help
farmers and supermarkets identify the status of fruits from stock or containers (Shahi et
al., 2022). Computer vision and machine learning methods have been applied for fruit
detection, ripeness, and categorization in the past decade (Fan et al., 2020; Hossain et
al., 2018). The problem of classifying fruits and vegetables in computer vision remains
a challenge because some fruits look alike and have similar colors, shapes, and textures.
CNNs (Convolutional Neural Networks) and transfer learning have obtained impressive
results in image classification (Albarrak et al., 2022). Based on the previous work, CNN
recognized 26 categories of fruits and vegetable images (Zeng, 2017) and orange grades
(Asriny et al., 2020). A system has to extract image features and use them as a source to
recognize the fruits to recognize the fruit quality from a video. Meanwhile, the system has
to use striking or flicking sounds as the other source to recognize their qualities. Such a
system requires two different sources, and this may not be as practical, resulting in creating
amore complex heterogeneous system when compared to the system using only one source
of flicking or striking sounds.
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The success of MFCC acoustic features combined with their cost-effective and robust
computation turned them into a standard choice in speech recognition applications. In
speech recognition systems such as an Arabic speech recognition system, 39 MFCC-based
acoustic features were extracted by partitioning the speech signals into frames (Elharati
et al., 2020). HMM is a model used to represent the acoustic phenomenon and acoustic
changes according to time. HMMs provide a highly reliable method of recognizing spoken
signals (Chavan & Sable, 2013; Naithani et al., 2018; Najkar et al., 2010). HMMs were
also applied to recognize inhaling and exhaling signals (Phoophuangpairoj, 2020) and
sleep spindles (Stevner et al., 2019). For HMM, Gaussian Mixture Models (GMMs),
which are the components within each HMM state, were primarily utilized to compute the
probabilistic distribution of each phone or phoneme (or any speech signal atom), and the
fusion of GMMs-HMMs has led to many successful automatic speech recognition (ASR)
applications (Kiranyaz et al., 2021). Phonemes or syllables were combined into words
and sentences using a dictionary and language model. The main reasons for this success
are this model’s analytic ability in the speech phenomenon and its accuracy in practical
speech recognition systems (Najkar et al., 2010).

Viterbi is an algorithm that searches HMM states to find the most probable phone,
phoneme, word, and sentence from the acoustic models of phones or phonemes connected
based on a dictionary and grammar. Viterbi algorithm was applied to recognize or search
the possible phones in a speech recognition system (Hatala & Puturuhu, 2019).

MATERIALS AND METHODS
Data

Data were collected from four different types of fruits: 100 durians, 100 watermelons,
150 guavas, and 110 pineapples. The striking/flicking sounds were recorded at 11,025
Hz. The data were collected from fruits of different quality, grades, and ripeness.
Nonetheless, the work studied the differentiation of the fruit types. Striking sounds were
derived from 100 durians struck five times each to train the HMM acoustic models. The
flicking sounds were obtained from 100 watermelons and 150 guavas, all flicked five
times each, while the pineapple flicking sounds were obtained from 110 pineapples, ten
times each. For testing, untrained and unknown sets were used. The untrained set was
collected from the same set of fruits used in the training but at different times, whereas
the unknown set was collected from different fruits not included in the training. The
untrained set consisted of 1 through 5 striking/flicking sounds, each collected from 100
durians, 100 watermelons, 150 guavas, and 110 pineapples. The unknown set consisted of
1 through 5 striking/flicking sounds, each collected from 100 durians, 100 watermelons,
150 guavas, and 90 pineapples.
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Preprocessing

As a rule, the striking/flicking parts contain information about fruit quality and types.
Preprocessing was performed to reduce the non-striking/non-flicking parts. The digitized
signals contain positive, negative, and zero values. As a result, it is easier to set a removing
threshold by computing their absolute values. Additionally, a clipping or cut-off threshold
was applied to handle the high difference in the signal amplitude. The threshold (7%) to
reduce non-flicking/striking parts was computed from all frames using Equation 1:

frame_duration
1000

framesize = X sampling_rate (D

where: framesize is the number of points or values in each frame; frame duration is the frame
duration or size in milliseconds; sampling rate is the recording sampling rate (11,025 Hz).
The frame duration (frame duration) was set to 2 milliseconds. The number of samples
(num_smp_file) was obtained from each wav file. Then the nFrame, which is the number
of frames in a striking/flicking file, was computed using Equation 2.
num_smp_file

nFrame = — 2
framesize 2)

Clip() was a function used to clip the signals. If any value of |s,-| was higher than a
clipping threshold (7%,;;,) (e.g., 10,000), the value was set to the threshold (Equations 3-5).
nXframesize

Frameg, = Z clip(Is;]), 1<n<nFrame (3)

i=(n—1)xframesize +1

nFrame
il Frameg.
A F — i=1 abs ; 4
vgFrame, oy — (4)
Th = C x AvgFrame,, 5)

where: Framegyg, is the sum of clipped absolute values computed from the n™ frame;
AVGFrameg is the average of Framegy, computed from all frames; C'is a constant (e.g.,
3); It is the threshold to reduce non-striking/non-flicking parts.

Then the following method was applied to remove non-striking/non-flicking parts
(frames) from the signals.

for(n=1;n<=nfFrame;n++)
KeepFrame[n] =0
if((vFramegps, >= Th) OR (n equals to 1, 2, nFrame-1 or nframe))
KeepFrame[n] = 1; // The n™ frame is flagged to be kept.
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The method scanned all frames. If it was the first or last two frames or the sum of
clipped absolute values computed from the n™ frame (Frame,, ) was greater than or equal
to the threshold to reduce non-striking/non-flicking parts, the KeepFrame[n] was set to 1.
When the KeepFrame[n] was equal to 1, the n' frame was kept. When the KeepFrame[n]
was equal to 0, the n® frame was removed. Removing all non-striking/non-flicking parts
without losing some precious short striking/flicking parts is difficult. According to the
algorithm below, some parts before and after each striking/flicking were kept to ensure that
the precious data in striking/flicking parts were not removed and to obtain longer signals
for recognizing HMMs, which contained a higher number of states. The algorithm kept
the frames before and after each striking/flicking part, as described below.

for(n=2;n<nFrame;n=n+1)
if(KeepFrame[n] equals to 1 AND KeepFrame[n-1] equals to 0)
KeepFrame[n-1]=1;

for(n=nFrame-1;n>1;n=n-1)
if(KeepFrame[n] equals to 1 AND KeepFrame[n+1] equals to 0)
KeepFrame[n+1] = 1;

The data in the n frame of which KeepFrame[n] equals 1 were written in the
preprocessed file. Thereafter, the Hidden Markov Model Toolkit (HTK) (http://htk.eng.
cam.ac.uk/) was used to extract acoustic features from the preprocessed signals, train HMM
acoustic models and detect the types of fruits. As for the evaluation, HResult, a tool in
HTK, was used to find the fruit type recognition accuracy.

Extracting Acoustic Features

The time-domain or the visual characteristics of the durian striking, watermelon, guava,
and pineapple flicking were similar. Therefore, the frequency-domain features of the signals
were computed and used instead. Acoustic features consisting of 13 MFCCs and their 13
first- and 13 second-order derivatives were extracted from each particular time or window.
The feature extraction used a window size of 4 milliseconds and a window shift rate of 1
millisecond. Left-to-right HMMs were used to model striking/flicking parts of each fruit
type and a shared model of non-striking/non-flicking parts.

Creating Acoustic Models

The sounds were transcribed without providing the position of each part. For each fruit
type, the non-flicking and non-striking parts which remained after the preprocessing were
represented using sil (silence). Each striking/flicking part was represented based on the
types of fruits, drstrike for each striking signal of a durian, wmflick, gvflick, and paflick for
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each flicking signal of watermelon, guava, and pineapple, respectively. The transcriptions
of each 5-striking/5-flicking signal used in the training are shown in Table 1.

The transcriptions without the positions of striking/flicking parts were used in the
training. HTK tried to find acoustic features of striking/flicking and non-striking/non-
flicking parts to create the acoustic models according to the transcriptions. In training, the
number of HMM states varied from 4 to 7, and the number of Gaussian mixtures in each
state was from 2 to 6.

Table 1

Transcriptions of each 5-striking/5-flicking signal used in the training
Types of fruits Transcriptions for each S-striking/5-flicking sound
durian sil drstrike sil drstrike sil drstrike sil drstrike sil drstrike sil
watermelon sil wmflick sil wmflick sil wmflick sil wmflick sil wmflick sil
guava sil gvflick sil gvflick sil gvflick sil gvflick sil gvflick sil
pineapple sil paflick sil paflick sil paflick sil paflick sil paflick sil

Creating a Dictionary to Recognize Fruit Types

Words representing 1 through 5 strikes/flicks were defined according to the characteristics
of the striking and flicking sounds. For example, the one-flick word consists of a non-
flicking/non-striking model followed by each fruit type’s striking or flicking model and
the sil model. In the Thai language, words can be pronounced in different ways. The words
in the dictionary consisting of durian, watermelon, guava, and pineapple were created
from different numbers of phones. The words in the dictionary to represent the sounds of
1 through 5 strikes/flicks are shown below.

durian [durian] sil drstrike sil

watermelon [watermelon] sil wmflick sil

guava [guava] sil gvflick sil

pineapple [pineapple] sil paflick sil

durian [durian] sil drstrike sil drstrike sil

watermelon [watermelon] sil wmflick sil wmflick sil

guava [guava] sil gvflick sil gvflick sil

pineapple [pineapple] sil paflick sil paflick sil

durian [durian] sil drstrike sil drstrike sil drstrike sil
watermelon [watermelon] sil wmflick sil wmflick sil wmflick sil
guava [guava] sil gvflick sil gvflick sil gvflick sil

pineapple [pineapple] sil paflick sil paflick sil paflick sil

durian [durian] sil drstrike sil drstrike sil drstrike sil drstrike sil
watermelon [watermelon] sil wmflick sil wmflick sil wmflick sil wmflick sil
guava [guava] sil gvflick sil gvflick sil gvflick sil gvflick sil
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pineapple [pineapple] sil paflick sil paflick sil paflick sil paflick sil

durian [durian] sil drstrike sil drstrike sil drstrike sil drstrike sil drstrike sil
watermelon [watermelon] sil wmflick sil wmflick sil wmflick sil wmflick sil wmflick sil
guava [guava] sil gvflick sil gvflick sil gvflick sil gvflick sil gvflick sil
pineapple [pineapple] sil paflick sil paflick sil paflick sil paflick sil paflick sil

Creating Grammar to Recognize Fruit Types

Grammar was applied to constrain the recognition results. The following grammar was
created to recognize the fruit types.

$fruittype = durian | watermelon | guava | pineapple;
($fruittype)

The | means “or” while the () means no repetition. The first line of recognition grammar
states that $fruittype can be durian, watermelon, guava, or pineapple, while the second line
states that only the $fruittype without repetition can be derived.

Recognizing Types of Fruits

The acoustic models, dictionary, and grammar were integrated to recognize the extracted
acoustic features. The dictionary and grammar make the recognition more flexible and
easy to handle the arbitrary numbers of strikes and flicks. The Viterbi algorithm decided
which hypotheses or word-connected paths comprising phones were most likely to be the
correct textual interpretation of the signals.

RESULTS

To investigate the results, the number of strikes/flicks, the number of HMM states, and the
number of Gaussian mixtures per state were varied. Table 2 shows the accuracy obtained
from the untrained set. The results reported that of N testing times in which each time used
F strikes or flicks, H times were recognized correctly. There were S substitution errors.
When using 1 strike/flick, the accuracy of 98.48% was obtained by using 6 states and
5 Gaussian mixtures per state (6S5M). For 2 through 5 strikes/flicks, 98.91%, 99.13%,
98.91%, and 99.57% accuracy rates were obtained using 6 states and 4 Gaussian mixtures
per state (6S4M), respectively. However, when using one strike or flick with HMMs
containing 7 states, there were six striking/flicking sounds that the system was not provided
the recognition results because the number of the feature vectors extracted from very short
signals was not adequate to be recognized using the HMMs.
Table 3 shows the fruit type recognition accuracy obtained from the unknown set.
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Table 2
Accuracy of fruit type recognition obtained from the untrained set based on the number of strikes/flicks, states,
and Gaussian mixtures

Number of strike(s)/flick(s) Number Number of Accuracy

(T) of states  Gaussian mixtures (%) H S N

1 93.48 430 30 460
93.70 431 29 460
93.04 428 32 460
93.70 431 29 460
96.74 445 15 460
95.65 440 20 460
95.65 440 20 460
95.00 437 23 460
95.87 441 19 460
96.09 442 18 460
95.87 441 19 460
97.39 448 12 460

98.04 451 9 460
98.48 453 7 460
98.26 452 8 460

94.93 431 23 460
96.04 436 18 454
96.70 439 15 454
97.14 441 13 454
97.58 443 11 454

94.13 433 27 460
95.43 439 21 460
95.22 438 22 460
95.43 439 21 460
96.52 444 16 460
95.87 441 19 460
96.74 445 15 460
95.87 441 19 460
95.43 439 21 460
97.17 447 13 460

RN BN Bie N e e e e Y Y Y Y Y R L T e S e B B N B =T e =) e N O, B BV B Y R S L N
AW DO AN DR WD BR WD N DR WD R WD N R WD N R WD N R W

98.04 451 9 460
98.70 454 6 460
98.91 455 5 460
98.70 454 6 460
98.26 452 8 460
96.30 443 17 460
98.04 451 9 460
98.04 451 9 460

2712 Pertanika J. Sci. & Technol. 31 (6): 2703 - 2722 (2023)



Recognition of Fruit Types from Striking and Flicking Sounds

Table 2 (continue)

Number of strike(s)/flick(s) Number Number of Accuracy H S N
(T) of states  Gaussian mixtures (%)
7 5 97.61 449 11 460
7 6 98.04 451 9 460
3 4 2 93.48 430 30 460
4 3 94.35 434 26 460
4 4 95.22 438 22 460
4 5 95.22 438 22 460
4 6 96.96 446 14 460
5 2 96.74 445 15 460
5 3 96.74 445 15 460
5 4 96.09 442 18 460
5 5 95.87 441 19 460
5 6 97.39 448 12 460
6 2 97.83 450 10 460
6 3 98.91 455 5 460
6 4 99.13 456 4 460
6 5 98.70 454 6 460
6 6 98.70 454 6 460
7 2 97.17 447 13 460
7 3 99.13 456 4 460
7 4 98.91 455 5 460
7 5 98.70 454 6 460
7 6 99.13 456 4 460
4 4 2 94.78 436 24 460
4 3 94.57 435 25 460
4 4 94.78 436 24 460
4 5 95.22 438 22 460
4 6 96.74 445 15 460
5 2 96.52 444 16 460
5 3 97.17 447 13 460
5 4 95.43 439 21 460
5 5 96.30 443 17 460
5 6 97.83 450 10 460
6 2 97.83 450 10 460
6 3 98.70 454 6 460
6 4 98.91 455 5 460
6 5 98.48 453 7 460
6 6 98.70 454 6 460
7 2 97.61 449 11 460
7 3 98.26 452 8 460
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Table 2 (continue)

Number of strike(s)/flick(s) Number Number of Accuracy H S N
(T) of states  Gaussian mixtures (%)
98.48 453 7 460
98.48 453 7 460

98.70 454 6 460
94.35 434 26 460
95.00 437 23 460
95.00 437 23 460
95.43 439 21 460
96.52 444 16 460
97.17 447 13 460
97.39 448 12 460
96.30 443 17 460
96.52 444 16 460

ENEEEN BN RN Bie) Ui ) N e e Y Y Y Y Y e S = I BN BN |
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98.26 452 8 460
98.04 451 9 460
98.91 455 5 460
99.57 458 2 460
98.70 454 6 460
98.70 454 6 460
97.39 448 12 460
98.91 455 5 460
99.13 456 4 460
98.70 454 6 460
99.13 456 4 460

Table 3
Accuracy of fruit type recognition obtained from the unknown set based on the number of strikes/flicks, states,
and Gaussian mixtures

Number of strike(s)/flick(s) Number Number of Accuracy H S N
(T) of states  Gaussian mixtures (%)
1 4 2 92.50 407 33 440
4 3 92.27 406 34 440
4 4 92.73 408 32 440
4 5 92.73 408 32 440
4 6 93.41 411 29 440
5 2 92.73 408 32 440
5 3 92.73 408 32 440
5 4 94.09 414 26 440
5 5 95.23 419 21 440
5 6 93.86 413 27 440
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Table 3 (continue)

Number of strike(s)/flick(s) Number Number of Accuracy H S N
(T) of states  Gaussian mixtures (%)
6 2 94.55 416 24 440
6 3 94.09 414 26 440
6 4 94.55 416 24 440
6 5 95.23 419 21 440
6 6 95.00 418 22 440
7 2 93.74 404 27 431
7 3 94.66 408 23 431
7 4 94.20 406 25 431
7 5 93.27 402 29 431
7 6 93.50 403 28 431
2 4 2 92.27 406 34 431
4 3 94.55 416 24 440
4 4 94.55 416 24 440
4 5 94.32 415 25 440
4 6 94.77 417 23 440
5 2 94.32 415 25 440
5 3 95.23 419 21 440
5 4 94.55 416 24 440
5 5 95.68 421 19 440
5 6 95.45 420 20 440
6 2 95.23 419 21 440
6 3 96.36 424 16 440
6 4 95.91 422 18 440
6 5 96.82 426 14 440
6 6 96.36 424 16 440
7 2 94.32 415 25 440
7 3 94.77 417 23 440
7 4 95.45 420 20 440
7 5 95.68 19 19 440
7 6 95.91 422 18 440
3 4 2 92.05 405 35 440
4 3 93.64 412 28 440
4 4 93.64 412 28 440
4 5 94.09 414 26 440
4 6 94.77 417 23 440
5 2 94.09 414 26 440
5 3 95.23 419 21 440
5 4 95.23 419 21 440
5 5 94.77 417 23 440
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Number of strike(s)/flick(s) Number Number of Accuracy H S N
(T) of states  Gaussian mixtures (%)
5 6 95.68 421 19 440
6 2 95.23 419 21 440
6 3 97.05 427 13 440
6 4 96.82 426 14 440
6 5 96.82 426 14 440
6 6 96.59 425 15 440
7 2 94.55 416 24 440
7 3 95.00 418 22 440
7 4 95.23 419 21 440
7 5 96.14 423 17 440
7 6 96.59 425 15 440
4 4 2 92.73 408 32 440
4 3 93.18 410 30 440
4 4 94.09 414 26 440
4 5 94.77 417 23 440
4 6 94.55 416 24 440
5 2 94.32 415 25 440
5 3 95.00 418 22 440
5 4 95.23 419 21 440
5 5 95.45 420 20 440
5 6 94.55 416 24 440
6 2 95.00 418 22 440
6 3 96.14 423 17 440
6 4 95.91 422 18 440
6 5 97.05 427 13 440
6 6 96.36 424 16 440
7 2 95.00 418 22 440
7 3 95.00 418 22 440
7 4 96.14 423 17 440
7 5 95.68 421 19 440
7 6 96.14 423 17 440
5 4 2 92.27 406 34 440
4 3 93.41 411 29 440
4 4 93.64 412 28 440
4 5 95.00 418 22 440
4 6 95.00 418 22 440
5 2 94.09 414 26 440
5 3 94.77 417 23 440
5 4 95.23 419 21 440
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Table 3 (continue)

Number of strike(s)/flick(s) Number Number of Accuracy H S N
(T) of states  Gaussian mixtures (%)
5 5 95.00 418 22 440
5 6 95.00 418 22 440
6 2 94.55 416 24 440
6 3 96.14 423 17 440
6 4 96.14 423 17 440
6 5 96.14 423 17 440
6 6 95.91 422 18 440
7 2 95.45 420 20 440
7 3 95.91 422 18 440
7 4 96.59 425 15 440
7 5 96.59 425 15 440
7 6 96.36 424 16 440

When using 1 through 4 strikes/flicks, the highest accuracy of 95.23%, 96.82%,
96.82%, and 97.05% were respectively obtained by using 6 states and 5 Gaussian mixtures
per state (6SSM). For 5 strikes/flicks, the highest accuracy of 96.59% was yielded when
using 7 states and 5 Gaussian mixtures per state (7S5M). However, when using one strike
or flick with HMMs containing 7 states, there were nine striking/flicking sounds that the
system was not provided the recognition results because the number of the feature vectors
extracted from very short signals was not adequate to be recognized using the HMMs. Next,
the results were further investigated, and the confusion matrix derived from recognizing
the untrained set was shown in Table 4.

For the untrained set, the highest accuracy was derived when using 5 strikes/flicks. The
results showed high watermelon, guava, and durian recognition rates. The errors occurred
when recognizing pineapple flicking sounds. The errors occurred when recognizing
pineapple flicking sounds. There were 1.89% pineapples incorrectly recognized as
watermelons.

Table 5 shows the confusion matrix of fruit-type recognition obtained from the
unknown set.

The results revealed that although the striking and flicking sounds look similar,
the proposed method could correctly distinguish durian striking sounds from those of
watermelons, guavas, and pineapples. Although there were some errors when recognizing
the flicking sounds of the different types of fruits, the overall accuracy was higher than
90%. When using 4 flicks, the highest recognition accuracy rates of 91%, 99.33%,
97.27%, and 100% were achieved for watermelons, guavas, pineapples, and durians,
respectively.
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Table 4
Confusion matrix (untrained set)
Number of Actual type of Recognized as
strike(s)/flick(s) fruit Durian Watermelon Guava Pineapple
1 strike/flick Durian 100% 0% 0% 0%
(6S5M) (100) (0) (0) 0)
Watermelon 0% 98% 0% 2%
(0) (98) 0) )
Guava 0% 0.67% 99.33% 0%
(0) 1) (149) (0)
Pineapple 0% 3.64% 0% 96.36%
(0) (C)) 0) (106)
2 strikes/flicks Durian 100% 0% 0% 0%
(6S4M) (100) 0) (0) 0)
Watermelon 0% 98% 0% 2%
(0) 93) (0) (2)
Guava 0% 0% 98.67% 1.33%
(0) (0) (148) ()
Pineapple 0% 0.91% 0% 99.09%
(0) Q)] 0) (109)
3 strikes/flicks Durian 100% 0% 0% 0%
(6S4M) (100) 0) (0) (0)
Watermelon 0% 99% 0% 1%
(0) 99) 0) (1
Guava 0% 0% 98.67% 1.33%
(0) 0) (148) ()
Pineapple 0% 0.91% 0% 99.09%
(0) )] (0) (109)
4 strikes/flicks Durian 100% 0% 0% 0%
(6S4M) (100) 0) (0) 0)
Watermelon 0% 99% 0% 1%
(0) 99) (0) (1
Guava 0% 0% 100% 0%
(0) 0) (150) (0)
Pineapple 0% 3.64% 0% 96.36%
(0) ) 0) (106)
5 strikes/flicks Durian 100% 0% 0% 0%
(6S4M) (100) 0) (0) 0)
Watermelon 0% 100% 0% 0%
(0) (100) (0) (0)
Guava 0% 0% 100% 0%
(0) (0) (150) (0)
Pineapple 0% 1.89% 0% 98.18%
(0) 2) 0 (108)
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Table 5
Confusion matrix (unknown set)

Number of Actual type of Recognized as
strike(s)/flick(s) fruit Durian Watermelon Guava Pineapple
1 strike/flick Durian 100% 0% 0% 0%
(6S5M) (100) (0) (0) 0)
Watermelon 0% 93% 0% 7%
(0) (93) (0) @)
Guava 0% 0% 98.67% 1.33%
(0) (0) (148) 2
Pineapple 0% 7.27% 3.64% 89.10%
(0) ) “) 98)
2 strikes/flicks Durian 100% 0% 0% 0%
(6S5M) (100) (0) 0) 0)
Watermelon 0% 94% 0% 96%
(0) (94) (0) (6)
Guava 0% 0% 98.67% 1.33%
(0) (0) (148) 2
Pineapple 0% 3.64% 1.82% 94.55%
(0) “) 2 (104)
3 strikes/flicks Durian 100% 0% 0% 0%
(6S5M) (100) (0) (0) 0)
Watermelon 0% 93% 0% 7%
(0) 93) (0) @)
Guava 0% 0% 98.67% 1.33%
(0) (0) (148) )
Pineapple 0% 2% 1.33% 96.67%
(0) 3) @) (145)
4 strikes/flicks Durian 100% 0% 0% 0%
(6S5M) (100) (0) 0) 0)
Watermelon 0% 91% 0% 99%
(0) on (0) ©)
Guava 0% 0% 99.33% 0.67%
(0) (0) (149) ey
Pineapple 0% 0.91 1.82% 97.27%
(0) (1) 2) (107)
5 strikes/flicks Durian 100% 0% 0% 0%
(6S5M) (100) (0) 0) 0)
Watermelon 0% 90% 0% 10%
(0) (90) (0) (10)
Guava 0% 0% 99.33% 0.67%
(0) (0) (149) )
Pineapple 0% 1.82% 1.82% 96.36%
0) 2 ) (106)
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DISCUSSION

Even though the types of fruits can be manually provided for recognizing the fruit quality,
it will be better if we can simultaneously recognize the types of fruits and their quality
from the striking and flicking signals. The duration of the flicking and striking sounds of
the fruits is very short, and the sounds resemble. Therefore, the method to recognize the
different types of fruits should be studied. HMMs can model striking and flicking signals
for recognizing the quality of fruits and fruit types. Nowadays, the prices of fruits are
much higher when compared with those in the past decade, which makes non-destructive
fruit grading more important. According to the derived results and previous studies
(Phoophuangpairoj, 2014a, 2014b), it revealed some possibility of creating an application
that can recognize the quality of durians and watermelons from the striking ad flicking
sounds without recognizing the types of fruits from images or manually giving the type
of fruits in advance.

When using HMMs, if the number of feature vectors extracted from the signals is
insufficient for HMM states, the HMM decoder will not give the result. Therefore, it is
suggested that the large number of HMM states is inappropriate for recognizing short
signals such as 1 striking or flicking sound.

In the future, CNN, which has been used in several computer vision applications
and will be more widely used in processing sequential data, including natural language
processing and speech recognition (Kiranyaz et al., 2021), long short-term memory
networks (LSTM), and deep learning techniques should be explored along with frequency
domain features such as MFCCs for the recognition of the fruits from striking and flicking
sounds.

CONCLUSION

This paper proposes using preprocessing, acoustic models, a dictionary, and grammar
to recognize the fruit types from flicking/striking sounds. The dictionary and grammar
provide flexibility to design the recognition system and can be used to recognize arbitrary
duration of flicking/striking sounds. The parameters to extract acoustic features, including
the window size, have to be adjusted to fit the problem. The preprocessing acoustic
models, dictionaries, and grammar have to be designed based on the characteristic of the
striking and flicking sounds. The results when using the different number of flicking and
striking sounds, number of states, and number of Gaussian mixtures were compared. The
method could correctly differentiate durian striking sounds from watermelon, guava, and
pineapple flicking sounds. Averagely, more than 95% of recognition accuracy was obtained
from recognizing striking and flicking sounds. The findings shed light on the feasibility
of recognizing the durian ripeness of fruits and watermelon flesh from the flicking and
striking sounds without image processing.
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ABSTRACT

Timely diagnosis is crucial for a patient’s future care and treatment. However, inadequate
medical service or a global pandemic can limit physical contact between patients and
healthcare providers. Combining the available healthcare data and artificial intelligence
methods might offer solutions that can support both patients and healthcare providers. This
study developed one of the artificial intelligence methods, artificial neural network (ANN),

the multilayer perceptron (MLP), for

medical specialist recommendation systems.

The input of the system is symptoms and
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the medical specialist. Leave one out cross-
validation technique was used. As a result,
this study’s F1 score of the model was about
0.84. In conclusion, the ANN system can
be an alternative to the medical specialist
recommendation system.
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INTRODUCTION

Digitalization of healthcare provides new possibilities to improve healthcare services.
One problem that can arise in health care is limited physical contact between patients
and healthcare providers, which can prolong the diagnosis process. Patients must rely
on healthcare providers, such as primary care physicians, to determine the most suitable
medical specialty for treating their condition. The delayed diagnosis can result in missed
opportunities for intervention. Contact between patients and healthcare providers can be
hindered due to various situations. For example, during the COVID-19 pandemic, it was
harder for patients to meet healthcare providers (Lee et al., 2021). Such situations can also
happen to patients who live in remote or impoverished areas.

With the increasing number of healthcare data, incorporating artificial intelligence (Al)
methods can offer useful insights to help decision-making. One of the most popular methods
in medical applications is the artificial neural network (ANN) (Jiang et al., 2017). The
architecture of ANN consists of three types of layers: input, hidden, and output. Information
or features from the external environment would be received by the input layer and passed
to the hidden layers. In the hidden layers, the pattern of data would be extracted. After that,
the output layer would present the network output (da Silva et al., 2017). In the simplest
form, ANN can have no hidden layer, making it a single-layer neural network that consists
of only input and output layers. Models with one or more hidden layers are usually referred
to as multilayer neural networks. ANN can have a feed-forward or feedback architecture.

ANN has been applied in various studies, including classification, prediction, and
diagnosis (Shahid et al., 2019). This method is chosen for many studies as it can process a
large amount of data. It is also found to be less likely to overlook important information,
and it can reduce diagnosis time (Amato et al., 2013). Although ANN is often applied for
large datasets, some studies suggested that this method can also work for small datasets.
Feng et al. (2019) created a model to predict material defects with 487 data. Their deep
neural network model showed high accuracy. The ANN-based dengue predictive model
also reached high accuracy, sensitivity, and specificity and was trained with a small dataset
(Silitonga et al., 2021). In another study, a model trained with 116 data achieved an accuracy
of 82% without signs of overfitting (Olson et al., 2018).

This study developed a classification model using ANN, focusing on one type of feed-
forward neural network, which is the multilayer perceptron (MLP). MLP is fully connected,
and it uses backpropagation during training. Some common machine-learning Python
libraries were used to build, train, and test the MLP model, including Keras, TensorFlow,
and scikit-learn. This study trained the model with a small dataset containing 111 data
points. This dataset consisted of common symptoms, comorbidities, and medical specialties.
Leave-one-out cross-validation (LOOCV) was also conducted to estimate the performance
of the model. This study aimed to create a model that can recommend suitable medical
specialties for patients based on their symptoms and comorbidities.
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RELATED WORK
ANN in Healthcare

ANN has been implemented in many diagnostics models. Yao et al. (2019) applied ANN
with a backpropagation procedure to diagnose diabetic retinopathy. This model was
developed based on the results of multivariable logistic regression (MLR) using data from
530 residents. The AUC of the ANN model reached 0.84, which was higher than the AUC
of MLR. Aguiar et al. (2016) developed two ANN models to support the diagnosis of
pulmonary tuberculosis. The first was an MLP model for classification, while the second
was for risk assignment. Both models showed good performance. In another study, an MLP
model was developed to classify hypertension (Chai et al., 2021). The model achieved
an accuracy of 0.76 and an AUC of 0.75. They noted that although their model cannot be
used as a clinical decision-making tool, it can still be used as an early warning mechanism.

Besides diagnosis, ANN has also been used to help decision-making management. The
ANN model was applied for syncope risk stratification in the Casagranda et al. (2016) study.
This study also compared the ANN model to a multivariate logistic regression model. The
ANN model showed better performance. Ippoliti et al. (2021) proposed ANN models to
predict the outcome of hospital admission. The results showed that applying their models
could reduce the average length of stay. The result of these studies can be useful for
hospital managers. On a global scale, a forecasting model for the COVID-19 time series
was created with ANN (Borghi et al., 2021). Their study included data from 30 countries.
The model they developed could predict time series behavior related to the number of
COVID-19 infections and deaths. ANN has also been applied to analyze corruption in
healthcare (Buscema et al., 2017). The result of this study suggested that countries with
similar Human Development Index would perceive corruption in the same way.

Al Methods for Medical Specialty Recommendation

Various algorithms have been applied to create a model for disease prediction or doctor
recommendations for different purposes. Rémy et al. (2018) created a logistic regression
model to predict which healthcare practitioner is the most appropriate for a patient. Some
diseases may require multiple specialists to provide an accurate diagnosis, and their study
aimed to see if it is possible to form a group of physicians using a probabilistic model.
Their proposed model also assumed that 4 symptoms were enough to describe a disease
and that patients have no comorbidities. A study by Kumar et al. (2021) also tested four
machine learning approaches—Naive Bayes, random forest, logistic regression, and
KNN. They created a website where users enter their symptoms and get medical specialty
recommendations (pro-prediction). They also provide an option for specific predictions,
such as prediction for heart disease and diabetes. The dataset that they used for pro-
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prediction was coded into binary classification. The four models showed good accuracy
for pro-prediction, with random forest showing the best performance (90.2%). In another
study, Lee et al. (2021) applied deep learning-based NLP. They developed an Al chatbot
that can give medical specialty recommendations. Their dataset consisted of 51,134
sentences and included data for 26 medical specialties. Implementing MLP in medical
specialty recommendations has not been found in any literature but has been used for other
applications such as diagnosis models.

Cross-validation Methods for Small Dataset

In the development of machine learning models, cross-validation is often applied to evaluate
the performance of the models. There are many cross-validation methods. The simplest and
most common method is the hold-out cross-validation, in which the dataset is divided into
training and testing sets, and the model would usually be trained only once. Usually, 80%
of the dataset is used as the training set, while the remaining 20% is used for the testing set.
However, this method is more suitable for large datasets. Another common method is k-fold
cross-validation. For this method, there would be k iterations of training and validation; for
each iteration, different segments would be used for validation (Refaeilzadeh et al., 2009).
There is also the leave-one-out cross-validation (LOOCYV), where the number of segments
would be equal to the number of instances in the dataset (Webb et al., 2011). This method
shows a lower bias compared to k-fold. However, it also shows higher variability in test
error. In larger datasets, LOOCYV is considered computationally expensive, but in small
datasets, it can maximize the extension of the training set (Pasini, 2015).

Problem Statement

Some situations can lead to patients being unable to see primary care providers for a
diagnosis and referral to medical specialists. Models proposed in other studies often
ignored comorbidities, even though it is important in deciding which medical specialty
suits a patient’s condition. This study addressed this problem by developing a model to
give medical specialty recommendations based on the symptoms and comorbidities.

METHODOLOGY

This study proposed an MLP model for a medical specialty recommendation system. The
workflow consisted of four steps: data collection and cleaning, model building, model
training and testing, and performance evaluation. All steps in this study were done in
Python 3.6.13, with some libraries including Pandas, Numpy, TensorFlow, Keras, and
scikit-learn. For the first step, Pandas and Numpy were used. Data on common symptoms
and comorbidities, as well as the suitable medical specialties, were collected, creating a
dataset for a multi-class classification problem. The categorical variables were coded into
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binary classifications (0 or 1). There were some missing and ambiguous values found.
These data were removed from the dataset. After that, the dataset was separated into input
and output data. The output data was then converted into an array.

The MLP model was created by using Keras and Tensorflow. MLP was chosen as it
is suitable for our dataset, which has labeled input. Due to the size of the dataset, it is not
necessary to apply a more advanced model as well. For the MLP model, the sequential
model API was chosen, while dense was chosen for the layers. The initial weight for the
model was set with HeUniform. Different combinations of hyperparameters, such as the
number of hidden layers, number of nodes, and activation function, were tried for the
model. The performance of the model stopped improving significantly after the addition of
the fifth hidden layer. As for the number of nodes, there were 26 nodes in the input layer.
The number of nodes for each hidden layer was 200, 150, 100, 50, and 9 for the last layer.
Softmax was chosen as the activation function for the output layer, while the performance
of ReLU and tanh were compared for the hidden layers of the model. The former showed an
overall better result. The model was then compiled; the loss function was set to categorical
hinge loss, Adam was chosen as the optimizer, and the learning rate was set to 0.001. The
model was built using the Keras Classifier class. For the training process, LOOCV was
conducted to estimate the performance of the model. Because the dataset used in this study
was small, LOOCV was chosen to avoid overfitting (Pasini, 2015). This way, we could
assess whether the model could generalize patterns in the training set despite the limited
amount of data points. LOOCV was done using the function from the scikit-learn library.
The epoch and batch size were set to 40 and 32, respectively.

The average score from LOOCV was used to evaluate the performance of the model.
The prediction results from LOOCV were compared with the actual data. The accuracy
was computed. A confusion matrix was created to see the classification performance of
the model. The visualization was made using the Matplotlib library. The metrics used in
this study were precision, recall, and F1 score. These metrics were calculated from rates
of true positive, true negative, false positive, and false negative (Equations 1-3).

true positives

Precision = — — (1)
true positives + false positives

true positives
Recall = — - (2)
true positives + false negatives

precision X recall
F1score =2 X — 3)
precision + recall

The F1 score was computed for each class. From this score, the macro average and
weighted average F1 score can be calculated.
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RESULTS AND DISCUSSION

This study utilized the ANN method for generating a chatbot system using the symptom
and comorbidities as the input and the medical specialist as the output. In total, 129 data
of common symptoms, comorbidities, and the corresponding medical specialist were
collected. After removing missing and ambiguous values, the final dataset consisted of 111
instances. In order to handle the missing and ambiguous values, we checked and manually
filtered the data by eye. It is time-consuming, but having a good data portion in the training
session will likely positively affect the testing results.

For the inputs, there were 18 symptoms and 8 comorbidities included in the dataset:
chest discomfort, fainting, discomfort in the shoulder, neck, back, and jaw, shortness of
breath, fractured bone, persistent headache, cuts, foreign material stuck, skin infection, the
problem with vision, fever, diarrhea, cold sweat, back pain, weakness, trouble in speaking
seeing and walking, vomit, and stomachache for common symptoms; hypertension,
diabetes, heart disease, liver disease, stroke, tumor/cancer, respiration disease, and gastric
for common comorbidities.

Meanwhile, there are nine types of medical specialties in the dataset. These medical
specialties are internists, neurologists, cardiologists, ophthalmologists, pulmonologists,
orthopedists, general surgeons, dermatologists, and Ear, Nose, and Throat/ENT specialists.

The percentage of data for each medical specialty can be seen in Table 1. Compared
to other medical specialties, internists had the highest amount of data, while ENT had
the lowest. Three medical specialties—internist, neurologist, and cardiologist—made up
more than 70% of the dataset. On the other hand, each of the rest of the medical specialties
made up less than 10%. Some solutions are suggested for the class imbalance problem
in multi-class classification. These solutions include data resampling (oversampling or
undersampling) and changing learning algorithms (Agrawal et al., 2015; Koziarski et
al., 2020; So & Valdez, 2021; Tanha et
al., 2020). Another important suggestion Table 1

is choosing the most suitable performance ércentage of datafor each medical specialty

evaluation method (Alejo et al., 2013; Luque Percentage of Data

Medical Specialty

etal, 2019). . (%)
The architecture of the best model in Sp PD/IntermsT 288

. . . . SpS / Neurologist 25.2
this study can be seen in Figure 1. It is an SpIP / Cardiologist 16
MLP model with five hidden layers, with SpM / Ophthalmologist 2.1
the Rectified linear unit (ReLU) as the  pary/ Pulmonologist 54
activation function for these layers. ReLU  SpOT/ Orthopedist 45
is considered the most popular activation = SpKK / Dermatologist 2.7
function in deep learning (Cao et al., 2018). ~ SpB/ General Surgeon 2.7
THT / ENT 0.9

On the output layer, the chosen activation
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Dense Dense Dense Dense Dense
Kernel: Kernel: Kernel: Kernel: Kernel:
_ (26 x 200) | [(250 x 150) (150 x 100) (150 = 50) (50 x 9)
input Bias: Bias: Bias: Bias: Bias: output
(200) (150) (100) (50) (9)
RelLU RelLU RelLU RelLU Softmax

Figure 1. Architecture of the model

function was softmax. This activation function was also chosen because only one correct
(medical specialty) answer is needed. After the model was compiled, the predictions made
by the model during the LOOCYV iterations with the actual data were compared. The result
showed that the model has about 85.6% accuracy.

Because of the class imbalance, accuracy might not be the best metric to evaluate the
model performance. Accuracy is the result of dividing the number of correct predictions by
the total number of predictions without considering the number of correct classifications for
each class. Accuracy with an imbalanced dataset can be misleading, as the score would not
show how well the model performs at classifying the underrepresented classes. Kulkarni
et al. (2021) suggested that metrics based on a confusion matrix can be more useful for
evaluating the performance of models trained with an imbalanced dataset. These metrics
include precision, recall, and F1 score.

Although the accuracy score was good, the model only seemed to classify some medical
specialties correctly. It can be observed in the visualization of the confusion matrix (Figure
2). The model can classify data of internists, neurologists, and cardiologists really well;
it can classify all of the cardiologist data correctly. However, the model showed poorer
performance for classes with fewer data. The model seemed to misclassify all data for the
two most underrepresented classes, ENT and surgeon. The macro average and weighted
average F1 scores were computed to evaluate the performance of the model. Due to the
class imbalance, the weighted average F1 score was higher than the macro average. The
values for these metrics were about 0.59 for the macro average and about 0.84 for the
weighted average.

The precision, recall, and F1 score were obtained from the confusion matrix. The scores
for each class can be seen in Table 2. High precision, recall, and F1 scores were shown
for the three classes with the highest amount of data. Neurologist, the class with the most
data, achieved an F1 score of 0.91. Another class, internist, also achieved the same score.
A perfect score on all three metrics was observed for the cardiologist class. The model also
seemed able to classify all orthopedist data correctly, but classify some data of other classes
as an orthopedist, resulting in perfect recall but a lower precision score. The pulmonologist
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class can see the opposite, as the precision is higher than recall. Most data classified as
pulmonologists were correct, but the model misclassified 40% of pulmonologist data. For
ophthalmologist and dermatologist classes, the model showed poor performance, with an
F1 score of 0.53 and 0.40, respectively.
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Figure 2. Heat map of the confusion matrix
Table 2
Precision, recall, and F1 score for each medical specialty
Medical Specialty Precision Recall F1 score
SpPD 0.88 0.94 091
SpS 0.90 0.93 0.91
SpJP 1.00 1.00 1.00
SpM 0.50 0.56 0.53
Paru 0.80 0.60 0.73
SpOT 0.71 1.00 0.83
SpKK 0.50 0.33 0.40
SpB 0.00 0.00 0.00
THT 0.00 0.00 0.00
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The class imbalance in the dataset affected the performance of the model. Lee et al.
(2021) also used an imbalanced dataset in their study in which they developed a deep
learning-based NLP for medical specialty recommendations. Two models in their study
achieved a macro average F1 score of 0.74 and 0.77. Compared to this study, the dataset
they used had more instances; their dataset contained 51,134 data points. The better
classification performance despite the class imbalance can be due to the dataset size and
the use of a pre-trained model.

Besides the small and imbalanced dataset, this study also has other limitations. Firstly, it
would be difficult for the model to recommend patients with more complicated conditions:
who have several symptoms and at the same time also have multiple comorbidities. The
next limitation is that we did not consider the sub-specialist. For future works, we will
consider using more advanced Al techniques, such as convolutional neural networks (CNN).

CONCLUSION

In this study, an ANN model was developed for medical specialty recommendations.
ANN can be a useful method for classification, even for smaller datasets. The model
proposed in this study can correctly classify classes of medical specialties with 24 to 32
data points, which shows that ANN can be suitable for small datasets. However, the class
imbalance in the dataset caused the model to perform well at predicting only 5 out of 9
medical specialties. More data is needed, especially for classes such as ENT, Surgeon,
Ophthalmologist, and Dermatologist.
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ABSTRACT

Azurin protein potentially plays an important role as an anti-cancer therapeutic agent,
particularly in treating breast cancer in experiments and showing without having a negative
effect on normal cells. Although the interaction mechanism between protein and lipid
membrane is complicated, it can be modeled as protein-lipid interaction. Since the all-atom
(AA) model simulation is cost computing, we apply a coarse-grained (CG-MARTINI)
model to calculate the protein-lipid interaction. We investigate the binding free energy
value dependency by varying the windows separation and electrostatic scale parameters.
After scaling the electrostatic interactions by a factor of 0.04, the best result in terms of free
energy is -140.831 kcal/mol, while after window-separation optimization, it reaches -71.859
kcal/mol. This scaling was necessary because the structures from the CG MARTINI model
have a higher density than the corresponding all-atom structures. We thus postulate that
electrostatic interactions should be scaled down in this case of CG-MARTINI simulations.

Keywords: Coarse-Grained MARTINI method, electrostatic scaling, free energy analysis, protein-lipid
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blue copper ions in the Azurin active site contribute to this protein’s stability (Pozdnyakova
& Wittung-Stafshede, 2001; Pozdnyakova et al., 2002). Furthermore, the protein is also
an anti-cancer agent that causes apoptosis without much negative effect in cancer patients
when it enters the human breast cancer cells (Frauenfelder et al., 2009). The less negative
effect in Azurin interaction relates to the interaction with the normal cell under treatment. It
represents the relation between Azurin as the protein and membrane lipids. The interaction
between protein and membrane accommodates such essential processes, i.e., membrane
trafficking, membrane protrusions, cytokinesis, signaling, and cell communication
(Arumugam et al., 2011).

The interaction between protein and membrane has been modelized by membrane
insertion. The challenge of this model is to identify the folded structure of the protein
membrane. The sequence statistic succeeded in the comprehensive understanding of
energy, which enforces the importance of membrane insertion to acknowledge this
challenge. Numerous work approach has been made to define the free energy of amino-
acid insertion. There are disagreements between experiment and theory. On the other
hand, molecular dynamic simulation has been developed through various applications of
membrane insertion and reproducing experimental free energy. However, the differences in
microscopic processes make usable free energy of membrane insertion difficult (Gumbart
& Roux, 2012).

Free energy transfer has been determined for arginine and leucine amino acids using
Free Energy Perturbation (FEP) method. There is a significant result regarding the insertion
penalty. The result is reduced and has the same compression observed in the experiment-
based scale (Gumbeart et al., 2011). On the other hand, simulation time challenges and
precision dynamics to study the fluctuation of this interaction establish researchers to
develop various models and methods. One type of model which narrates the complex
simulation with efficient time is the CG-MARTINI model by Marrink et al. (2007).

The CG models typically provide the mapping of four heavy atoms of Carbon (C),
Nitrogen (N), Oxygen (O), and Phosphor (P) in one bead. The mapping definition builds
the complex system, such as protein-lipid interaction, which is less computationally than
the AA model. There are some coarse-grained (CG) models, and CG-MARTINI models
provide a good model of the protein-lipid environment. However, calculating the precise
models from CG-MARTINI is quite challenging because of the different degrees of freedom
from the beads mapping.

Since current CG-MARTINI lacks copper information, we use the active site binding
from other work’s definition (Kurniawan et al., 2019). The copper also describes the
electron transfer related to this protein’s stabilization. Then, we analyze the dynamics,
interaction, and free energy values to understand whether Azurin is favorable in the lipid
system. Meanwhile, even with a CG model, free energy calculation still needs a longer
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simulation to reach the expected values. This study uses FEP as one widely known method
to calculate precise energy values. In general, the FEP application is used for calculating
small molecules or mutations. The challenge of a complex system with FEP analysis relates
to the magnification of perturbation.

For this reason, we optimize the two parameters we expect to impact to reach a shorter
simulation and accurate result. The electrostatic scaling parameter was previously studied
by Jiang et al. (2009), increasing the acceptance ratio and decreasing free energy values
(Li & Nam, 2020). The second parameter which we optimize is an electrostatic scaling
parameter. Previous research by Beveridge and DiCapua (1989) also states that the precision
of the electrostatic scaling parameter is higher than the Van Der Waals (VDW) parameter.

This work investigates the relation between area per lipid (APL) and density of the
CG-MARTINI model with free energy value. To investigate the relationship or scaling
between electrostatic parameters and free energy value. We investigate the possibility of
finding a scaling factor between CG and all-atom (AA) simulation. The potential candidate
parameter could be in tuning the electrostatic parameter so that the electrostatic scaling
dependency is interesting to be discussed.

METHODOLOGY
Coarse-grained Method

In this study, the CG-MARTINI model is used to build the protein and membrane lipid
structure, and it is a CG model type describing four heavy atoms in one bead. The definition
of beads makes the complex system simulation achievable with less computational cost.
Although the CG-MARTINI has less resolution and diverges from the AA model, the
physical properties can maintain for the whole system. This model widely uses in a complex
system to understand the dynamic trend.

Free Energy Perturbation (FEP)

Alchemical FEP can analyze the physical properties in this research. In this method, the
Hamiltonian system is defined by the general extent parameter, A, and the initial state, a,
and the final state, b, can be connected by this parameter. It is described and achieved by
the Hamiltonian linear combination by Beveridge and Mark (Beveridge & DiCapua, 1989;
Mark, 1998). Equation 1 is as follows:

H(x, Dxs }1) = H()(X, px) + AHb(x'px) + (1 - A)Ha(x' px) (1)

H, (x, p,) describes the Hamiltonian for the group of atoms, representing the initial
state a. Meanwhile, AH,, (x, p, ) is the interaction of the final state, b. Hamiltonian Hy (X, p, )
describes atoms that are not transforming during simulation. Furthermore, 4 and 1 — 1
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are the initial and final Hamiltonian parameters. Those parameters describe the function
of energy and forces.

In this equation, the coupling parameter is shown as 4;;. It is a scale of the Lennard-
Jones interactions. Electrostatic interactions describe as A.j... The actual value of A is as
stated in Equation 2:

Rmin 2 6 R.".’i" 2
Vvelr::)=21,,6: || —2L2——) ——2L——
NB ( y ) L] y Ti? +6(1—AL] ) Tl-? +6(1_;{L] )

The free energy calculation will not change the intermolecular bonded potentials in this

3
qi9;
+ Aelec —= (2)

€17jj

method. The perturbed atom which interacts in a vacuum is scale. However, in hydration
conditions, the interaction is scale is only non-bonded interactions. The free energy
difference, which is defined between the initial and final state, is as stated in Equation 3:

BAq-y = = Infexp{=B[H, (x,p) = Ha ()T (3)

Here, B! = kgT. The Boltzmann constant and temperature describe by kg and T,
respectively. The Hamiltonian for states a and b describes by H, (x, p,) and AH,, (x, py),
respectively. The ensemble average over configuration denotes by (- )a. It is representative
of the initial reference state, a. The a series of transformations between non-physical,
intermediate states along a well-delineated pathway that connects a to b is replacing
the transformation between two thermodynamic states. Here we assume the Helmholtz
free energy (4) is under the constant volume. Meanwhile, the constant-pressure system
thermodynamics should be described by Gibbs free energy (G), with G=A4+PV, where
P is pressure, and V' is volume. However, the PV term is typically small for biomolecule
systems (Zhu et al., 2022). In conclusion, we consider the A4, = AG,_p.

The pathway is characterized by the general extent parameter A causing the
Hamiltonian and the free energy as a continuous function between a and b (Equation 4):

1
AGgp = — 7 In(exp{—B[H (x,px; Ai+1) — H(x,px; 1)1} “4)

N describes the number of intermediate stages. Meanwhile, Gibbs’s free energy, which
we use in this work, is absolute free energy symbolized by AG.

Model and Software Package

We perform the molecular dynamic simulation in this study using the NAMD 2.12-multicore
program package (Phillips et al., 2020). Visualizing Azurin and lipid membrane use VMD
1.9.3 (Humphrey et al., 1996). The initial configuration of Azurin obtains from a protein
data bank with PDB ID: 1AZU (Adman & Jensen, 1981), while The VMD 1.9.3 is used to
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prepare the initial structure coordinates for the MARTINI CG model through the coarse-
grained builder menu. Moreover, the Azurin structure has 128 residues and comprises
two layers of sheet-f3 with eight B-strands. This initial state uses a 2.7 A resolution X-ray
structure. The initial configuration of Azurin contains 930 atoms with one copper.

The AA structure is then modeled in CG structure. This process maps 930 atoms to 269
beads. The hydration state is defined by adding water molecules in the form of BP, (Marrink
etal., 2007) to prevent the water from freezing at room temperature. This anti-freeze (AF)
water model contains around 10% of total water molecules. The salt concentration of
this model is 0.1 mol/L, and the coulomb potential defines by cut-offs 9 A and 15 A. The
minimization and equilibration time step is 10 fs with an NPT ensemble. The final state
contains the water molecules and POPC lipid membrane and is neutralized by adding 3
Na* ions. In this state, the molecules of POPC are assigned as atoms that appear during
the simulation. The parameter that shows atoms appearing during a simulation is flag
characterization. The flag characterization is shown as a +1.00 value if the atoms appear
in the final state. This model represents a system with a salt concentration of 0.1 mol/L.

RESULTS AND DISCUSSION

In this study, we have two models of Azurin. The first model describes Azurin hydration,
and the second describes Azurin with POPC membrane lipids. In the first model, we analyze
free energy hydration. We analyze free energy values in the second model by optimizing the
separation of the windows (62) and electrostatic parameters Aejec using various parameters.

Azurin Hydration

The first model describes the free energy of hydration Azurin. In this model, we define two
states, the Azurin appearing in the final state by flag characterization +1.00. The environment
described by the water molecule

remains still, defined by 0.00 0.00
0.00

flag characterization. The free
energy value is defined by

the change of exnihilated to 4G

annihilation Azurin in water. =0
The scheme of the perturbation
by this system is shown in
Figure 1.

Figure 1. Scheme for free energy calculation in the model I, A=0
represents the water system as the initial state, and A=1 represents

The free energy values of  (he Azurin in water as the final state. The Azurin is shown in the
Azurin hydration relate to the A purple and yellow surfaces. The water is shown in the green box.
The flag characterization for the water box is 0.00, which means
water is unchanged during the simulation. The Azurin system uses
1. Figure 2(a) shows the free flag characterization +1.00, which means appearing in the final state.

state condition, shown in Figure
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energy values as a function of the A state, and Figure 2(b) shows the average electrostatic
energy difference. The dotted line in Figure 2(a) shows the annihilated Azurin free energy.
The dotted line in Figure 2(b) shows the annihilated Azurin. The simulation was done for
100000 steps with an electrostatic parameter Agj. = 0.5, Lennard-jones parameter A;; = 1.0,
and 21(64 = 0.05) windows separation. The change of free energy hydration is —174.636 kcal/
mol. Meanwhile, the average electrostatic energy difference changes are —101.298 kcal/mol.

oy 20
20 ¢ w 0.2 0.3 0.4 0.50.6 0.7 0.8 0.9 1 -
0
5 40 1 — @ = AG (+1.00) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Figure 2. The analysis of free energy and average electrostatic energy difference in model I: (a) The free energy

of annihilated Azurin during simulation with AG = —174.636 kcal/mol; and (b) The average electrostatic
energy difference of annihilated Azurin: AEel =—101.298 kcal/mol.

The Effect of Azurin Insertion in Membrane Lipids POPC

The second model describes the free energy of Azurin in POPC. In this model, we define two
states, the Azurin appearing in the final state by flag characterization +1.00. The environment
described by the POPC-water
remains still, defined by 0.00 o

0.00

flag characterization. It appears
Azurin defines the free energy
value in POPC. The scheme of
the perturbation by this system
is shown in Figure 3.

The free energy values of

Azurin in POPC relate to the Figure 3. Scheme for free energy calculation in model II. A=0
represent the POPC system as the initial state, and A=1 represents
the Azurin in POPC as the final state. The Azurin is shown in purple
4. Figure 4(a) shows the free and yellow surface, and the water box is shown in the green box.
energy values as a function Moreover, the.PO.PC membrane is show1.1 by lines bl}le and pink. The
. flag characterization for the water box is 0.00, which means water
of the A state, and Figure 4(b) is unchanged during the simulation. The Azurin system uses flag
shows the average electrostatic ~ characterization +1.0,0, which means appearing in the final state.

state condition, shown in Figure

2740 Pertanika J. Sci. & Technol. 31 (6): 2735 - 2750 (2023)



Effect of Scaling the Electrostatic Interactions on the Free Energy

energy difference. The dotted line in Figure 4(a) shows the annihilated Azurin free energy.
The dotted line in Figure 4(b) shows the annihilated Azurin and the straight line shows the
changes in average electrostatic energy differences. The simulation was done for 100000
steps with electrostatic parameter Agje. = 0.5, Lennard-jones parameter A;;= 1.0 and 21(6A
=0.05) windows separation. The changes in free energy hydration are —200.340 kcal/mol.
Meanwhile, the average electrostatic energy difference changes are —130.02 kcal/mol.
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Figure 4. The analysis of free energy and average electrostatic energy difference in model II. (a) The free

energy of annihilated Azurin during simulation with AG = —-200.340 kcal/mol; (b) The average electrostatic
energy difference of annihilated Azurin: AEel =—-130.02 kcal/mol

The Difference Between Azurin Hydration Free Energy and Azurin Insertion in
Membrane Lipids
Figure 5(a) shows the free energy difference between Azurin in water and the POPC lipid
membrane. Figure 5(a) shows a dotted line showing Azurin hydration, and the bold line
shows Azurin in POPC. Figure 5(b) shows the changes in the average electrostatic energy
difference between Azurin hydration and Azurin in POPC. The dotted line shows Azurin
hydration, and the bold line shows Azurin on POPC. Both figures show in the POPC lipid
membrane that the free energy and electrostatic energy tend to decrease, as shown by the
more negative energy. We compare the free energy of Azurin in a different state, shown in
Table 1. This table shows that even in the POPC environment, the free energy tends to be
more negative. Still, the experimental value shows a larger value indicating some difference
in perturbation type for the CG-MARTINI model. However, we can reach efficient ways
in terms of simulation time. The effective ways to find the exact value in CG-MARTINI
seem related to the non-bonded interaction described in the next part.

The free energy value shows tendencies to make Azurin have like-able tendencies
inside the POPC membrane. It is also shown in Table 1, which indicates that Azurin is
more favorable in the POPC environment, shown by more negative free energy values.
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Figure 5. The analysis of free energy and average electrostatic energy difference for Azurin hydration and
Azurin-POPC system. (a) The free energy of annihilated Azurin during simulation with, Azurin-POPC: AG
= —200.34 kcal/mol, Azurin: AG = —174.636 kcal/mol; (b) The average electrostatic energy difference of
annihilated Azurin, in POPC:AEel = —-130.021 kcal/mol, water: AEel =-101.298 kcal/mol.

Table 1
The differences in free energy analysis of Azurin in water and POPC, respectively

AG Experiment Hydration
(Pappalardo et al., 2003)

Free Energy (kcal/mol) -32.7438 -174.636 -200.340

The System of Azurin AG (Azurin) AG (Azurin-POPC)

The Windows Separation Changes

Table 2 shows the difference in free energy values related to the changes in the windows
separation number. In Figure 6(a), we can see that the fewer separation windows value
decreases the free energy value. Figure 6(b) also shows the same trend, which changes
average electrostatic energy differences. In previous research by Li and Nam (2020), this
separation tends to decrease the free energy values in thermodynamic integration (TI)
methods. We choose windows separation randomly.

The free energy values tend to increase with window separation addition. The
higher acceptance ratio relates to increasing the number of windows, although its cost
is computational (Jiang et al., 2009). The separation windows describe the replica of the
system.

The free energy relation with windows separation is shown in Figure 7. Figure 7(a)
specifically shows the relation between free energy values and the change of windows
separation, and Figure 7(b) is about the average electrostatic difference. Although it has
polynomial fourth-order tendencies, some average electrostatic difference value looks to
decrease in higher separation windows. It also means the trendline is nonlinear between
the separation windows and energy changes.
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Figure 7. The relation between free energy, average electrostatic difference, and windows separation. (a)
The analysis of free energy and windows separation; (b) The analysis of average electrostatic difference and
windows separation

The Electrostatic Parameter Changes

The electrostatic scale parameter affects the changes in the free energy of Azurin shown in
Table 3. To find the effect of the electrostatic scale parameter, we introduce the value and
relation of this parameter with interatomic distance. In NAMD, which uses free energy
perturbation, A, A value less than or equal to the user-defined (=0.5).

In FEP calculated by NAMD, the electrostatic parameter is used to avoid “end-point
catastrophe,” which avoids growing particles overlapping with existing particles with
an unbounded interaction potential that will approach infinity as the interaction distance
approaches zero.

We can see the additional effect of A, It tends to decrease the free energy values. In
this part, we calculate the effect of this parameter in Azurin-POPC systems. We find the
free energy differences shown in Table 3.

Table 3
The absolute binding free energy and average electrostatic analysis differentiate by electrostatic parameter
values (A = 10, numstep=100000, 52=0.05)

0.04 0.05 0.075 0.08 0.1 0.2 0.3 0.4 0.5

<
Iy
S

-143.859 -146.367 -150.173 -145.040 -151.485 -148.474 -163.879 -182.797 -200.340

AG (keal/ |
mol)

-81.34 -78.16 -79.92 -76.98 -85.21 -80.21 -95.67  -114.49  -130.02

AEel
(kcal/mol)
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Figure 8(a) shows the free energy differences related to the electrostatic parameter
changes. This figure shows difference curvature, which describes how the energy change
when the electrostatic parameter change. It has a higher value in 0.5 values of the
electrostatic parameter. Meanwhile, we can assume that lowering this value can get the free
energy as expected. Figure 8(b) shows free energy and interatomic distance. We can see
that as the free energy reach A, = 0.1, the free energy has been saturated, which means
the scaling makes the maximal interaction. The free energy tends to saturate after Agje. =
0.1 until the A, reaches 0.04. We can see in Figure 8(b) that the curve changes slightly
as the interatomic distance becomes larger. We suppose this situation could be because the
atom’s interaction has reached the peak of interaction.

Figure 9 shows the differences of average electrostatic differences from different
electrostatic parameters. The free energy value tends to increase in the lower electrostatic
parameter and fade away at the 0.01 value of the electrostatic parameter. We assume this
relates to the model which we use. Figure 9(b) shows the average electrostatic difference
with interatomic distance. This relation is quite the same with free energy, as we mentioned
in Figure 9(b); however, after A, = 0.1, it also has some tendencies with free energy
values, which have slightly different values.

In CG-MARTINI, the densities become higher than AA, which we can assume may
be why there are different free energy values when the electrostatic parameter varies. In a
higher electrostatic parameter value, the free energy considers higher, which tends to be
close to the Azurin hydration experimental value. We assume the difference in density of
the AA model and CG-MARTINI model makes this free energy differs. Table 4 shows the
APL from the experiment and our result. It shows that CG-MARTINI has a larger APL.
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Figure 8. The free energy analysis relates to different electrostatic parameter values. (a) Free energy as a
function of A state; (b) Free energy as a function of the electrostatic scale parameter
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Figure 9. The average electrostatic difference analysis relates to different electrostatic parameter values. (a)
Average electrostatic difference as a function of A state; (b) Average electrostatic difference as the function of
the electrostatic scale parameter

Table 4
The area per lipid (APL) of CG-MARTINI compared to the experiment
Experiment (Kucerka et al., 2006) Our result
Area Per Lipid (A?) 68.3at303.15K 89.4at310K

The CG-MARTINI has a difference in resolution, which impacts density in the same
APL. That also explains that this model creates a value gap for free energy. The AA model
is closer to free energy in the experiment. However, CG has advantages in terms of cost
computing to look for trends, not accuracy. Because of this reason, it might be possible
to approach the experiment by varying some of the scaling parameters as the candidates,
as we mentioned before.

We illustrate the density change in Figure 10 to understand the magnification of the
electrostatic scale parameter in the CG-MARTINI model. From this figure, there are
different densities between these two models. Figure 10 shows the AA model mapping
to the CG-MARTINI model and the density differences. The changes in the electrostatic
scale parameter lead to a different approach through free energy calculation. This work
assumes that electrostatic scaling influences the free energy calculation. Since the density
in the CG-MARTINI model is larger than an AA model, the rescaling on electrostatic needs
to reach the free energy accurately. Based on Beveridge and Dicapua’s (1989) work, the
change of electrostatic parameters is more precise than van der Waals’s parameters related
to free energy values. Previous research has shown that the energy and forces dominate
by previous interaction before the latter repulsive component becomes larger to prevent
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counterfeit collisions from atoms of a constituent during the scaling of Coulomb and Van
Der Waals interaction (Pohorille et al., 2010).

The electrostatic scaling is the constant that affects the non-bonded potential related to
the distance among atom units. The distance among atoms changes in the CG-MARTINI
model, which makes the mass density larger.

The electrostatic scaling in FEP shows how it changes the interatomic distance.
However, as shown in Figure 11, we can see that the density values of CG-MARTINI are
larger than the AA model by Gurtovenko and Anwar (2009). It explains why the free energy
values can change each time the electrostatic parameter has been rescaled. We assume the
larger density in CG-MARTINI needs the scaling with a value of 0.05-0.2 because the

atoms are tightly bound to one another, which needs some spacing value to make the free
energy as expected.

The density of CG-MARTINI is higher than all-atom, so it needs scaling of electrostatic
scale parameter to reach the free energy values as expected. Figure 11 shows the density
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Figure 10. The comparison of CG-MARTINI Model with All-Atom Model: (a) AA Model; (b) CG-MARTINI
Model; and (¢) CG-MARTINI Model comparison in AA Model
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Figure 11. The mass density profile of the CG-MARTINI model compared to the All-Atom Model
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change for CG-MARTINI compared to the AA Model. It could be why free energy in
CG-MARTINI Model with electrostatic scale parameter optimized and reached -140.831
kcal/mol and -32.74 kcal/mol in the experiment. Although this makes free energy has no
barriers, it cannot describe the binding or unfolded protein process, which is somehow
described in free energy analysis in higher electrostatic parameters.

CONCLUSION

Our study concludes that the CG-MARTINI method with windows separation and
electrostatic scaling is one alternative method that can reduce the simulation time for the
complex system. The free energy values fairly approach the experimental value. The CG-
MARTINI describes how it reduces the definition of the atom into beads. CG-MARTINI
methods with a MARTINI force field build a protein’s structure in an equilibration state. The
effects of the addition of lipid membrane, the conformation, and the stabilities have been
analyzed from the free energy of the conformation system to find the favorable structure
using free energy perturbation (FEP) calculation. FEP calculation results show that a few
factors affect free energy values with the CG-MARTINI method: windows separation,
electrostatic parameter, and flag characterization parameter.

Interestingly, this work has relationships or scaling between the electrostatic parameter
and free energy value. For this reason, we try to rescale for the possibility of running
coarse-grained and comparable to all-atom simulation. Our results show that the potential
candidate is in tuning the electrostatic parameter, so the electrostatic scaling effect is an
interesting parameter.

Our results suggest a kind of scaling to bring CG-MARTINI closer to all-atom by
finding a hidden parameter scaling. One of the candidates that we propose is to use
electrostatic scaling. With this kind of scale, it is possible to produce free energy values
closer to the experimental results. This step could be useful for approaching experimental
results. Furthermore, this scale factor can be used by CG-MARTINI for similar cases.
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ABSTRACT

The increasing demand for livestock and poultry feeds results in the lack of fish meals
(FM). Poultry slaughterhouse by-product (PSB) is one promising strategy due to its high
protein content despite the limited content of lysine. Thus, supplementing lysine in dietary
fish feed is necessary. The present study aimed to investigate how different lysine doses
in feed with PSB and FM as animal protein sources affected protein digestibility, feed
utilization, growth, hematology, and body composition of Sangkuriang catfish (Clarias
gariepinus var. Sangkuriang). Sangkuriang catfish at the grow-out stage (15.54+0.17 g/
fish) were used. The fish were fed six experimental diets with similar protein and energy
content but different lysine levels at 1.25%, 1.75%, 2.25%, 2.75%, 3.25%, and 3.75%/kg
(treatments 1 to 6). The addition of lysine to feed had a significant (P<0.05) effect on protein
digestibility (ADCp), efficiency of feed utilization (EFU), and relative growth rate (RGR)
of Sangkuriang catfish at a grow-out stage but had no significant (P>0.05) effect on survival

rate, hematology, and nutrient content.

The optimal doses of dietary lysine with

PSB and FM to improve ADCp, EFU, and
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RGR of Sangkuriang catfish were 2.59%,
2.63%, and 2.62%/kg diet, respectively.
However, the supplementation of PSB in
experimental diets had no significant effect
on glucose, triglyceride, total protein, urea,
calcium, magnesium, albumin, globulin,
hemoglobin, hematocrit, phosphorous, and
mean corpuscular hemoglobin concentration
(MCHC). The lysine addition in feed
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formulated with PSB and FM could improve the growth performance and increase the
feed digestibility of Sangkuriang catfish at the grow-out stage.

Keywords: Feed, food efficiency, growth, lysine, nutrient

INTRODUCTION

Sangkuriang catfish (Clarias gariepinus var. Sangkuriang) is a popular freshwater fish
species widely cultured in Indonesia. The fish has distinct characteristics, including
fast growth, adapting quickly to the environment, delicacy, and high nutrient content
(Rachmawati et al., 2019). Feed cost is the most important variable in intensive culture,
accounting for 80% of the total production costs of each culture cycle (Rawles et al., 2011).
It is because protein is the costliest fish feed component compared to other nutritional
components. It is a source of essential amino acids (EAA) for body tissue repair and fish
growth (Khan & Abidi, 2011).

Fish meal is widely regarded as the finest animal protein source for feed components
due to its stable amino acid profile (National Research Council, 2011). However, due to the
rising demand for livestock and poultry feed, fish meals are scarce for fish feed (Suloma et
al., 2014). Therefore, alternative protein sources must be found to substitute fish meals in
the fish diet. Srour et al. (2016) identified poultry slaughterhouse by-products (PSB) as an
alternative protein source due to their high protein content (60%—65%) and lower cost when
contrasted to fish meal (Hernandez et al., 2014). Poultry slaughterhouse by-product (PSB)
differs from poultry by-product meal (PBM) since it still contains ether extract (EE), ash,
and non-digestible part (feathers), which reduces degradability (Yones & Metwalli, 2015).

According to Khan & Abidi (2011), most poultry slaughterhouse by-products (PSB)
have low lysine content. Thus, adding lysine to dietary feed based on fish requirements
becomes one solution for improving fish growth performance (Khan & Abidi, 2011). Lysine
is a vital nutrient for fish growth and normal physiological function. Lysine and methionine
are involved in synthesizing carnitine, which is used in fatty acid transport activities to
produce energy via oxidation (Nguyen & Davis, 2016). Lysine is frequently the first amino
acid limiter in fish feed ingredients among the ten essential amino acids (Farhat & Khan,
2013). In fish, an insufficiency of lysine causes slow growth and poor protein utilization. In
addition, several fish species have reported appetite loss and increased lipid accumulation
(Mai et al., 2006). It has also been reported that excessive lysine and a lack of dietary feed
caused lower growth in several fish species (Bicudo et al., 2009).

Although biochemical evaluation of blood and plasma could help assess fish health,
there is limited evidence on the effect of dietary lysine on fish blood (Zhou et al., 2010).
Therefore, the present study aimed to investigate how different lysine doses in feed with
poultry slaughterhouse by-product (PSB) meal and fish meal (FM) as an animal protein
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source affected protein digestibility, feed utilization, growth, hematology, and body
composition of Sangkuriang catfish (Clarias gariepinus var. Sangkuriang) at the grow-
out stage.

MATERIALS AND METHODS
Preparation of Experimental Fish

Sangkuriang catfish at the grow-out stage were obtained from the Teaching Factory, Faculty
of Fisheries and Marine Sciences, University of Diponegoro, Indonesia. Experimental fish
were previously acclimatized for one week. During acclimatization, the fish were adapted to
an environment with the same water quality as the research environment. The commercial
feed has a protein content of 30% and 10% fat. Fish were fed 3 times daily at 7 am, 12 pm,
and 4 pm. Fish were fasted one day before the experiment to remove metabolic waste from
the fish’s body. Experimental fish were chosen based on uniform size, physically healthy,
active swimming, and no organ deformation (Rachmawati et al., 2017).

Experimental Design

The current study was experimental research with a completely randomized design (CRD),
6 treatments, and 3 replicates. This study was conducted in the Wet Laboratory, Department
of Aquaculture, Faculty of Fisheries and Marine Sciences, University of Diponegoro,
Indonesia. A total of 360 Sangkuriang catfish with an average weight of 15.54+0.17 g/
fish at the grow-out stage were used. The fish were then randomly divided into six groups
(n=60) with a stocking density of 1 fish/liter (20 fish/fiber tank). The experiment was
carried out in a plastic fiber tank (capacity of 70 L) filled with 20 L of water at 25-28°C,
pH 7.0-7.5, and dissolved oxygen above 5 mg L' (Boyd, 2003). Fish were sampled weekly
by calculating the total fish biomass in each plastic fiber tank. At satiation, feeding was
given 3 times a day for 42 days at § am, 1 pm, and 5 pm. During the experiment, siphoning
was done to maintain water quality by removing uneaten feed and collecting fish feces for
protein digestibility analysis.

Feed Preparation

Sangkuriang catfish at the grow-out stage were treated with 6 experimental diets with
similar protein (30%) and energy content (8.30 Kcal g71) and different lysine levels at
1.25%, 1.75%, 2.25%, 2.75%, 3.25%, and 3.75%/kg (treatment 1 to 6). The proximate
and amino acid analyses of animal and plant protein sources are demonstrated in Table 1.
The experimental diets containing 30% of protein (Rachmawati et al., 2022) were then
added with 0.5% chromium (III) oxide (Cr,O;) as the indicator of protein digestibility.
Experimental diets consisted of fish meal, poultry slaughterhouse by-product (PSB) meal
as the animal protein source, and soybean meal as a plant protein source. According
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Table 1
Protein and amino acid content in experimental diet (g/100 g)

Composition Fish meal Soybean meal Poultry slaughterhouse by-product
Dry matter 89.18 89.18 89.18
Lipid 7.56 3.90 13.14
Crude protein 68.35 39.82 52.31
Alanine 4.96 1.87 2.89
Glutamic acid 5.93 3.99 5.89
Proline 4.30 3.10 5.29
Tyrosine 2.28 1.70 1.87
Serine 2.76 2.20 3.95
Aspartic acid 3.96 2.75 3.87
Glycine 5.87 2.28 3.87
Cystine 0.7 0.69 32
Arginine 4.90 32 3.06
Histidine 1.51 1.13 0.64
Isoleucine 3.30 1.97 2.70
Leucine 5.18 3.36 4.29
Lysine 5.30 2.76 1.98
Methionine 1.96 8.58 0.50
Phenylalanine 2.80 2.16 2.79
Threonine 4.06 1.80 2.70
Tryptophan 0.69 0.58 0.47
Valine 3.76 2.10 3.47

to El-Husseiny et al. (2018), PSB is high in protein, approximately 61.5%; hence, it is
suitable to replace a fish meal with lysine partially. The composition of PSB that replaced
fish meal in experimental diets up to 50% and the doses of lysine used in this study based
on El-Husseiny et al. (2018) with slight modification, including 1.25%, 1.75%, 2.25%,
2.75%, 3.25%, and 3.75%/kg diet (treatment 1 to 6). PSB meal is a poultry meal derived
from the broiler and layer industry sectors, particularly from dead animals and giblets that
were heat-peeled at 112°C for 2 h. PSB was obtained from the Animal Slaughterhouse
Semarang, Central Java, Indonesia.

Experimental diets were made by mixing feed ingredients until homogenous. The
acidity of the mixed experimental diets was neutralized with 6 N sodium hydroxide (NaOH)
(Nose et al., 1974) to eliminate the effect of pH on growth performance and feed efficiency
(Wilson et al., 1977). Furthermore, the mixed experimental diets were produced using a
4 mm-sized pellet molding machine to be further dried at room temperature and stored at
-4°C until use. Formulation and proximate analysis of experimental diets (g/100 g diet) of
Sangkuriang catfish is presented in Table 2. Amino acid profiles and AA requirements of
experimental diets according to National Research Council (2011) are shown in Table 3.
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Table 2
Formulation, chemical composition, and proximate analysis of experimental diet (g/100 g diet)
Ingredients Composition 1 2 3 4 5 6

Soybean meal 20.0 20.0 20.0 20.0 20.0 20.0
Fish meal 20.0 20.0 20.0 20.0 20.0 20.0
PSB 22.76 22.76 22.76 22.76 22.76 22.76
Corn 20.0 20.0 20.0 20.0 20.0 20.0
Starch 1.14 1.14 1.14 1.14 1.14 1.14
Wheat 8.7 8.2 7.7 7.2 6.7 6.2
Salt 0.4 0.4 0.4 0.4 0.4 0.4
Vitamin and Mineral Premix" 1.5 1.5 1.5 1.5 1.5 1.5
Chemical composition (g kg™')

Carboxymethylcellulose 0.6 0.6 0.6 0.6 0.6 0.6
Vitamin C 0.15 0.15 0.15 0.15 0.15 0.15
Soybean oil 3.0 3.0 3.0 3.0 3.0 3.0
Lysine 1.25 1.75 2.25 2.75 3.25 3.75
Cr,0, 0.5 0.5 0.5 0.5 0.5 0.5
Total 100 100 100 100 100 100
Results of Proximate Analysis

Dry matter 9.26 9.26 9.26 9.26 9.26 9.26
Crude protein 30.40 30.60 30.60 30.56 30.55 30.60
Crude lipid 12.22 12.32 12.43 12.29 12.37 12.28
Crude Ash 8.23 8.27 8.23 8.25 8.27 8.29
Gross energy (Kcal g!)? 8.15 8.23 8.30 8.28 8.27 8.25

DVitamin mix (mg/100 g diet): riboflavin 5.0; cyanocobalamin 0.01; inositol 200; menadione 4.0; folic acid
1.5; b-carotene 15.0; a-tocopherol 2.0; vitamin C-sty 120.0; Ca-pantothenate 10.0; choline chloride 900.0;
thiamin-HCI 5.0; niacin 2.0;pyridoxin-HCI 4.0; calciferol 1.9; biotin 0.6; p-aminobenzoic acid 5.0

YMineral mix (mg/100 g diet): Calcium carbonate (CaCO;) 282; Iron (IT) chloride tetrahydrate (FeCl;.4H,0)
166; Magnesium sulfate (MgSO,) 240; Manganese sulfate (MnSQO,) 6.3; Cobalt (II) Sulfate Heptahydrate
(CoS0,.7H,0) 0.05; Potassium dihydrogen phosphate (KH,PO,) 412; Calcium biphosphate [Ca(H,PO,)] 618;
Zinc sulfate (ZnS0O,) 9.99; Copper sulfate (CuSO,) 2; Potassium iodide (PI) 0.15

9Total energy based on: protein = 4 kcal/g, lipid = 9 kcal/g, and carbohydrate = 4 kcal/g (NRC, 2011)

Table 3

Amino acid profile of the experimental diet (g/kg experimental diet)
Amino Acids 1 2 3 4 5 6 Catfish *
Essential amino acids
Arginine 24.62 24.50 24.72 25.94 24.76 24.56 10.3
Tryptophan 3.80 3.82 3.83 3.89 3.83 3.62 53
Threonine 18.23 18.24 18.45 19.20 18.12 18.43 12.0
Methionine 18.10 18.76 18.63 18.87 18.25 18.49 15.0
Isoleucine 18.20 18.27 18.30 18.20 18.13 18.26 6.2
Histidine 7.63 7.65 7.49 7.25 7.48 7.39 3.7
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Table 3 (continue)

Amino Acids 1 2 3 4 5 6 Catfish *
Phenylalanine 18.71 18.46 18.53 18.23 18.79 18.84 4.6
Lysine 19.50 22.31 22.50 28.42 32.53 38.56 12.3
Leucine 28.42 28.57 28.10 28.36 28.61 28.47 8.4
Valine 19.15 19.23 19.67 19.39 19.73 19.59 7.1
Non-essential amino acid

Alanine 22.54 22.19 21.53 21.26 21.38 21.17 -
Serine 20.36 20.53 21.64 20.23 22.62 20.76 -
Glycine 27.63 26.67 24.73 26.13 24.26 24.74 -
Glutamic 35.78 35.39 35.27 35.72 35.87 35.35 -
Aspartic 24.52 24.20 24.72 24.12 24.89 24.75 -
Proline 27.19 29.53 31.36 27.79 29.58 28.47 -
Tyrosine 12.57 12.89 12.78 12.67 12.77 12.57 -

Note. *NRC (2011)

Chemical Analysis

Feed ingredients, experimental diets, and the whole body of fish and fish fillet were
proximately analyzed through the standard model (Horwitz, 1975). Protein content was
measured using the Kjeldahl method (BUCHI, Auto-KjeldahlK-370, Swiss). Kjeldahl factor
6.25 (100/16) was used to convert total nitrogen into total protein content as a dry mass
percentage. The total lipid content of fish was extracted with petroleum benzene using the
Soxhlet method (Barnstead/Electrothermal, UK). Fiber content was analyzed with a fiber
analyzer (VELP® Scientifica, Italia), while ash content analysis was applied to each dried
sample in a porcelain crucible using a muffle furnace (Finetech, Shin Saeng Scientific,
South Korea) at 600°C for 8 h. Moisture content was determined using moisture analyzer
(AM B5 0, AD AM, UK). Protein digestibility was analyzed using a spectrophotometer
(Millipore, Merck KGaA, Germany) at 350 nm.

Amino acid content of experimental diets was analyzed using High-Speed Amino Acid
Analyzer LA8080 AminoSAAYA (Hitachi High Technologies, Japan). Approximately
+ 1 mg sample was weighed, put into a closed tube, and hydrolyzed with 6N hydrogen
chloride (HCI) for 22 h at 110°C. The sample was filtered through a 0.2 mm filter and
further injected into High-Speed Amino Acid Analyzer LA8080 AminoSAAYA (Hitachi
High Technologies, Japan) with ion-exchange resin columns at size 4.6 < 150 mm at 53°C.
Amino acids were separated by a gradient system using sodium citrate buffer solution of
pH 3.3, 4.3, and 4.9 at a flow rate of 0.225 mL minute™!. Post-column ninhydrin reagent
at a flow rate of 0.3 mL min! was used to identify each amino acid at 570 nm and 440
nm, respectively.
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Protein Digestibility Analysis

The indirect method of adding Cr,0O; 0.5% to the diet was employed to measure protein
digestibility (Pérez-Jiménez et al., 2014). Before the feces of the fish were collected, the
fish was acclimated to the diet containing chromium for 1 week. After the eighth day, the
feces were collected for 49 d every morning, noon, and afternoon after the fish was fed.
The feces were collected two hours after feeding that its collection used a small plastic hose
with the tip attached to the wooden stick to move around easier and put the collected feces
in the bucket. Then the feces were filtered with a plankton cloth net; the filtered feces were
placed in small plastic bottles and stored in cold storage. Before the feces were analyzed,
it was dried in the oven (Memmert, UF30Plus Universal, Italy) at 6°C for 24 h. After
that, protein and Cr,0O; content in the feces was analyzed using a spectrophotometer (SSA
320N, Denmark) with a wavelength of 350 nm (Pérez-Jiménez et al., 2014).

Parameter Observed

All parameters related to fish growth were measured, including weight gain (WG),
relative growth rate (RGR) (National Research Council, 2011), feed efficiency expressed
by protein digestibility (ADCp) (Fennuci, 1981), the efficiency of feed utilization (EFU),
feed conversion ratio (FCR), protein efficiency ratio (PER), protein retention (PR), and
survival rate (SR) (National Research Council, 2011). These parameters were calculated
based on Equations 1-8:

WG (g) = Final body weight (g) — Initial body weight (g) (1
DG (06) = 100 (U Lt et gt e )
B (o) = S 1 ®
RGR (%) = 100 x (Final weig ht—Initial weig ht) @)

(Times of experiment XInitial weig ht)

Feed intake
FCR = mtake (9) (5)
Body weig ht gain (g)
(Final weig ht—Initial weig ht)
= X
PER 100 The amount of diet consum ed XProtein content of diet (6)
The total protein in fish body gain
PR =100 x ( profem BRI 900 10)) (7)
The total protein consumed (g)
Final count
SR (%) = 100 x (o2 ) ®)
Initial count
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Hematology and Biochemical Analysis

Hematocrit analysis (Hct%) was measured using micro-centrifugation (Barros et al.,
2002). The packed cell volume percentage was determined after blood centrifugation
in a standard heparinized micro-hematocrit capillary tube of 3500 g for 10 min at
room temperature. The concentration of hemoglobin (Hb; g dI™') was measured using a
spectrophotometer through the cyanmethemoglobin method (Blaxhall & Daisley, 1973).
Blood indices, including (MCHC) were calculated using the formula (g dl™")=Hb(g dI"™")/
Hct(%) (Dacie & Lewis, 1991). Bioc8hemical parameters were analyzed with automatic
analysis tools (Mindray BK-3.00, China) using the commercial clinical kit (Pars Azmoon
Kit, USA). Biochemical measurement was conducted for glucose, total protein, albumin,
total cholesterol, triglyceride, calcium, magnesium, and inorganic phosphorus, as Kumar
et al. (2005) referred to.

Statistical Analysis

Data on growth, feed intake, feed efficiency, nutrient content, and survival rate of fish
were analyzed using the homogeneity test and analysis of variance (ANOVA). Duncan’s
multiple range test was further applied if ANOVA revealed a very significant difference
(P<0.01) or a significant difference (P<0.05). The optimal dose of lysine was determined
with polynomial orthogonal (Steel et al., 1996). All statistical analysis used SPSS ver. 19.0
(Chicago, Illinois, USA).

RESULTS
The Efficiency of Feed Utilization and Growth

The initial weight of fish observed for growth and feed efficiency parameter was 15.54+0.17
g/fish. There was no statistically significant difference (P>0.05) between experimental
diet treatments. Protein digestibility (ADCp), efficiency of feed utilization (EFU), relative
growth rate (RGR), food conversion ratio (FCR), protein efficiency ratio (PER), and protein
retention of fish given experimental diets increased until a certain dose of lysine (2.75%)
(Table 4). However, it later decreased along with the increasing lysine dose of higher than
2.75%. The survival rate of Sangkuriang catfish for all treatments was 100% during the
study. Moreover, feed intake during the research did not indicate a significant difference
between treatments of experimental diets.

The optimum lysine levels in feed with PSB and FM for Sangkuriang catfish at the
grow-out stage were measured using the orthogonal polynomial test. Based on EFU,
PER, and RGR data, the optimum lysine levels in the diet of Sangkuriang catfish at
the grow-out stage were 2.63% (Figure 1), 2.47% (Figure 2), and 2.62% (Figure 3),
respectively.
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Table 4

Protein digestibility (ADCp), the efficiency of feed utilization (EFU), relative growth rate (RGR), feed conversion
ratio (FCR), protein efficiency ratio (PER), protein retention (PR), and survival rate (SR) of Sangkuriang
catfish at grow-out stage fed experimental diets contained different lysine level

Experimental diets
1 2 3 4 5 6
Initial body ~ 15.5440.17 15.58+0.19 15.54+0.15 15.60+0.16 15.50+0.17 15.50+0.18
weight (g)
Final body  63.3240.27°  75.78+0.28°  79.26+0.25*  88.14+0.22*  70.56+0.21¢  68.64+0.23¢
weight (g)
Weight gain ~ 47.82+0.36°  60.20+0.36 ~ 63.72+£0.30  72.54+0.34*  55.06+0.37¢  53.10+0.31°
(g/fish)!
Feed intake  276.48+0.23 278.42+0.35 279.75+0.26 274.43+0.27* 276.88+0.32 275.88+0.31
(®
ADCp (%)  58.43+0.217  65.34+0.27¢  69.21+0.20°  76.52+0.25*  67.29+0.20°  61.35+£0.23¢
EFU (%) 55.34+0.36"  63.29+0.33¢  67.46+0.36° 73.82+0.38*  65.31+0.36°  60.37+0.30°
RGR (%/ 2.03+0.18F 2.36+0.144 2.94:+0.10° 3.48+0.16% 2.73+0.17¢ 2.2540.15¢
day)

Parameters

FCR 2.08+0.22F 1.65+£0.24°¢ 1.48+0.23% 1.36+0.20* 1.74+0.21¢ 1.89+0.27¢
PER 1.34+0.12F 1.73£0.17¢ 2.09+0.13° 2.44+0.16° 1.85+0.17° 1.45+0.12¢
PR 42.67+0.30"  54.23+0.31°  58.62+0.35* 59.43+0.34® 48.64+0.30¢  46.35+0.33°¢
SR (%) 100+0.00 100+0.00 100+0.00 100+0.00 100+0.00 100+0.00

Note. Mean values with different superscripts showed a significant difference (P < 0.05)
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67.46 ¢
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Figure 1. Correlation between dietary lysine level and efficiency of feed utilization (EFU) of Sangkuriang
catfish at grow-out stage
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Figure 2. Correlation between dietary lysine level and protein efficiency ratio (PER) of Sangkuriang catfish
at the grow-out stage
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Figure 3. Correlation between dietary lysine level and relative growth rate (RGR) of Sangkuriang catfish at
grow-out stage
Proximate Analysis of Experimental Diets

A proximate analysis of the whole body of fish-fed experimental diets is presented in Table
5. The proximate analysis showed an insignificant difference (P<0.05) in moisture, crude
protein, crude lipid, and ash of carcass of fish-fed experimental diets.

Hematology and Biochemical Parameter

The use of poultry slaughterhouse by-product (PSB) meal added with different doses of
lysine in experimental diets had no significant effect on glucose, triglyceride, total protein,
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Table 5
Body chemical composition (g kg™') of Sangkuriang catfish at grow-out stage fed experimental diets during
the study

Experimental Diets
1 2 3 4 5 6
Moisture 751.79+£0.2  751.74+0.27 751.78+0.23  751.79+0.28 751.74+0.25 751.78+0.27
Crude protein  153.38+0.20 153.39+0.22 153.39+0.25 153.39+0.24 153.38+0.22 153.39+0.21
Crude lipid 57.54+0.13 57.59+0.10  57.59+0.17 57.54+0.15 57.59+0.13 57.54+0.14
Ash 37.29+0.34  37.28+0.30  37.24+0.35 37.24£0.30  37.29+0.37  37.29+0.33

Composition

Note. Mean values with different superscripts showed a significant difference (P < 0.05)

Table 6
Results of hematological analysis and biochemical parameters of Sangkuriang catfish at grow-out stage fed
experimental diets during the study

Experimental Diets
1 2 3 4 5 6

Hemoglobin ~ 8.88+0.19 8.47+0.14 8.67+0.71 8.62+0.84 8.34+1.33 8.21+0.63
Hematocrit 43.00£2.16  42.67+£2.26  44.67£2.52  43.33+2.31  43.00£2.45  43.33+2.27
(o)

MCHC (g 21.77€1.04  21.87+1.28  21.51+1.23  21.98+1.35  21.01+1.52  21.71+1.14
dr

Total protein ~ 5.67+0.09 5.37+0.12 5.25+0.18 5.41+017 5.41+0.16 5.29+0.14

Parameters

Albumin 0.53+0.12 0536+0.20 0.58+0.19 0.57+0.17 0.57+0.21 0.57+0.25
Globulin 4.86+0.26 4.61+0.23 4.77+0.24 4.74+0.20 4.34+0.31 4.82+0.30
Glucose 84.67+0.32  85.67+0.37  85.00+0.36  84.67+0.40  85.67+0.39  85.00+0.39

Cholesterol ~ 412.00+3.54" 464.00+3.68° 519.33+£3.37¢ 575.00+3.49¢ 607.33£3.38" 630.67+3.57°
Triglyceride  252.67+4.35 253.67+4.40 254.3344.39  258.00+4.2  255.00+4.49 256.33+4.52
Urea 8.63+1.25 8.43+1.15° 8.50+1.32° 8.43+1.04° 8.50+1.13° 8.47+1.41°
Calcium 15.60+0.87 15.50+0.75  15.13+0.54* 15.23+0.65* 15.57+0.73*  15.83+0.69°
Phosphorous ~ 10.87+0.27 10.58+0.29 10.49+0.3 10.33£0.62  10.67+0.34  10.30+0.39
Magnesium 4.80+0.62 4.77+0.63 4.90+0.72 4.50+0.58 4.60+0.63 4.58+0.53

Note. Mean values with different superscripts showed a significant difference (P < 0.05)

urea, calcium, magnesium, albumin, globulin, hemoglobin, hematocrit, phosphorous,
MCHC concentrations. The fish-fed experimental treatment diets 1 and 6 had the lowest
and highest cholesterol levels, respectively (Table 6).

DISCUSSION

The study showed that lysine addition in feed ingredients formulated with PSB and FM
as animal protein sources were suitable for Sangkuriang catfish at the grow-out stage. The
highest efficiency of feed utilization (EFU) was shown by the fish-fed experimental diet 4
(Table 3). An experimental diet containing lysine levels according to the fish requirement
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will support tissue formation, increasing feed efficiency that is further converted into
body protein (Marchao et al., 2020). Fish fed with PSB and FM and supplemented with
2.75% lysine (experimental diet 4) possessed a higher EFU than other experimental diets.
It occurred since fish fed the treatment diet exhibited the highest protein digestibility
(ADCp) compared to other diets. Higher protein digestibility in the diet will result in
higher efficiency of feed utilization by fish (National Research Council, 2011). Lysine
that is added to dietary feed can increase feed digestibility through the activation of
digestive enzymes. Aristasari et al. (2020) stated that lysine addition in the feed would
increase ileal (intestine) digestibility. Thus, the nutrient is quickly absorbed, resulting
in fish getting full faster, a high growth rate, and improved feed efficiency. Furthermore,
Jiang et al. (2015) reported that lysine could increase feed intake, protein digestibility,
and growth of grass carp.

Adding 2.75% lysine in feed with PSB and FM (experimental diet 4) was the best
treatment, with the highest relative growth rate (RGR) of 3.48+0.16%/day. It was
expected that treatment diet 4 exhibited the highest protein efficiency ratio (2.44%)
compared to other treatments. Lysine supplementation with a dose according to fish diet
requirements could increase feed conversion and fish growth while decreasing lipids in
the fish body (Obado et al., 2018). Lysine and methionine are also involved in carnitine
synthesis (Walton et al., 1984). L-carnitine increases energy production in mitochondria
by oxidizing fatty acids and impro