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ETHICAL PRINCIPLES AND PUBLICATION POLICY 

All articles submitted for publication in the journal must conform to the ethical rules of scientific 
research. The authors of each article are required to sign the Copyright Form confirming that they have 
granted permission for their work to be published in Natural and Applied Science Journal. Publication 
will not take place, even if the manuscript is accepted without this form. Authors are solely responsible 
for the content of their articles and any responsibilities they may incur regarding copyrights. The work 
submitted to the journal should not have been published in any language, in any journal, or in the 
process of being evaluated in any other publication.  

Articles should be prepared in accordance with the general ethical rules specified by DOI and 
DOAJ. Plagiarism Control All articles submitted to Natural and Applied Science Journal are checked using 
the iThenticate plagiarism detection software. Based on the similarity report generated by the software, 
the editorial board determines whether the article should be submitted to peer review or rejected.  

PRICE POLICY 

No fee is charged from the author or institution under any name. 

INTERNATIONAL STANDARDS FOR AUTHORS 

RESPONSIBLE RESEARCH PUBLICATION 

A position statement developed at the 2nd World Conference on Research Integrity, 
Singapore, July 22-24, 2010. 

Elizabeth Wager & Sabine Kleinert 

Contact details: liz@sideview.demon.co.uk 
sabine.kleinert@lancet.com 
 
SUMMARY 

• The research being reported should have been conducted in an ethical and responsible 
manner and should comply with all relevant legislation. 

• Researchers should present their results clearly, honestly, and without fabrication, 
falsification, or inappropriate data manipulation. 

• Researchers should strive to describe their methods clearly and unambiguously so that 
their findings can be confirmed by others. 

• Researchers should adhere to publication requirements that submitted work is original, is 
not plagiarized, and has not been published elsewhere. 

• Authors should take collective responsibility for submitted and published work. 

• The authorship of research publications should accurately reflect individuals’ 
contributions to the work and its reporting. 
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• Funding sources and relevant conflicts of interest should be disclosed. 

Cite this as: Wager E & Kleinert S (2011) Responsible research publication: international 
standards for authors. A position statement developed at the 2nd World Conference on Research 
Integrity, Singapore, July 22-24, 2010. Chapter 50 in: Mayer T & Steneck N (eds) Promoting 
Research Integrity in a Global Environment. Imperial College Press / World Scientific Publishing, 
Singapore (pp 309-16). (ISBN 978-981-4340-97-7) 

INTRODUCTION 

Publication is the final stage of research and therefore a responsibility for all researchers. 
Scholarly publications are expected to provide a detailed and permanent record of research. 
Because publications form the basis for both new research and the application of findings, they can 
affect not only the research community but also, indirectly, society at large. Researchers therefore 
have a responsibility to ensure that their publications are honest, clear, accurate, complete and 
balanced, and should avoid misleading, selective or ambiguous reporting. Journal editors also have 
responsibilities for ensuring the integrity of the research literature and these are set out in 
companion guidelines. 

This document aims to establish international standards for authors of scholarly research 
publications and to describe responsible research reporting practice. We hope these standards will 
be endorsed by research institutions, funders, and professional societies; promoted by editors and 
publishers; and will aid in research integrity training. 

Responsible research publication 

1 Soundness and reliability 

1.1 The research being reported should have been conducted in an ethical and responsible 
manner and follow all relevant legislation. [See also the Singapore Statement on Research Integrity, 
www.singaporestatement.org] 

1.2 The research being reported should be sound and carefully executed. 

1.3 Researchers should use appropriate methods of data analysis and display (and, if 
needed, seek, and follow specialist advice on this). 

1.4 Authors should take collective responsibility for their work and for the content of their 
publications. Researchers should check their publications carefully at all stages to ensure methods 
and findings are reported accurately. Authors should carefully check calculations, data 
presentations, typescripts/submissions, and proofs. 

2 Honesty 

2.1 Researchers should present their results honestly and without fabrication, falsification, 
or inappropriate data manipulation. Research images (e.g. micrographs, X-rays, pictures of 
electrophoresis gels) should not be modified in a misleading way. 
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2.2 Researchers should strive to describe their methods and to present their findings clearly 
and unambiguously. Researchers should follow applicable reporting guidelines. Publications should 
provide sufficient detail to permit experiments to be repeated by other researchers. 

2.3 Reports of research should be complete. They should not omit inconvenient, 
inconsistent, or inexplicable findings or results that do not support the authors’ or sponsors’ 
hypothesis or interpretation. 

2.4 Research funders and sponsors should not be able to veto publication of findings that do 
not favor their product or position. Researchers should not enter agreements that permit the 
research sponsor to veto or control the publication of the findings (unless there are exceptional 
circumstances, such as research classified by governments because of security implications). 

2.5 Authors should alert the editor promptly if they discover an error in any submitted, 
accepted or published work. Authors should cooperate with editors in issuing corrections or 
retractions when required. 

2.6 Authors should represent the work of others accurately in citations and quotations. 

2.7 Authors should not copy references from other publications if they have not read the 
cited work. 

3 Originality 

3.1 Authors should adhere to publication requirements that submitted work is original and 
has not been published elsewhere in any language. Work should not be submitted concurrently to 
more than one publication unless the editors have agreed to co-publication. If articles are co-
published this fact should be made clear to readers. 

3.2 Applicable copyright laws and conventions should be followed. Copyright material (e.g. 
tables, figures, or extensive quotations) should be reproduced only with appropriate permission 
and acknowledgement. 

3.3 Relevant previous work and publications, both by other researchers and the authors’ 
own, should be properly acknowledged, and referenced. The primary literature should be cited 
where possible. 

3.4 Data, text, figures, or ideas originated by other researchers should be properly 
acknowledged and should not be presented as if they were the authors’ own. Original wording taken 
directly from publications by other researchers should appear in quotation marks with the 
appropriate citations. 

3.5 Authors should inform editors if findings have been published previously or if multiple 
reports or multiple analyses of a single data set are under consideration for publication elsewhere. 
Authors should provide copies of related publications or work submitted to other journals. 

3.6 Multiple publications arising from a single research project should be clearly identified 
as such and the primary publication should be referenced. Translations and adaptations for 
different audiences should be clearly identified as such, should acknowledge the original source, and 
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should respect relevant copyright conventions and permission requirements. If in doubt, authors 
should seek permission from the original publisher before republishing any work. 

4 Appropriate authorship and acknowledgement 

4.1 The research literature serves as a record not only of what has been discovered but also 
of who made the discovery. The authorship of research publications should therefore accurately 
reflect individuals’ contributions to the work and its reporting. 

4.2 In cases where major contributors are listed as authors while those who made less 
substantial, or purely technical, contributions to the research or to the publication are listed in an 
acknowledgement section, the criteria for authorship and acknowledgement should be agreed at the 
start of the project. Ideally, authorship criteria within a particular field should be agreed, published 
and consistently applied by research institutions, professional and academic societies, and funders. 
While journal editors should publish and promote accepted authorship criteria appropriate to their 
field, they cannot be expected to adjudicate in authorship disputes. Responsibility for the correct 
attribution of authorship lies with authors themselves working under the guidance of their 
institution. Research institutions should promote and uphold fair and accepted standards of 
authorship and acknowledgement. When required, institutions should adjudicate in authorship 
disputes and should ensure that due process is followed. 

4.3 Researchers should ensure that only those individuals who meet authorship criteria (i.e. 
made a substantial contribution to the work) are rewarded with authorship and that deserving 
authors are not omitted. Institutions and journal editors should encourage practices that prevent 
guest, gift, and ghost authorship. 

Note: 

• Guest authors are those who do not 

• Gift authors are those who do meet accepted authorship criteria but are listed because of 
their seniority, reputation or supposed influence not 

• Ghost authors are those who meet authorship criteria but are not listed meet accepted 
authorship criteria but are listed as a personal favor or in return for payment 

4.4 All authors should agree to be listed and should approve the submitted and accepted 
versions of the publication. Any change to the author list should be approved by all authors 
including any who have been removed from the list. The corresponding author should act as a point 
of contact between the editor and the other authors and should keep co-authors informed and 
involve them in major decisions about the publication (e.g. responding to reviewers’ comments). 

4.5 Authors should not use acknowledgements misleadingly to imply a contribution or 
endorsement by individuals who have not, in fact, been involved with the work or given an 
endorsement. 
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5 Accountability and responsibility 

5.1 All authors should have read and be familiar with the reported work and should ensure 
that publications follow the principles set out in these guidelines. In most cases, authors will be 
expected to take joint responsibility for the integrity of the research and its reporting. However, if 
authors take responsibility only for certain aspects of the research and its reporting, this should be 
specified in the publication. 

5.2 Authors should work with the editor or publisher to correct their work promptly if 
errors or omissions are discovered after publication. 

5.3 Authors should abide by relevant conventions, requirements, and regulations to make 
materials, reagents, software, or datasets available to other researchers who request them. 
Researchers, institutions, and funders should have clear policies for handling such requests. Authors 
must also follow relevant journal standards. While proper acknowledgement is expected, 
researchers should not demand authorship as a condition for sharing materials. 

5.4 Authors should respond appropriately to post-publication comments and published 
correspondence. They should attempt to answer correspondents’ questions and supply clarification, 
or additional details where needed. 

6 Adherence to peer review and publication conventions 

6.1 Authors should follow publishers’ requirements that work is not submitted to more than 
one publication for consideration at the same time. 

6.2 Authors should inform the editor if they withdraw their work from review or choose not 
to respond to reviewer comments after receiving a conditional acceptance. 

6.3 Authors should respond to reviewers’ comments in a professional and timely manner. 

6.4 Authors should respect publishers’ requests for press embargos and should not 
generally allow their findings to be reported in the press if they have been accepted for publication 
(but not yet published) in a scholarly publication. Authors and their institutions should liaise and 
cooperate with publishers to coordinate media activity (e.g. press releases and press conferences) 
around publication. Press releases should accurately reflect the work and should not include 
statements that go further than the research findings. 

7 Responsible reporting of research involving humans or animals 

7.1 Appropriate approval, licensing or registration should be obtained before the research 
begins and details should be provided in the report (e.g. Institutional Review Board, Research Ethics 
Committee approval, national licensing authorities for the use of animals). 

7.2 If requested by editors, authors should supply evidence that reported research received 
the appropriate approval and was carried out ethically (e.g. copies of approvals, licenses, participant 
consent forms). 
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7.3 Researchers should not generally publish or share identifiable individual data collected 
in the course of research without specific consent from the individual (or their representative). 
Researchers should remember that many scholarly journals are now freely available on the internet 
and should therefore be mindful of the risk of causing danger or upset to unintended readers (e.g. 
research participants or their families who recognize themselves from case studies, descriptions, 
images, or pedigrees). 

7.4 The appropriate statistical analyses should be determined at the start of the study and a 
data analysis plan for the prespecified outcomes should be prepared and followed. Secondary or 
post hoc analyses should be distinguished from primary analyses and those set out in the data 
analysis plan. 

7.5 Researchers should publish all meaningful research results that might contribute to 
understanding. In particular, there is an ethical responsibility to publish the findings of all clinical 
trials. The publication of unsuccessful studies or experiments that reject a hypothesis may help 
prevent others from wasting time and resources on similar projects. If findings from small studies 
and those that fail to reach statistically significant results can be combined to produce more useful 
information (e.g. by meta-analysis) then such findings should be published. 

7.6 Authors should supply research protocols to journal editors if requested (e.g. for clinical 
trials) so that reviewers and editors can compare the research report to the protocol to check that it 
was carried out as planned and that no relevant details have been omitted. Researchers should 
follow relevant requirements for clinical trial registration and should include the trial registration 
number in all publications arising from the trial. 

INTERNATIONAL STANDARDS FOR EDITORS 

RESPONSIBLE RESEARCH PUBLICATION 

A position statement developed at the 2nd World Conference on Research Integrity, 
Singapore, July 22-24, 2010. 

Sabine Kleinert & Elizabeth Wager 

Contact details: sabine.kleinert@lancet.com 

liz@sideview.demon.co.uk 

Cite this as: Kleinert S & Wager E (2011) Responsible research publication: international 
standards for editors. A position statement developed at the 2nd World Conference on Research 
Integrity, Singapore, July 22-24, 2010. Chapter 51 in: Mayer T & Steneck N (eds) Promoting 
Research Integrity in a Global Environment. Imperial College Press / World Scientific Publishing, 
Singapore (pp 317-28). (ISBN 978-981-4340-97-7) 

Summary 

• Editors are accountable and should take responsibility for everything they publish 
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• Editors should make fair and unbiased decisions independent from commercial 
consideration and ensure a fair and appropriate peer review process 

• Editors should adopt editorial policies that encourage maximum transparency and 
complete, honest reporting 

• Editors should guard the integrity of the published record by issuing corrections and 
retractions when needed and pursuing suspected or alleged research and publication misconduct 

• Editors should pursue reviewer and editorial misconduct 

• Editors should critically assess the ethical conduct of studies in humans and animals 

• Peer reviewers and authors should be told what is expected of them 

• Editors should have appropriate policies in place for handling editorial conflicts of interest 

Introduction 

As guardians and stewards of the research record, editors should encourage authors to 
strive for, and adhere themselves to, the highest standards of publication ethics. Furthermore, 
editors are in a unique position to indirectly foster responsible conduct of research through their 
policies and processes. To achieve the maximum effect within the research community, ideally all 
editors should adhere to universal standards and good practices. While there are important 
differences between different fields and not all areas covered are relevant to each research 
community, there are important common editorial policies, processes, and principles that editors 
should follow to ensure the integrity of the research record. 

These guidelines are a starting point and are aimed at journal editors in particular. While 
books and monographs are important and relevant research records in many fields, guidelines for 
book editors are beyond the scope of these recommendations. It is hoped that in due course such 
guidelines can be added to this document. 

Editors should regard themselves as part of the wider professional editorial community, 
keep themselves abreast of relevant policies and developments, and ensure their editorial staff is 
trained and kept informed of relevant issues. 

To be a good editor requires many more principles than are covered here. These suggested 
principles, policies, and processes are particularly aimed at fostering research and publication 
integrity. 
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Editorial Principles 

1. Accountability and responsibility for journal content 

Editors have to take responsibility for everything they publish and should have procedures 
and policies in place to ensure the quality of the material they publish and maintain the integrity of 
the published record (see paragraphs 4-8). 

2. Editorial independence and integrity 

An important part of the responsibility to make fair and unbiased decisions is the upholding 
of the principle of editorial independence and integrity. 

2.1 Separating decision-making from commercial considerations 

Editors should make decisions on academic merit alone and take full responsibility for their 
decisions. Processes must be in place to separate commercial activities within a journal from 
editorial processes and decisions. Editors should take an active interest in the publisher’s pricing 
policies and strive for wide and affordable accessibility of the material they publish. 

Sponsored supplements must undergo the same rigorous quality control and peer review as 
any other content for the journal. Decisions on such material must be made in the same way as any 
other journal content. The sponsorship and role of the sponsor must be clearly declared to readers. 

Advertisements need to be checked so that they follow journal guidelines, should be clearly 
distinguishable from other content, and should not in any way be linked to scholarly content. 

2.2 Editors’ relationship to the journal publisher or owner 

Editors should ideally have a written contract setting out the terms and conditions of their 
appointment with the journal publisher or owner. The principle of editorial independence should be 
clearly stated in this contract. Journal publishers and owners should not have any role in decisions 
on content for commercial or political reasons. Publishers should not dismiss an editor because of 
any journal content unless there was gross editorial misconduct, or an independent investigation 
has concluded that the editor’s decision to publish was against the journal’s scholarly mission. 

2.3 Journal metrics and decision-making 

Editors should not attempt to inappropriately influence their journal’s ranking by artificially 
increasing any journal metric. For example, it is inappropriate to demand that references to that 
journal’s articles are included except for genuine scholarly reasons. In general, editors should 
ensure that papers are reviewed on purely scholarly grounds and that authors are not pressured to 
cite specific publications for non- scholarly reasons. 
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3. Editorial confidentiality 

3.1 Authors’ material 

If a journal operates a system where peer reviewers are chosen by editors (rather than 
posting papers for all to comment as a pre-print version), editors must protect the confidentiality of 
authors’ material and remind reviewers to do so as well. In general, editors should not share 
submitted papers with editors of other journals, unless with the authors’ agreement or in cases of 
alleged misconduct (see below). Editors are generally under no obligation to provide material to 
lawyers for court cases. Editors should not give any indication of a paper’s status with the journal to 
anyone other than the authors. Web-based submission systems must be run in a way that prevents 
unauthorized access. 

In the case of a misconduct investigation, it may be necessary to disclose material to third 
parties (e.g., an institutional investigation committee or other editors). 

3.2 Reviewers 

Editors should protect reviewers’ identities unless operating an open peer review system. 
However, if reviewers wish to disclose their names, this should be permitted. 

If there is alleged or suspected reviewer misconduct it may be necessary to disclose a 
reviewer’s name to a third party. 

General editorial policies 

4. Encourage maximum transparency and complete and honest reporting 

To advance knowledge in scholarly fields, it is important to understand why particular work 
was done, how it was planned and conducted and by whom, and what it adds to current knowledge. 
To achieve this understanding, maximum transparency and complete and honest reporting are 
crucial. 

4.1 Authorship and responsibility 

Journals should have a clear policy on authorship that follows the standards within the 
relevant field. They should give guidance in their information for authors on what is expected of an 
author and, if there are different authorship conventions within a field, they should state which they 
adhere to. 

For multidisciplinary and collaborative research, it should be apparent to readers who has 
done what and who takes responsibility for the conduct and validity of which aspect of the research. 
Each part of the work should have at least one author who takes responsibility for its validity. For 
example, individual contributions and responsibilities could be stated in a contributor section. All 
authors are expected to have contributed significantly to the paper and to be familiar with its entire 
content and ideally, this should be declared in an authorship statement submitted to the journal. 

When there are undisputed changes in authorship for appropriate reasons, editors should 
require that all authors (including any whose names are being removed from an author list) agree 
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with these in writing. Authorship disputes (i.e., disagreements on who should or should not be an 
author before or after publication) cannot be adjudicated by editors and should be resolved at 
institutional level or through other appropriate independent bodies for both published and 
unpublished papers. Editors should then act on the findings, for example by correcting authorship in 
published papers. 

Journals should have a publicly declared policy on how papers submitted by editors or 
editorial board members are handled (see paragraph on editorial conflicts of interest: 8.2). 

4.2 Conflicts of interest and role of the funding source 

Editors should have policies that require all authors to declare any relevant financial and 
non-financial conflicts of interest and publish at least those that might influence a reader’s 
perception of a paper, alongside the paper. The funding source of the research should be declared 
and published, and the role of the funding source in the conception, conduct, analysis, and reporting 
of the research should be stated and published. 

Editors should make it clear in their information for authors if in certain sections of the 
journal (e.g., commissioned commentaries or review articles) certain conflicts of interest preclude 
authorship. 

4.3 Full and honest reporting and adherence to reporting guidelines 

Among the most important responsibilities of editors is to maintain a high standard in 
scholarly literature. Although the standards differ among journals, editors should work to ensure 
that all published papers make a substantial new contribution to their field. Editors should 
discourage so-called ‘salami publications’ (i.e., publication of the minimum publishable unit of 
research), avoid duplicate or redundant publication unless it is fully declared and acceptable to all 
(e.g., publication in a different language with cross-referencing), and encourage authors to place 
their work in the context of previous work (i.e., to state why this work was necessary/done, what 
this work adds or why a replication of previous work was required, and what readers should take 
away from it). 

Journals should adopt policies that encourage full and honest reporting, for example, by 
requiring authors in fields where it is standard to submit protocols or study plans, and, where they 
exist, to provide evidence of adherence to relevant reporting guidelines. Although devised to 
improve reporting, adherence to reporting guidelines also makes it easier for editors, reviewers, 
and readers to judge the actual conduct of the research. 

Digital image files, figures, and tables should adhere to the appropriate standards in the 
field. Images should not be inappropriately altered from the original or present findings in a 
misleading way. 

Editors might also consider screening for plagiarism, duplicate or redundant publication by 
using anti-plagiarism software, or for image manipulation. If plagiarism or fraudulent image 
manipulation is detected, this should be pursued with the authors and relevant institutions (see 
paragraph on how to handle misconduct: 5.2) 
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5. Responding to criticisms and concerns 

Reaction and response to published research by other researchers is an important part of 
scholarly debate in most fields and should generally be encouraged. In some fields, journals can 
facilitate this debate by publishing readers’ responses. Criticism may be part of a general scholarly 
debate but can also highlight transgressions of research or publication integrity. 

5.1 Ensuring integrity of the published record - corrections 

When genuine errors in published work are pointed out by readers, authors, or editors, 
which do not render the work invalid, a correction (or erratum) should be published as soon as 
possible. The online version of the paper may be corrected with a date of correction and a link to the 
printed erratum. If the error renders the work or substantial parts of it invalid, the paper should be 
retracted with an explanation as to the reason for retraction (i.e., honest error). 

5.2 Ensuring the integrity of the published record – suspected research or publication 
misconduct 

If serious concerns are raised by readers, reviewers, or others, about the conduct, validity, or 
reporting of academic work, editors should initially contact the authors (ideally all authors) and 
allow them to respond to the concerns. If that response is unsatisfactory, editors should take this to 
the institutional level (see below). In rare cases, mostly in the biomedical field, when concerns are 
very serious and the published work is likely to influence clinical practice or public health, editors 
should consider informing readers about these concerns, for example by issuing an ‘expression of 
concern’, while the investigation is ongoing. Once an investigation is concluded, the appropriate 
action needs to be taken by editors with an accompanying comment that explains the findings of the 
investigation. Editors should also respond to findings from national research integrity organizations 
that indicate misconduct relating to a paper published in their journal. Editors can themselves 
decide to retract a paper if they are convinced that serious misconduct has happened even if an 
investigation by an institution or national body does not recommend it. 

Editors should respond to all allegations or suspicions of research or publication misconduct 
raised by readers, reviewers, or other editors. Editors are often the first recipients of information 
about such concerns and should act, even in the case of a paper that has not been accepted or has 
already been rejected. Beyond the specific responsibility for their journal’s publications, editors 
have a collective responsibility for the research record and should act whenever they become aware 
of potential misconduct if possible. Cases of possible plagiarism or duplicate/redundant publication 
can be assessed by editors themselves. However, in most other cases, editors should request an 
investigation by the institution or other appropriate bodies (after seeking an explanation from the 
authors first and if that explanation is unsatisfactory). 

Retracted papers should be retained online, and they should be prominently marked as a 
retraction in all online versions, including the PDF, for the benefit of future readers. 

For further guidance on specific allegations and suggested actions, such as retractions, see 
the COPE flowcharts and retraction guidelines (http://publicationethics.org/flowcharts; 
http://publicationethics.org/files/u661/Retractions_COPE_gline_final_3_Sept_09__2_.pdf). 
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5.3 Encourage scholarly debate 

All journals should consider the best mechanism by which readers can discuss papers, voice 
criticisms, and add to the debate (in many fields this is done via a print or on-line correspondence 
section). Authors may contribute to the debate by being allowed to respond to comments and 
criticisms where relevant. Such a scholarly debate about published work should happen in a timely 
manner. Editors should clearly distinguish between criticisms of the limitations of a study and 
criticisms that raise the possibility of research misconduct. Any criticisms that raise the possibility 
of misconduct should not just be published but should be further investigated even if they are 
received a long time after publication. Editorial policies relevant only to journals that publish 
research in humans or animals. 

6. Critically assess and require a high standard of ethical conduct of research 

Especially in biomedical research but also in social sciences and humanities, ethical conduct 
of research is paramount in the protection of humans and animals. Ethical oversight, appropriate 
consent procedures, and adherence to relevant laws are required by authors. Editors need to be 
vigilant to concerns in this area. 

6.1 Ethics approval and ethical conduct 
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This study presents an analytical investigation of a one-dimensional inverse coefficient nonlinear 
hyperbolic equation with periodic boundary conditions. The analytical solution is derived from applying 
the Fourier method. An iterative approach is used to establish convergence and to assess the existence, 
uniqueness, and stability of the solution to the nonlinear problem. 
 
Keywords: The hyperbolic problem, Fourier iterative method, Nonlocal conditions. 
 

 
 

The study of inverse coefficient problems in hyperbolic equations has gained significant attention 
recently due to its wide-ranging applications in physics, engineering, and medical imaging. These problems 
are centered around the challenge of identifying unknown coefficients or parameters from observed data, a 
task that can be quite difficult given their inherently ill-posed nature. In this context, Tekin [1] highlights 
the conditions necessary for the unique solvability of an inverse problem related to second-order hyperbolic 
equations, stressing the critical role that additional constraints can play in ensuring a well-defined solution. 

 
The introduction of periodic boundary conditions adds another layer of complexity to these inverse 

problems, as they impose specific constraints on the solutions over a defined interval. Such periodic 
boundary conditions are vital in various physical scenarios, such as the vibrations of strings or the 
propagation of waves in bounded media, where system behavior exhibits periodicity over time [2]. Research 
into the uniqueness and stability of solutions under periodic conditions has shown that, despite the ill-
posedness of these problems, unique solutions can still be obtained under certain circumstances [3-5]. 
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One particularly effective approach to tackling these challenges is the Fourier method, which has been 
successfully employed in numerous studies to address inverse coefficient problems [6]. This method has 
demonstrated its capability to establish the existence, uniqueness, convergence, and stability of solutions 
for a variety of equations, including the Euler-Bernoulli, heat, Burger, and Klein-Gordon equations with 
periodic boundary conditions [7-9].  

 
In this study, we consider an inverse coefficient nonlinear hyperbolic equation represented as 

( ) ( , , ), ( , )tt xx t f y t y tν ν θ ν− = ∈Ω                                                                                                                       (1) 
with the initial condition  

( ,0) ( )
( , ) ( ),t

y y
y t y

ν ϕ
ν ψ

=
=                                                                                                              (2) 

the periodic boundary condition  
(0, ) ( , )
(0, ) ( , )y y

t t
t t

ν ν π
ν ν π

=
=                                                                                                                                   (3) 

and overdetermination data 

0
( ) ( , )= ∫E t y y t dy

π
ν                                                                                                               (4) 

for a nonlinear source term represented by 𝑓𝑓(𝑦𝑦, 𝑡𝑡, 𝜈𝜈).  
 
Here 𝛺𝛺: = {0 < 𝑦𝑦 < 𝜋𝜋, 0 < 𝑡𝑡 < 𝑇𝑇}, 𝛺̄𝛺: = {0 ≤ 𝑦𝑦 ≤ 𝜋𝜋, 0 ≤ 𝑡𝑡 ≤ 𝑇𝑇}. 
The functions 𝜑𝜑,𝜓𝜓,𝐸𝐸 and 𝑓𝑓(𝑦𝑦, 𝑡𝑡, 𝜈𝜈) are given functions.  
Here 𝜙𝜙(𝑥𝑥) ∈ [0,𝜋𝜋],𝜓𝜓(𝑥𝑥) ∈ [0,𝜋𝜋] and 𝑓𝑓(𝑦𝑦, 𝑡𝑡, 𝜈𝜈), 𝛺̄𝛺 × (−∞,∞), for (𝑦𝑦, 𝑡𝑡) ∈ 𝛺̄𝛺,𝑣𝑣(𝑦𝑦, 𝑡𝑡) ∈ (−∞,∞).  
 
By using the Fourier method, the solution function, determined by {𝜃𝜃, 𝜈𝜈}, can be found. The existence, 
uniqueness, and stability of the solutions to the inverse problems are proven using an iterative approach. 

 
 

 
Definition 1. The problem of finding the values of {𝜃𝜃, 𝜈𝜈} that satisfy (1)-(4) is known as the inverse problem. 
 
Definition 2. If the set {𝜈𝜈(𝑡𝑡)} = �𝜈𝜈0(𝑡𝑡), 𝜈𝜈𝑠𝑠𝑠𝑠(𝑡𝑡), 𝜈𝜈𝑐𝑐𝑐𝑐(𝑡𝑡),𝑘𝑘 = 1,𝑁𝑁� of continuous functions on [0, T] satisfies 
the norm condition‖𝜈𝜈(𝑡𝑡)‖ = 𝑚𝑚𝑚𝑚𝑚𝑚

0≤𝑡𝑡≤𝑇𝑇
|𝜈𝜈0(𝑡𝑡)| + ∑ �𝑚𝑚𝑚𝑚𝑚𝑚

0≤𝑡𝑡≤𝑇𝑇
|𝜈𝜈𝑐𝑐𝑐𝑐(𝑡𝑡)| + 𝑚𝑚𝑚𝑚𝑚𝑚

0≤𝑡𝑡≤𝑇𝑇
|𝜈𝜈𝑠𝑠𝑠𝑠(𝑡𝑡)|�∞

𝑘𝑘=1 , then space B is called a 
Banach space. 
 
Let us assume the following conditions on the data for the problem (1)-(4) 
(C1) 𝐸𝐸(𝑡𝑡) ∈ 𝐶𝐶2[0,𝑇𝑇], 𝜃𝜃(𝑡𝑡) ∈ 𝐶𝐶[0,𝑇𝑇]. 
(C2) 𝜑𝜑(𝑦𝑦) ∈ 𝐶𝐶1[0,𝜋𝜋],𝜓𝜓(𝑦𝑦) ∈ 𝐶𝐶[0,𝜋𝜋]. 
(C3) Let 𝑓𝑓(𝑦𝑦, 𝑡𝑡, 𝜈𝜈) be a function that is continuous in all arguments 𝛺𝛺 × (−∞,∞) and satisfies the following 
conditions:  
 

1) �𝜕𝜕
(𝑘𝑘)𝑓𝑓(𝑦𝑦,𝑡𝑡,𝜈𝜈)
𝜕𝜕𝑦𝑦(𝑘𝑘) − 𝜕𝜕(𝑘𝑘)𝑓𝑓(𝑦𝑦,𝑡𝑡,𝜈𝜈�)

𝜕𝜕𝑦𝑦(𝑘𝑘) � ≤ 𝑏𝑏(𝑦𝑦, 𝑡𝑡)|𝜈𝜈 − 𝜈𝜈�|,𝑘𝑘 = 0,2, where 𝑏𝑏(𝑦𝑦, 𝑡𝑡) ∈ 𝐿𝐿2(𝛺𝛺), 𝑏𝑏(𝑦𝑦, 𝑡𝑡) ≥ 0. 
2) 𝑓𝑓(𝑦𝑦, 𝑡𝑡, 𝜈𝜈) ∈ 𝐶𝐶[0,𝜋𝜋], 𝑡𝑡 ∈ [0,𝑇𝑇], |𝑓𝑓(𝑦𝑦, 𝑡𝑡, 𝜈𝜈)| ≤ 𝑀𝑀, 
3) ∫ 𝑓𝑓(𝑦𝑦, 𝑡𝑡, 𝜈𝜈)𝑑𝑑𝑑𝑑 ≠ 0,∀𝑡𝑡 ∈ [0,𝑇𝑇].𝜋𝜋

0  
 
By applying the Fourier method, the solution to (1)-(3) is obtained as follows: 

2. ANALYTICAL SOLUTION OF THE PROBLEM 
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Differentiating the overdetermination condition under conditions (C1)–(C3), we obtain: 
𝐸𝐸″(𝑡𝑡) = ∫ 𝑦𝑦𝜈𝜈𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑

𝜋𝜋
0 .                                                                                                                                             (6)

                                                 
Equations (5), (6) yield  
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Theorem 1. If conditions (C1)–(C3) are satisfied, then the problem (1)–(4) has a unique solution. 
 
Proof. Let us provide an iteration for (5) and the inverse coefficient as follows: 
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𝜈𝜈(0)(𝑡𝑡) ∈ 𝐵𝐵, 𝑡𝑡 ∈ [0,𝑇𝑇] is from the conditions of the theorem. 
 
For 𝑁𝑁 = 0, by adding and subtracting ∫ ∫ 𝑓𝑓(𝜉𝜉, 𝜏𝜏, 0)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜋𝜋

0
𝑡𝑡
0  in (8) and applying Cauchy inequality, we obtain  
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3. THE EXISTENCE AND UNIQUENESS OF SOLUTIONS 
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After using Lipschitz condition, we have 
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By applying Hölder inequality,  
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and applying Bessel’s inequality, we have 
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Finally, we get 
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where 𝐴𝐴 = �√3𝑇𝑇√𝑇𝑇�𝑇𝑇+√2𝜋𝜋�
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�. 
Hence from the conditions of the theorem 𝜈𝜈(1)(𝑡𝑡) ∈ 𝐵𝐵, 𝑡𝑡 ∈ [0,𝑇𝑇]. 
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applying the Cauchy and Bessel inequalities, along with the Lipschitz condition, we obtain: 
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The same estimations apply for step N, we obtain: 
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We obtain 𝜈𝜈(𝑁𝑁+1)(𝑡𝑡) ∈ 𝐵𝐵, 𝑡𝑡 ∈ [0,𝑇𝑇] because of 𝜈𝜈(𝑁𝑁)(𝑡𝑡) ∈ 𝐵𝐵, 𝑡𝑡 ∈ [0,𝑇𝑇].  
 
By applying same methods for convergence, we get: 
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As  𝑁𝑁 → ∞, 𝜈𝜈(𝑁𝑁+1) → 𝜈𝜈(𝑁𝑁) and 𝜃𝜃(𝑁𝑁+1) → 𝜃𝜃(𝑁𝑁). 
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inequalities and Lipschitz condition, we have  
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As 𝑁𝑁 → ∞, 𝜈𝜈(𝑁𝑁+1)(𝑡𝑡) → 𝜈𝜈(𝑡𝑡) and 𝜃𝜃(𝑁𝑁+1)(𝑡𝑡) → 𝜃𝜃(𝑡𝑡). 
 
Let consider we have two solutions (𝜈𝜈,𝜃𝜃) and (𝜔𝜔, 𝜌𝜌) of (1)-(4). We obtain the following, applying the same 
methods: 
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Finally, applying Gronwall inequality to the last inequality, we have: 
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Then 𝑣𝑣(𝑡𝑡) = 𝜔𝜔(𝑡𝑡), therefore 𝜃𝜃(𝑡𝑡) = 𝜌𝜌(𝑡𝑡). 
 
The proof is completed. 
 

 
 
Theorem 2. If the assumptions (C1)–(C3) hold, then the solution pair (𝜈𝜈,𝜃𝜃) of the problem (1)-(4) depends 
continuously on the input data 𝜙𝜙, 𝜓𝜓 and 𝐸𝐸. 
 
Proof. Let sets ‖𝛷𝛷‖ = {𝜑𝜑,𝜓𝜓,𝐸𝐸} and ‖𝛷̄𝛷‖ ≤ {𝜑̄𝜑, 𝜓̄𝜓, 𝐸̄𝐸} denote two data groups that conform to the 
assumptions (C1)–(C3). Assume there are positive constants 𝑀𝑀𝑖𝑖 that ensure the following inequalities are 
satisfied: 
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𝑀𝑀0𝜋𝜋2−4𝑀𝑀0𝑀𝑀√𝑇𝑇

.. 
 
For  𝛷𝛷 → 𝛷̄𝛷 then 𝜈𝜈 → 𝜈̄𝜈. Hence 𝜃𝜃 → 𝜃̄𝜃. 
 
 
 

4. STABILITY OF THE SOLUTION ( , )ν θ  
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An analytical investigation of a one-dimensional inverse coefficient nonlinear hyperbolic equation 

with periodic boundary conditions is conducted in this study. The analytical solution is obtained using the 
generalized Fourier method. Furthermore, an iterative approach is implemented to demonstrate 
convergence and to examine the existence, uniqueness, and stability of the solution for the nonlinear 
problem. 
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This work surveyed the ethno-botanical relevance of Tabernaemontana pachysiphon in the indigenous 
medicinal practices of the people of Ekebedi ancient Kingdom, Abia State, Nigeria. In rural tropical 
localities of Africa such as the Kingdom, modern western Medicare is scarcely available, and plants have 
provided substantial part of the medicines used by the natives over the years to treat both metabolic and 
pathological diseases as well as fractures amongst many other health conditions. Questionnaires and oral 
interviews were utilized to capture relevant data about the plant from 102 indigenous herbal doctors, 
traditional medicine vendors and natives of the Kingdom and its environs. Phytochemical analysis of the 
test extract was conducted using GC-MS fingerprinting. The results obtained from the survey indicated that 
preparations from seeds, leaves, stems and root barks of the plant are used by traditional medicine men and 
natives of the Kingdom to treat fevers, pains, diabetes, hypertension, stomach troubles, ringworms, malaria, 
gonorrhea, syphilis, venereal diseases, tumors and bouts of poisoning etc.  
GC-MS profiling identified 32 bioactive principles in the methanol leaf extract of the plant, with 9, 12-
octadecadienoic acid (Z, Z)-, methyl ester (16.35%); octadecenoic acid, methyl ester, (E)-, (19.17%); dodecanoic 
acid 1, 2, 3-propanetrieyl ester (29.69%) being the major ingredients. Amongst many others were 
hexadecenoic acid, methyl ester (2.91%); cyclopentadecanone, oxime (1.01%); Z,Z-8,10-hexadecadien-1-ol 
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(1.82); 9-octadecenoic acid, 1,2,3-propanetriyl ester, E (5.86%); 9-octadecenoic acid, 1,2,3-propanetriyl ester, 
(E- (1.72%); d-mannitol, 1-O-(22-hydroxydocosyl)- (6.00); and dodecanoic acid, 1,2,3-propanetriyl ester 
(6.73%). These principles may underpin the efficacy of T. pachysiphon in folk medicine and possibly 
explain the reasons for the medicinal uses of this plant by the natives of the Kingdom.  
 
Keywords: Ethnobotanical relevance, Folk-medicine, Tabernaemontana pachysiphon, Bioactive 
constituents 
 

 

Tabernaemontana pachysiphon Stapf (Apocynaceae) (Synonyms: Conopharyngia pachysiphon, T. 
angolensis Stapf, T. holstii Schum.) is commonly called Osi in Eastern Nigeria (Personal communication, 
2020). The genus is native to Africa and is distributed throughout tropical regions of the world [1-2]. T. 
pachysiphon is a small tree that grows up to 15 m in height [2]. The leaves of the plant are leathery, glossy, 
simple and elliptical in shape. It blooms twice yearly, producing sweet-scented, cup-shaped flowers that are 
predominantly white or pale yellow in colour [3].  

Several members of this genus play roles as shade plants, windbreakers, and ornamentals in gardens and 
landscapes [1] and are good sources of timber [3]. Plants in this tropical genus serve diverse medicinal 
purposes for natives in traditional medicine practices across Asia, Americas and Africa [4-6]. Decoctions 
or infusions of leaves, roots, and stem bark of T. pachysiphon and its related species (4g/200 mL; 5 
leaves/250 mL) in traditional medicine are effectively used to treat insanity, scabies, hypertension, pains, 
headache, stomach-ache, constipation, syphilis, ulcers and tumors [1,5,7]. Furthermore, preparations from 
the plants are used in diverse cultures of the tropics to treat dementia, fevers, and as styptic to control 
bleeding and facilitate wound healing [6,8]. They have also been used as anti-nociceptive agents to relieve 
breast inflammation in local settings of Nigeria [9].  

Scientifically, the genus Tabernaemontana has demonstrated activities such as vasorelaxation, analgesic, 
anthelminthic, antitumor, antimicrobial and antiviral effects [5,10]. Methanol and hexane leaf and stem bark 
extracts of Tabernaeontana sp. effectively inhibited methicillin–resistant Staphylococcus aureus, 
Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis and Candida sp. [6]. Retardation of growth 
and development of Entamoeba histolytica, Cryptococcus neoformans and Penicilium notatum by extracts 
of T. alternifolia L., T. stapfiana Britten and T. pachysiphon have also been documented [1,7,9].  Pallant 
[13] reported that fractions and isolates from T. pachysiphon demonstrated strong antibacterial activities 
against stubborn clinical strains of S.  aureus and Mycobacterium tuberculosis, causative agent of 
tuberculosis in humans.  

Phytochemical analysis of extracts from different parts of Tabernaemontana species has revealed the 
presence of bioactive alkaloids, including ibogine, voacristine, cononaridine, and conolidine [1,7,9–12]. 
Additional alkaloids such as tubotaiwine, ovoacangine, ibogaline, 3R-hydroxyconopharyngine, 3S-
hydroxyconopharyngine, and 11-demethylconoduramine have been isolated from the stem bark and leaves 
of T. pachysiphon in Kenya and Nigeria [13–14]. Flavonoids, polyphenols, and tannins have also been 
identified in T. pachysiphon and related species [10,15–18]. Fatty acids, including n-hexadecenoic acid, 
octadecanoic acid, tetracosanol-1, n-nonadecanol-1, α-linolenic acid, and pentadecanoic acid, have been 
detected in organic root and stem bark extracts of Tabernaemontana species [6,19–22].  

Statistics show that 80% of the rural populace worldwide still depend on using medicinal plants to assuage 
disease conditions [23-24]. Owing to the challenge posed by the growing number of antimicrobial resistant 
strains of medically important pathogens which cause about 5 million deaths per annum around the world 
[25], scientists are turning their focus to secondary metabolites from higher plants with a view to finding 

1. INTRODUCTION 

https://pubmed.ncbi.nlm.nih.gov/22313627/
https://pubmed.ncbi.nlm.nih.gov/22313627/
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alternative or complementary carbon skeleton leads for drug candidates [26]. These bioactive phyto-
ingredients act in synergy and could bind on multiple target sites or elements of complex cellular pathways 
of disease-causing agents, and thus are less likely for pathogens to develop resistance to them than modern 
allopathic medicines [6,26]. All these give impetuses to elicit, and to document so as to preserve indigenous 
knowledge of medicinal plants [26]. 

Although T. pachysiphon is widely used as a medicinal plant by the natives of Ikwuano Local Government 
Area in Abia State, its ethnobotanical relevance has not yet been systematically documented in this region. 
Furthermore, while numerous alkaloids have been isolated from the plant, the bioactive fatty acid 
constituents in its leaves are, to the best of our knowledge, scantily documented or entirely uncharacterized.  

Therefore, the ethnobotany and bioactive chemical constituents of T. pachysiphon used in the indigenous 
medicine practices of Ekebedi ancient Kingdom of Ikwuano Local Government Area, Abia State, Nigeria 
are presented in this work. 

 
 
2.1 Survey location 

Ekebedi Oboro ancient Kingdom is located in Ikwuano Local Government Area (LGA) of Abia State, in 
the rainforest belt of Southeast Nigeria. The Kingdom lies on latitude 5° 24' 22"N, longitude 7° 34' 5"E 
with an elevation of 112 meters above sea level (Fig. 1). Estimates show that about 200 households make 
up the ancient Kingdom.  

A modern community health center is conspicuously absent in the Kingdom, though there are pockets of 
patent medicine stores dotting its landscape. The majority of the people in the Kingdom practice mixed 
farming characterized by land rotation, fishing, traditional medicinal practices, lumbering, trading, hunting 
as well as bone-setting.  

The warm and humid rainforest zone of the tropics is endemic to malaria and several other kinds of 
parasitological diseases as well as metabolic dysfunctions including diabetes. A large number of tropical 
natives usually administer herbal recipes against attacks of these diseases [6,23,27]. This work seeks hence 
to validate the use of Tabernaemontana pachysiphon by people of Ekebedi Oboro Ancient Kingdom in 
Abia State, Nigeria, in the treatment of some pathological and metabolic diseases. 

2.2 Research design and collection of ethno-botanical data 

A good research follows a systematic design and scientific protocol. In this study, a survey of the ethno-
botanical relevance of T. pachysiphon by people of the ancient Ekebedi Kingdom was undertaken. A total 
population 102 indigenous people made up of 14 herbal practitioners and 26 indigenous herb vendors and 
62 native herbal medicine users from the Kingdom and its environs were randomly selected for the study. 
The survey employed a house-to-house strategy which lasted over a period of 6 weeks (September 01, 2023 
– October 07, 2023). Data collection involved interviews and structured questionnaires, as adopted by 
Mgbeahuruike [23,27]. The survey questions were tailored in such a way as to elicit responses from the 
target respondents on whether or not they use T. pachysiphon in traditional medicine, and if yes, why, when, 
and how do they use the plant as medicine in the traditional medicine practices in the ancient Kingdom. 
 
2.3 Source of plant material  
Tabernaemontana pachysiphon leaves were obtained from a courtyard in the Ancient Kingdom of Ekebedi 
Oboro. Fresh aerial parts of the plant were collected and authenticated by Prof. M. C. Dike from the 
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Department of Forestry, College of Natural Resources and Environmental Management (CNREM), 
Michael Okpara University of Agriculture, Umudike.   
 

 
Figure 1. Map of the study area. Left: Map of Abia State, Nigeria showing the 17 Local Government Areas (L.G.A.) of the 

State. Center: Map of Ekebedi Kingdom in Ikwuano L.G.A. of Abia State, Nigeria. Right: Satellite view of the study location 
terrain 

 
2.4 Methanol extraction of T. pachysiphon leaves 
The leaves of the plant were washed with tap water, and dried on the laboratory bench for 21 days, 
enveloped and oven-dried at 40oC for 30 minutes, and then milled into powder using a Thomas Wiley 
machine (Model: ED-5 USA). Then 500 g of the milled powder was packed separately into a 2-liter Soxhlet 
apparatus and extracted exhaustively with 1000 ml of analytical-grade methanol for 24 hours. The methanol 
leaf extract was concentrated using a rotary evaporator at 45oC and left on the laboratory bench for two 
days to afford residue [28].   
 
2.5 Gas chromatography-mass spectrometry (GC-MS) analysis of the plant residues 
This was conducted according to the standard procedure as adopted by Gopinath [29] and Omotosho 30]. 
The residue T. pachysiphon was re-dissolved in methanol. One (1) ml aliquot of the solution was injected 
into the GC-MS equipment [Model: QP 2010 Plus Schmadzu, Tokyo, Japan) (AOC-20i auto-sampler, VF 
5 MS fixed silica capillary column] The carrier gas was helium (99.99%), flow rate (1.58 ml/min), injector 
and mass transfer line temperature (250 and 200oC respectively), injection volume of 1 µl was employed at 
a split ratio of 10:1. The MS ionization energy (70 eV), ion source temperature (200oC), solvent cut time 
(2.5 min), and the interface temperature was 250oC. The total running time of the machine was set to 1 
hour.  
 
The percentage of the extract was expressed as percentage with peak and normalization. The   relative 
percentage amount of each phyto-component was calculated by comparing its average peak area to the total 
areas. The detection process utilized the National Institute of Standard and Technology (NIST) (Version 
2.0, 2005) library. The compound prediction was based on the Phytochemical and Ethno-botanical 
Databases of USDA [31]. The interpretation of GC-MS was conducted using the NIST database having 
more than 62,000 structural patterns. The spectra of the unknown phyto-components were compared with 
those of known components stored in NIST library. The names, molecular weights and chemical structures 
of the extracts-derived compounds were ascertained from the National Institute of Standard and Technology 
(NIST) [32]. 
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2.6 Data analysis 
Data generated from this study was analyzed by simple descriptive statistical tools such as range, means 
and percentages using SPSS computer software version 25. 
 

 
 
3.1 Results 
3.1.1 Demographic characteristics of respondents in the survey  
The results of the study presented in Fig. 2 indicate that in the ancient Kingdom both genders (male and 
female) of the natives were involved in traditional medicine practices and usage. However, women had a 
higher involvement, representing 62.01% of the respondents engaged in preparation, vending, and 
utilization of traditional medicines, compared to their male counterparts, who accounted for only 39.99% 
(Fig. 2A).  
In terms of age, majority of the practitioners of indigenous traditional medicine in the Kingdom clustered 
around the 21–40-year-old age bracket (51.19%). This was closely followed by those between the ages of 
41-70 years (27.33%); while practitioners above 71 years old represented only 3.44% (Fig. 2B).  
Regarding education, a significant portion of the respondents had no Western education (42.56%) or had 
received limited Western education (39.82%). Conversely, those with post-secondary or tertiary education 
exposure accounted for just 1.67% of the respondents (Fig. 2C).  
In terms of occupation, farmers (49.69%) and traders/artisans (35.00%) topped the chart of respondents 
using and vending T. pachysiphon-based herbal recipes whereas others who are engaged in elitist 
occupations were the least (Fig. 2D). Similarly, 47.50% of the herbal medicine users and dealers were of 
Christian faith, 31.25% others practice typical traditional African religion while 3.08% who were mostly of 
Yoruba extraction were Muslim faithful (Fig. 2E).  
The majority of the indigenous dwellers of the Kingdom are Igbo and they accounted for 76.19% of the 
people involved in the traditional medicine system of the Kingdom. Next to them are practitioners from the 
neighbouring Ibibio tribe, which constituted 13.63% of the herbal medicine practitioners and users. The 
migrants from the Yoruba ethnic group of western Nigeria, however accounted for only 10.18% (Fig. 2F). 
These plant parts are prepared as decoction or infused as teas or soaked in local gins (macerations/elixirs). 
In the case of poisons, the leaf juice is mixed with honey and given to the patient bitten by snakes, centipedes 
or scorpions to induce the patients to nausea, and vomiting the poisonous material (Fig. 3). 

 
 

 
     (Fig. 2A)                                                           (Fig. 2B) 

 

A. Gender (%)

Females Male
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(Fig. 2C)                                                           (Fig. 2D) 

 

 

(Fig. 2D)                                                              (Fig. 2E) 

Figure 2. Demographic characteristics of respondents on medicinal significance of the test plant (a = gender, b = age, c = 
education, d = occupation, e = faith, g = ethnicity) 

 
Figure 3. Methods of preparation of T. pachysiphon crude drug recipes 

 
3.1.2 Medicinal relevance of T. pachysiphon in the traditional medicine system of Ekebedi ancient 
Kingdom 
The ethnobotanical uses of T. pachysiphon in the study area are presented in Table 1. The results of the 
survey showed that the plant has varied ethno-botanical significance in the area. All respondents in the 
study agreed that the plant is used for treating cases of diabetes, stomach aches, menstrual pains, ringworms 
and venereal diseases.  
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About 80% of the respondents use different preparations of leaves of the plant for treating hypertension and 
gonorrhea, ringworms and poison, 60% of the respondents prescribe or use the plant for diverse purposes, 
while 70% others employ the root bark of the plant in treating cases of miscarriages, pelvic inflammatory 
diseases and venereal diseases (Table 1).  

Table 1. Survey on medicinal uses and relevance of T. pachysihon in ethnobotany of Ekebedi Community and its surrounding 
villages in Ikwuano LGA, Abia State 

Common/ 
Local Name 
of The Plant 

Number of 
Medicine Men 

Interviewed 

Respondents 
Interviewed (%) 

Parts Used for 
Treatment 

Traditional Medicinal 
Uses and Relevance 

Giant pin 
wheel flower 102 80 Leaf 

Malaria fever, typhoid 
fever, diabetes, poison, 
dysmenorrhea, 
hypertension, gonorrhea, 
ringworms, lacerations, 
bruises, wounds, dementia, 
sores, tumors 

Osi in Igbo 

102 50 Stem bark 

Fevers, diabetes, 
stomachache, malaria, 
ulcers, syphilis, abdominal 
troubles, gonorrhea, 
dementia 

102 70 Root bark 

Malaria fever, miscarriage, 
pelvic inflammatory 
disease (PID), waist pains, 
venereal diseases, ulcers, 
sores 

102 60 Seed 
Diabetes, menstrual pain, 
venereal diseases, 
ringworms 

Osi in Igbo 102 100 All parts 

Diabetes, stomachache, 
fevers, venereal diseases, 
hypertension, syphilis, 
gonorrhea, scabies, 
dementia, tumors, skin 
diseases, dysmenorrhea  

 
3.1.3 Mass Spectral data on T. pachysiphon 
The mass spectral chromatogram of the GC-MS analysis of the volatile components of 2µl of the methanol 
leaf extract of T. pachysiphon is presented in Fig. 4. The data indicated the presence of a wide array of 
bioactive volatile principles in the plant leaf, and a total of 32 compounds were identified as shown by the 
spectral peaks (Table 2).  
The relative abundance of the compounds ranged from as low as 0.01% recorded for 1-Tridecyn-4-ol to 
29.69% obtained for dodecanoic acid 1, 2, 3-propanetrieyl ester. The peaks representing major volatile 
compounds in the chromatogram include peak 7 which had 9, 12-octadecadienoic acid (Z, Z) methyl ester 
(16.35%); and peak 8 which had octadecenoic acid methyl ester (E) (19.17%) while peak 30 recorded 
dodecanoic acid 1, 2, 3-propanetrieyl ester (29.69%). Other compounds identified in sizeable quantities 
were hexadecanoic acid methyl ester (2.91%) at peak 5, cyclopentadecanone oxime (1.01%) at peak 14 and 
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Z,Z-8,10-hexadecadien-1-ol (1.82%) at peak 20. Also, peaks 21 and 26 had 9-Octadecenoic acid, 1,2,3-
propanetriyl ester E (5.86%) and 9-octadecenoic acid, 1,2,3-propanetriyl ester (E- (1.72%) respectively while 
d-mannitol 1-o-(22-hydroxydocosyl) (6.00%) and dodecanoic acid, 1,2,3-propanetriyl ester (6.73%) were 
recorded at Peaks 31 and 32 respectively. Some of the bioactive constituents which were detected in trace 
quantities (area %) in the methanol extract of T. pachysiphon as shown in Table 2 include: 
cyclononasiloxane, lauroyl peroxide, dichloroacetic acid, cyclopentadecanone oxime, undecanal, 1-
octadecyne, hexadecanoic acid 2-methyl ester etc. The structures of some of the bioactive chemical 
compounds are shown in Fig. 5.  

 
                                                                                                  Time (Mins.) 

Figure 4. Chromatogram of volatile compounds of T. pachysiphon leaf 

 
Table 2: Bioactive compounds in T. pachysiphon methanol leaf extract 

Peak 
Num. 

Retention 
Time Area Peak Area 

(%) Height Height
% A/H 

Name of 
Compound 

(Constituent) 

1 26.584 71163 0.09 16422 0.12 4.33 
Phthalic acid, 
ethyl pentyl 

ester 
2 30.595 31132 0.04 11914 0.09 2.61 Propane 

3 30.851 37194 0.05 18011 0.13 2.07 Pentanoic acid, 
2-methyl- 

4 34.253 134521 0.17 47832 0.35 2.81 

2-
(2',4',4',6',6',8',

8'-
Heptamethyltet
rasiloxan-2'-y 

5 36.754 2314114 2.91 737134 5.38 3.14 
Hexadecenoic 
acid, methyl 

ester 
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6 38.592 253355 0.32 74813 0.55 3.39 

2-
(2',4',4',6',6',8',

8'-
Heptamethyltet
rasiloxan-2'-y 

7 41.288 1300072
2 16.35 3676453 26.82 3.54 

9,12-
Octadecadieno
ic acid (Z,Z)-, 
methyl ester 

8 41.469 1523591
1 19.17 4232968 30.89 3.60 

9-
Octadecenoic 
acid, methyl 
ester, (E)- 

9 41.592 406786 0.51 99316 0.72 4.10 

6-
Octadecenoic 
acid, methyl 
ester, (Z)- 

10 42.130 1000514 1.26 302490 2.21 3.31 Methyl 
stearate 

11 42.584 460671 0.58 108772 0.79 4.24 Methoprene 
12 43.624 67666 0.09 17571 0.13 3.85 1-Octadecyne 
13 44.150 8084 0.01 3380 0.02 2.39 1-Tridecyn-4-ol 

14 46.217 799068 1.01 150764 1.10 5.30 Cyclopentadeca
none, oxime 

15 46.428 159768 0.20 33670 0.25 4.75 14-
Heptadecenal 

16 47.054 99756 0.13 31285 0.23 3.19 
Methyl 2-

hydroxydodecan
oate 

17 49.164 164729 0.21 44614 0.33 3.69 1-Octadecyne 
18 49.292 207023 0.26 58195 0.42 3.56 1-Octadecyne 

19 49.572 614100 0.77 169557 1.24 3.62 
Cyclononasiloxa

ne, 
octadecamethyl- 

20 50.247 1448690 1.82 334895 2.44 4.33 
Z,Z-8,10-

Hexadecadien-
1-ol 

21 50.367 4659702 5.86 569101 4.15 8.11 

9-Octadecenoic 
acid, 1,2,3-
propanetriyl 

ester, (E 

22 51.299 50300 0.06 38106 0.28 1.32 
Dichloroacetic 
acid, 4-tridecyl 

ester 

23 51.611 345252 0.43 64002 0.47 5.39 Lauroyl 
peroxide 
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Table 2: Bioactive compounds in T. pachysiphon methanol leaf extract (continue) 

24 52.724 777478 0.98 217614 1.59 3.57 

Cyclononasilo
xane, 

octadecamethy
l- 

25 54.885 647612 0.81 160491 1.17 4.04 
Z,Z-8,10-

Hexadecadien-
1-ol 

26 54.972 1422263 1.79 285774 2.09 4.98 

9-
Octadecenoic 
acid, 1,2,3-
propanetriyl 

ester, (E 
27 55.143 47764 0.06 23573 0.17 2.03 1-Octadecyne 
28 55.475 179672 0.23 22197 0.16 8.09 Undecanal 

29 55.687 1128589 1.42 266811 1.95 4.23 

Cyclononasilo
xane, 

octadecamethy
l- 

30 57.389 2359984
5 29.69 1230741 8.98 19.14 

Dodecanoic 
acid, 1,2,3-
propanetriyl 

ester 

31 58.462 4766783 6.00 392591 2.86 12.14 

d-Mannitol, 1-
O-(22-

hydroxydocosy
l)- 

32 61.579 5352187 6.73 264508 1.93 20.23 

Dodecanoic 
acid, 1,2,3-
propanetriyl 

ester 

  7949241
4 100.00 13705565 100.00   

*Peak area = % composition of compound in the leaf extract; Num. = Number; A/H = Area/Height  
 
3.2 Discussion 
Results presented in Fig. 2 show the demographic characteristics of the population surveyed in this study. 
The findings indicate that more women than men use T. pachysiphon-based herbal medicines. This is in 
strong agreement with observations of Onyipat et al. [34] in Enugu, southeast Nigeria, but inconsistent with 
the views of Aina et al. [35] where men dominated the usage of herbal medicine in Ibadan, western Nigeria.  
Data from this study indicated that middle-aged people were largely involved with preparations and usage 
of T. pachysiphon as medicine in the study area. This is, however, not consistent with the reports of Aina 
et al. [35] where usage of herbal medicines was common amongst the elderly who are above 70 years old.  
On the other hand, findings from this study where respondents with religious background in orthodox 
Christian and traditional faith systems used more of herbal medicine is also in accord with the views 
expressed in previous studies [35]. 
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This study also showed that the usage of traditional medicine is higher amongst natives with little or no 
formal education, a view sustained   by submissions of earlier findings [35,36]. Ethnicity, education, 
employment and family size and financial status have been reported as some of the principal predictors of 
usage of traditional medicines amongst aborigines [37]. Findings in this survey indicated that Yoruba 
migrants who dwell in the Kingdom were less likely to use T. pachysiphon recipes compared to their Igbo 
and Ibibio counterparts who make up the majority of inhabitants of the Kingdom. This observation is in 
strong agreement with previous reports [35].  
 
Moreover, findings from this study indicated that respondents with less than secondary education were 
more likely to use herbal medicines to assuage disease conditions, this view aligns with observations made 
by previous workers [35-37]. Some workers were of the view that usage of traditional medicine was 
common amongst traders and artisans [36]. This aligns with findings from the current study, where farmers 
and traders were the dominant groups engaged in the preparation and use of T. pachysiphon-based recipes 
for treating medical conditions. 
Additionally, earlier studies have reported that affordability, accessibility, and efficacy are the primary 
drivers behind the widespread use of herbal medicines in local environments. Given the absence of modern 
private or public healthcare centers and clinics in the Kingdom, these factors likely explain the high 
utilization of traditional medicines, including T. pachysiphon recipes, among the surveyed population. 
 
The results presented in Table 2 indicate that the traditional medicine men of the study area use all parts 
(leaves, stem and bark and seeds) of T. pachysiphon as medicine against wounds, metabolic and 
pathological diseases.  Amongst the many diseases for which the plant finds medicinal use include 
dementia, tumors, malaria, dysmenorrhea, fevers, diabetes, stomach troubles, syphilis and gonorrhea, and 
other venereal diseases as well as scabies amongst other skin diseases. 
 

a.  
 

b.  
 

c.  
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k.  
 

l.  
 

m.  
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Figure 5. Structures of some bioactive chemical compounds from Tabernaemontana pachysiphon leaf. a. Phthalic acid, b. 2-
(2',4',4',6',6',8',8'-Heptamethyltetrasiloxan-2'-y; c. 2-(2',4',4',6',6',8',8'-Heptamethyltetrasiloxan-2'-y, d. 9, 12-Octadecedienoic 
acid ME, e. 9-Octadecanoic acid ME, (E)-, f. Cyclononasiloxane, g. 9-Octadecenoic acid, 1,2,3-propyltryl, h. 6-Octadecenoic 

acid, i. Methaprene, j. Hexadecanoic acid ME, k. Cyclopentadecanone,  l. lauryl peroxide,  m. Dichloroacetic acid, n. 
Dodecanoic acid, o. d-mannitol. 

 
In the case of fevers, the plant leaves alone or in conjunction with other parts of the plant are decocted and 
used in the early hours of the morning to steam the body of the patient, followed by a bath, and a cup (100 
ml) of the decoction taken twice daily. Latex from the leaves and stem bark is used as a styptic, and in some 
cases, a poultice prepared from the leaves, twigs, and stem bark is applied to palliate wounds, lacerations, 
sores, and to promote the healing of ulcers. The plant is also prepared as tea or hot infusions to alleviate 
dementia, insanity, and other mental health conditions. 
Other respondents agreed to prescribing the plant as a gin-based recipe (elixirs, macerations) of the stem or 
root bark for matters suspected to be venereal diseases such as herpes, gonorrhea and syphilis, enteric fever, 
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stomach aches, and dysmenorrhea. This agrees with the reports of Omino and Kowaro [3] and Elia [1] that 
tropical natives use preparations of members of this genus to treat venereal, abdominal and skin diseases 
amongst several other ailments.  
In conditions relating to diabetes for example, data obtained indicate that the seeds are ground and mixed 
with coconut (Cocos nucifera) water and consumed about 50 ml thrice daily.  While leaf juice is applied to 
itching skin, decoction or infusion of the leaves is drunk to palliate ringworm, scabies and other irritation 
of the skin. These findings are also consistent with the submissions of Elia [1], who reported the use of T. 
pachysiphon in the treatment of scabies. 
For issues suspected to be toxicity from ingesting contaminated substance or poison as a result of snake 
bites, centipede or scorpion stings on the other hand are treated by mixing leaf juice of the plant with honey 
and given to the patient to neutralize and induce vomiting of the poisonous substances or their mucilaginous 
derivatives. This is congruent with the views of Vineetha et al. [33] who noted that in Brazil, Singapore and 
elsewhere, roots, leaves and flowers T. alternifolia, T. divaricarta (L.) R.Br. ex Roem. Schult. and T. 
catharinensis (A. DC) are used by native Latin Americans and Asians for the treatment of snake bites such 
as the Indian cobra, Echis carinatus and scorpion stings.  
Members of Apocynaceae remain one of the primary sources of medicines used in traditional healthcare 
systems of the tropics to treat numerous diseases including infections, tumors and cancers [24]. Data from 
this survey showed that all parts of the plant are decocted or macerated in local gin (kai kai) and taken to 
ameliorate hyperglycemia, and to deflate tumors or for arresting development and spread of carcinomas; a 
view which is in strong accord with the reports of several other previous researchers [4,38-39].  
Additionally, alcoholic extracts of leaves and/or root and stem bark of the plant is also used by the native 
as analgesic against joint aches, and body pains. Edinoff [10] found alkaloidal isolates from 
Tabernaemontana sp. as a chronic pain killing compound. This lends support to the use of  T. pachysiphon 
preparations by natives of the study Kingdom as analgesic as seen in this study.  
The findings from this study are also consistent with Boligon [40] who reported that Tabernaemontana 
species play important role in complementary medicine of tropical countries, by minimizing oxidative 
stress-induced diseases, inflammations and tissues damages. Toxicity evaluations revealed that aqueous 
root bark extract of T. pachysiphon (5g/kg) induced neither death nor observable toxicity in mammals [41]. 
Similarly, fluorescent organoleptic and elemental analysis of the leaves, stem and latex of its close relative, 
T. ventricosa Hochst. ex. A.DC., vindicated the genus of noxious compounds [6]. 
 
Data from this survey indicate also that traditional medicine men and natives of the Kingdom use water, 
local gins and honey to prepare their T. pachysiphon medicines. This is consistent in part with the view 
expressed by some workers about solvents for making traditional medicines as reported by Abduralman 
and Kolawale [42] and Mgbeahuruike [27]. However, the use of honey as a medium to prepare herbal 
recipes as noted in this study is divergent from their submissions.   
 
Several bioactive fatty acids and volatile compounds have been identified and characterized from aqueous 
and organic extracts of many genii of higher plants including Tabernaemontana species [43-46]. In this 
study, different bioactive chemical compounds were identified as shown in the chromatogram of T. 
pachysiphon (Table 1). The predominant compounds were dodecanoic acid 1,2,3-propanetriyl (lauric acid) 
(29.68%), 9-octadecenoic acid methyl ester (oleic acid) (19.17%), and 9,12-octadecadienoic acid (Z,Z)- 
methyl ester (linoleic acid) (16.35%). Oleic, α-linoleic and pentadecanoic acids were also found to be major 
bioactive fatty acids in GC-MS analysis of hexane and methanol leaf, stem and latex extract of T. ventricosa 
and T. pachisiphon [20]. In parallel studies, different solvent extracts of the leaves and seeds oil of 
Cnidoscolus aconitifolius, Entandrophragma angolense, Ajuga relicta, and bitter apple afforded 9,12-
octadecadienoic acid (Z,Z)- methyl (43.20-50.3%), oleic and palmitic acids (23.51-29.50%) amongst others 
as the most abundant constituents of the plant materials [46-49]. These results are in tandem with findings 
in this study where these volatile compounds were detected abundantly in T. pachysiphon leaf (Table 2).   

https://pubmed.ncbi.nlm.nih.gov/24660464/
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.855.9236&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.855.9236&rep=rep1&type=pdf
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Data from this study indicated that dodecanoic (lauric) acid was the highest occurring compound in 
methanol leaf extract of T. pachysiphon in this study (Table 2). This is however, not in accord with reports 
of previous workers where n-hexadecanoic acid an analogue of octadecanoic acid [44] had the highest peak 
areas ranging between 11.18-27.49% in methanol stem, leaf and flower extracts of T. pachysiphon and T. 
divaricata [19-21,43]. Differences in age, genetic constitution, parts of Tabernaemontana species, 
geographic origin, type of extracting solvent, or particle size of the plant powder used in this study may 
explain the disparities in type and amount of constituents afforded by the test plants.  
Strong biological and antimicrobial activities have been attributed to 9, 12-Octadecadienoic acid (Z, Z) - 
methyl ester, 9-Octadecenoic acid methyl ester, and Dodecanoic acid 1, 2, 3-propanetriyl), the predominant 
ingredients afforded by T. pachysiphon in this study [30,50]. Linolenic acid (9, 12-octadecadienoic acid (Z, 
Z) - methyl ester, has been associated with hepato-protective, anti-acne, anti-inflammatory, anti-cell 
proliferation, and anti-cancer activities [19]. Hexadecanoic and n-hexadecanoic (palmitic) acids which are 
analogues of linolenic acid, exhibits antioxidant, anti-diabetic, anticancer, antimicrobial, anti-enzyme and 
anti-viral activities [19,44-45]. Hexadecanoic acid present in significant amounts in aqueous root and fruit 
extracts of Carica papaya L., was fingered for recovery of diabetic rat exposed to aqueous root treatment 
of C. papaya in a trial [44-45]. Natives in the present study area use T. pachysiphon for the treatment of 
diabetes, and these esters may be responsible for its medicinal efficacy against the disease. 
High concentration (29.68%) of lauric acid (dodecanoic acid 1, 2, 3-propanetriyl) was recorded in methanol 
extract of T. pachysiphon in this study. Kernels of Cocos nucifera L. and Elais guineense Jacq. kernel oils 
are rich in dodecanoic acid 1, 2, 3-propanetriyl [51-52]. This ester compound was reported to demonstrate 
strong antimicrobial and antibacterial potentials against a wide array of bacteria, as well as antiviral 
activities against HIV-I and HIV-II, HSV-I and II, measles virus, and human stomatitis virus etc. [53]. It is 
also thought to inform the protective properties of breast milk in neonates. In addition, antibacterial activity 
against medically important bacterial pathogens including S. aureus, S. epidermidis, Streptococcus 
agalactiae, E. coli, Chlamydia pneumonia, Propionibacterium acne due to this ester have been documented 
[54-55]. Lauric acid (5%) exhibited potent anti-Streptococcus sp. and S. aureus activity comparable with 
ciproxacin. The growth and reproduction of Candida albicans was also retarded by this compound in vitro 
[56-57]. In crop protection, this ester effectively impeded mycelial growth of Rhizoctonia solani and 
Pythium ultimum in vitro and barred expression of powdery mildew (Blumeria graminisi f. sp hordei) of 
bailey plants in the field [58]. These compounds may be the major reasons underscoring the fungitoxic and 
antimicrobial effects of this plant against ringworms and diarrhea amongst others in ethno-medicine. 

Earlier investigations revealed the presence of hexadecenoic acid, octadecane and oleate in A. flourubunda 
[59] and hexadecenoic acid methyl ester, 1,2,3-propanetriiyl ester (12.8%) from oil fraction of Alstonia 
boodei [60-61]. These compounds were also identified in varying concentrations in this study. Several of 
the volatile compounds identified in this study such as phthalate, hexadecenoic acid methyl esther, 
cyclononasiloxane octadecamethyl, dichloroacetic acid (DCA), 6-Otadecenoic acid and lauryl peroxide 
possess significant antifungal activities (Table 2). Antifungal activity of some of these compounds against 
Aspergillus fumigatus has been reported to be due to oxidation of carbon-hydogen bond, altering radical 
chemistry, nucleophilic substitution and electrophilic ring opening [62]. Similarly, a recent evaluation of 
the volatile constituents of the seed oil attributed its antibacterial activity against species of Kiebsiella and 
Salmonella to 11-octadecenoic acid methyl ester [47].  
 
Cyclononasiloxane octadecemethyl was identified in this study on T. pachysiphon (Peaks 19, 24, 29) The 
compound was associated with anti-cancer, anitioxidant, antibacterial, and antifungal activities [31,63]. 
Cyclononasiloxane octadecemethyl was implicated for impeding the growth and development of 
Penicillium digitatum, Fusarium solani, Aspergillus niger and Borytis cinerea by oil of Marribium vulgare 
[64]. 
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GC/MS analysis of n-hexane extracts of neem leaf, stem and root barks besides affording 11-octadecenoic 
and 13-octadecenoic acids, also yielded dibutyl phthalate, and oxime. These compounds amongst others 
demonstrated significant antifungal activity [65-66].  

Similarly, lauryl (benzoyl) peroxide is an anti-acne, bleaching and oxidizing agent [67]. It showed superior 
antibacterial activity against Proteus species, S. aureus and Pseudomonas aureginosa over gentamicin and 
phenoxyethanol which are known antibacterial agents [68]. Phthalic acid (ethyl pentyl ester) recorded in this 
study (Table 2) is associated with strong anti-enzyme and antioxidant activities. The compound in previous 
crop protection studies has shown anti-enzyme activity against several enzymes including chitinases 
responsible for degrading the chitin exo-skeleton during pre-molt phase in insects [69]. These workers 
found that diethyl phthalate and dibutyl phthalate were fungitoxic to Aspergillus sp., Fusarium spp., Candia 
spp., Drechslera haloides, Alternaria sp. and Rhizoctonia solani [70-72].  This activity was thought to be 
due to infringement of the actions of the extracellular enzymes of the fungus that played important roles in 
its nutrition and growth [69]. Similarly, the anti-enzyme activity against pyruvate dehydrogenase kinase 
(PDK), anti-cancer and antifungal activities against Rhizoctonia solani and F. oxysporum of dichloroacetic 
acid (DCA) recorded for T. pachysiphon (Table 2) have been reported. DCA has been identified from 
hexane extract of marine macroalgae [73]. The mechanism of action of this compound is linked to pyruvate 
dehydrogenase kinase inactivation, and fostering oxidative phosphorylation in target organs [63]. Its 
anticancer activity is suggested to hinge on depolarizing abnormal cells in the mitochondria of glioblastoma 
cancer cells leading to induced apoptosis amongst others [74]. The compound also played roles reducing 
lactate levels in Leigh syndrome patients. Z, Z, 8, 10-hexadecenoic acid (Table 2) has been reported as an 
important steroid compound, having similar activity to pheromones against insect pests [75-76]. As a result, 
it could be useful as eco-friendly insect attractant in integrated pest management (IPM) programs. 
Unfortunately, most of these compounds were identified at slightly sizeable or trace quantities in T. 
pachysipon. Medicinal plants contain a wide spectrum of chemical compounds known to act jointly or 
synergistically to bring about resultant effects that usually surpass total activity of any one single constituent 
[6,43].  Presence of some these compounds [77] in the test plant used in this study may have contributed to 
medicinal actions of the test plant in the indigenous medical practices of people of the Kingdom and its 
environs. 

 
 
The results of this study indicate that T. pachysiphon is used in the herbal medicine practices of people of 
Ekebedi ancient Kingdom and its environs. The plant is used in the treatment of various diseases including 
fevers, pains, malaria, inflammatory conditions, diabetes, tumors, dementia, syphilis, scabies, and 
pathogenic infections etc.  

Crude medicinal recipes are prepared in various forms, such as infusions, decoctions, alcoholic macerations 
in local gin (kai kai) or leaf juice mixed with honey in cases involving snake and centipede bites or scorpion 
stings. The study found that more women than men, farmers/traders, people with no education or that has 
primary education, orthodox Christians or traditional worshippers and grossly of Igbo or related ethnicity 
utilized T. Pachysiphon as medicine more. GC-MS signature carried out on the methanol leaf extract of the 
plant identified a large spectrum of fingerprinting consisting of 32 bioactive compounds in the leaf extract. 
To the best of our knowledge this is the first time that the spectrum of fatty acids components of leaf of T. 
pachysiphon is being reported. These fatty acid ingredients likely contribute to and underscore, at least in 
part, the plant's efficacy and relevance in the folk medicine practices of the Kingdom's people. 

 

 

4. CONCLUSION 
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The prevailing increase in the search for bio-preservatives in the food industry has raised global concern. 
Biological substances with health benefits and no toxicity are considered as alternatives to the chemicals in 
food processing. Bacteriocins, which are proteinaceous substances with preservative properties, are now 
gaining attention in this regard and the search for new organisms for production is becoming global. This 
study focuses on the analysis of bacteriocinogenic activity of a local strain of Lysinibacillus fusiformis 
NR_042072.1 isolated from fresh cow milk obtained from Gaa Mobolohunduro, Tanke, Ilorin, Kwara State, 
Nigeria. Lactic acid bacteria were isolated from cow milk, characterized and identified using standard 
microbiological methods. Bacteriocin was extracted from the isolate, partially purified, and characterized 
using standard methods; and the antibacterial activity against some foodborne bacteria which are 
Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa and Bacillus subtilis was determined 
using agar-well diffusion method. The effect of certain physicochemical parameters on the antibacterial 
activity of the bacteriocin was also determined. The isolate was identified as Lysinibacillus fusiformis 
NR_042072.1. The bacteriocin showed antibacterial action against E.  coli and P. aeruginosa with a zone 
of inhibition of 17.0±0.5 and 20.0±1.0 mm, respectively. The bacteriocin was active within temperatures of 
4-50 °C, pH 5-7.5, bile salts concentration of 0.6-1.0 % and in the presence of the enzymes trypsin and 
pepsin. In conclusion, the bacteriocin produced by Lysinibacillus fusiformis NR_042072.1 could control 
food spoilage caused by the test organisms. 
 
Keywords: Bacteriocin, Fresh Cow Milk, Lysinibacillus Fusiformis, Antimicrobial Action, Food 
Preservation. 
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The menace of food spoilage and foodborne diseases with devastating effects on food production and 
consumers have become a global challenge. On the other hand, the method of food preservation with 
chemicals has been reported to be toxic and highly risky, hence, creating more problems than it solves. 
Research on food preservation has recently been focused on the search for alternative bio-preservatives to 
ameliorate the health challenges posed by chemicals used in food preservation.  

Bacteriocins are protein substances with no toxic implications on humans but effective as an 
antibacterial agent. (Kaur-Sidhu and Nehra, 2021; O’Connor etal., 2020). They are reported to be selectively 
toxic on food spoilage microbes without self-destruction of the producing bacteria because they possess 
self-defensive proteins (Kaur-Sidhu and Nehra, 2021).  

Bacteriocins produced by the lactic acid bacteria are generally considered as safe in food and have a 
high potential to inhibit proliferation and destroy other spoilage bacteria and pathogens in food and thus 
extend shelf life of food. They are also very stable in food (Johnson et al., 2018; Colombo et al., 2018; Kaur 
Sidhu and Nehra, 2021). Their bactericidal effect is through lysis of cell wall and membrane, destruction of 
DNA and prevention of protein synthesis (Meade et al., 2020; Yang et al., 2014). Bacteriocins have been 
naturally found and consumed in fermented foods throughout human history hence the renewed effort on 
their development and application in food (O’Connor et al., 2020). However, to date, there are few 
commercialized acceptable bacteriocins such as leucocin A, nisin, enterocins, pediocin and microgad (Kaur 
Sidhu and Nehra, 2021; Raj et al., 2021). 

Lysinibacillus fusiformis is a member of the family Bacillaceae in the phylum Fermicutes. The 
bacterium is found in many habitats including soil, plants, and in animals (Hashmi et al., 2020). Species in 
the genus Lysinibacillus are notably recognized by the presence of a polyphasic cell wall peptidoglycan 
(Hashmi et al., 2020). Many Bacilli have been studied for their biotechnological potential; in the list are 
Pediococcus acidilactici, Lactococcus lactis, Streptococcus and Lactobacillus species have been employed 
in bacteriocin and dairy beverages production (Raj et al., 2021) but the antibacterial bacteriocin production 
potential of Lysinibacillus has received less attention. The current research is aimed at isolating and 
identifying bacteriocin-producing organisms for use as alternative to chemical in food bio-preservation.   

 
 

Source of BacteriaTest Strains  

Four common foodborne bacteria strains, namely, Staphylococcus aureus, Bacillus subtilis (Gram positive) 
Pseudomonas aeruginosa and Escherichia coli (Gram negative) isolated from spoiled food were procured 
from the culture collection centre of the Microbiology Department, University of Ilorin, Ilorin, Kwara State, 
to study the antibacterial activity of the bacteriocin produced by the isolated strain. 

Isolation and Identification of Lactic Acid Bacteria 

Bacteria were isolated from raw milk samples using De Man, Rogosa and Sharpe (MRS) agar (Merck-
GranuCult-110660). Plates were incubated at 370C for 48 hours. The pure colonies of isolates obtained were 
maintained on agar slants at 40C for further research (Sidhu and Nehra, 2020). Lactic acid bacteria obtained 
were subjected to molecular identification using 16S rRNA gene amplification technique. DNA was 
extracted from the isolate using a genomic DNA extraction kit, and universal primers (27F and 1492R) 
were used to amplify the conserved region of 16S rRNA gene (Sidhu and Nehra, 2020). The pure PCR 
product was to obtain a consensus sequence using Bioedit software (Hall, 1999). The isolate was confirmed 
by comparing the homology of the resulting consensus sequence with a database of NCBI using BLAST 
(Altschul, 1997; Altschulet al., 1990), ascension number was obtained from NCBI for the isolate, and 
phylogenetic tree showing relatedness was also constructed using the BLAST results. 

1. INTRODUCTION 

2. MATERIALS AND METHODS 
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Extraction and Partial Purification of Bacteriocin  

Crude bacteriocin was extracted from the isolate following the modified method of Yang et al. (2012). A 
48-hour old culture of the isolate was subjected to centrifugation at 10, 000 rpm for 15 min at 40C to obtain 
cell-free supernatant (CFS). The pH of the CFS was adjusted to 6.0 using 1N NaOH. It was partially purified 
by precipitating crude bacteriocin-900 ml (prepared from 1 L MRS broth) with 429.96 g of ammonium 
sulphate up to 70% saturation levels overnight at 4°C. The mixture was centrifuged at 4000 rpm for 1 hour 
and the surface and bottom pellicles were harvested and resuspended in sodium phosphate buffer (50 mM, 
p H 6.5) (Goyal et al., 2018). The solution was filtered using a Millipore filter (0.22 µm) paper.  

Determination of Antibacterial Activity of Partially Purified Bacteriocin 

The antibacterial screening of the partially purified bacteriocin produced by the isolate was carried out using 
Agar-well diffusion method (Chen et al., 2019), Exactly 0.1 ml of one day old culture of the test bacteria 
were seeded on to already solidify Mueller Hilton agar plates after the cultures have been adjusted to 0.5 % 
Mcfarland turbidity (containing approximately 1.5 x 108 CFU/ml). Wells bored in the plates were filled 
with 50 µl of the bacteriocin. The plates were incubated at 37 0C for 18 hours. Zones of inhibition around 
the test organisms were measured in millimetres using a scale rule. Bacteriocin activity was determined in 
terms of the diameters of the zones of inhibition around the wells against the test bacteria. 

Effect of Enzymes on Stability of Bacteriocin 

The stability and activity of bacteriocins in the gut are affected by the presence of digestive enzymes 
secreted into the environment for proper digestion of food. Hence, the stability of the partially purified 
bacteriocin in the presence of some enzymes was determined to mimic gut condition as described by Zhang 
et al. (2018). The bacteriocin was treated with 1 mg/ml of trypsin, pepsin and α-amylase. The mixtures 
were incubated at 370C for 2 hours and heated for 10 min at 95 0C. The treated bacteriocin was screened 
for antibacterial potency against the test organisms using agar-well diffusion method.  

Thermal Stability of Bacteriocin 

The thermal stability of the bacteriocin was determined by incubating the solution at temperatures of 4 –
800C for 15minutes (Elayaraja et al., 2014). Effect of temperature on the antibacterial potency of the 
bacteriocin was determined against the test organisms using agar-well diffusion method. 

pH Stability of Bacteriocin 

To study the effect of pH on the bacteriocin, the pH of the bacteriocin was adjusted to between 3.0 and 11.0 
using 1 N HCl and 1 N NaOH. The mixture was incubated for 30 minutes at 37 0C (Miao et al., 2014). The 
effect of varying pH values on the antibacterial activity of the bacteriocin was determined against the test 
organisms using agar-well diffusion method.  

Effect of Bile Salts on The Stability of The Bacteriocin 

The effect of bile salts on the bacteriocin was studied by adding bile salts of concentrations of 0.1 to 0.6%. 
The solution was incubated for 30 minutes at 37°C. The effect of varying bile salts concentrations was 
determined against the test organisms using agar-well diffusion method. Bacteriocins without the bile salts 
were set as control (Tambekarand Bhutada, 2010). 

Statistical Analysis 

The data was shown as the mean ± standard deviation (SD, n = 5). The results obtained was analysed using 
SPSS 18.0 program for Windows (Munich, Germany). 
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Isolation and Identification of Bacteriocin Producing Strain 

The isolate was a Gram-positive, catalase- negative, and oxidase-negative bacillus. Sequencing of the 
amplified 16S rRNA gene and its homology search using BLAST identified the isolate to be L.  fusiformis 
(Figure 1). The ascension number NR_042072.1 was assigned. The agarose gel electrophoresis of 16SrRNA 
amplified genes from L. fusiformis NR_042072.1 was presented in Figure 2. 

 

Figure 1. Phylogenetic tree of 16S rRNA gene L.  fusiformis NR_042072.1 strain 

 

Figure 2. Agarose gel electrophoresis of 16SrRNA amplified genes from L. fusiformis NR_042072.1 (L5) 

 

3. RESULTS 
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Antibacterial Activity of L.  fusiformis NR_042072.1 on Test Organisms 

The bacteriocin L.  fusiformis NR_042072.1 was only potent against two of the test bacteria which were E. 
coli and P. aeruginosa (Table 1). A zone of inhibition of 20 mm was obtained against P. aeruginosa while 
17 mm was recorded against E.  coli.   

Table 1. Antibacterial Activity of Bacteriocin from L.  fusiformis NR_042072.1 on Test Organisms Measured by the Diameter 
of Zones of Inhibition (mm) 

Test Organisms E.  coli S.  aureus P.  aeruginosa B. subtilis 

Zone of Inhibition 17±0.5 - 20.0±1.0 - 

Key: -=Negative 

Characterization of Partially Purified Bacteriocin  

Effect of Enzymes on Bacteriocin Produced by L.  fusiformis NR_042072.1 on Test Organisms 

The bacteriocin became active against S.  aureus (Table 2) after treatment with enzymes. The presence of 
the enzymes enhanced the bactericidal activity of the proteinaceous bacteriocin. 

Table 2. Effect of Enzymes on the Antibacterial Activity of Bacteriocin from Lysinibacillus fusiformis NR_042072.1 on Test 
Organisms Measured by the Diameter of Zones of Inhibition (mm) 

 

Test Organisms 

 

E. coli S.  aureus P.  aeruginosa 

 

B.  subtilis 

 

Enzymes 

α –Amylase 21.5±0.5 - 19.0±1.0 - 

Pepsin - 23.0±1.0 21.0±1.0 - 

Trypsin - 22.5±0.5 - - 

Key: - =No activity 
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Effect of Temperature on Bacteriocin Produced by L.  fusiformis NR_042072.1 on Test Organisms  

The bacteriocin produced by L.  fusiformis NR_042072.1 was stable over a wide range of temperature 
(Table 3). The bacteriocin was still potent against the test bacteria at a relatively high temperature of 500C; 
however, there was no activity at 800C. 

Table 3. Effect of Temperature on the Antibacterial Activity of Bacteriocin from L.  fusiformis NR_042072.1 on Test Organisms 
Measured by the Diameter of Zones of Inhibition (mm) 

Test Organisms E. coli S. aureus P. aeruginosa B.  subtilis 

Temperature 

(0C) 

4 20.0±1.0 - 16.5±0.5 - 

20 - - 18.5±0.5 - 

30 - 17.5±0.5 - - 

50 20.0±0.0 21.5±0.5 - 20.5±1.5 

80 - - -  

Key: -=Negative 

Effect of pH on Bacteriocin Produced by L.  fusiformis NR_042072.1 on Test Organisms   

The activity of the bacteriocin was better enhanced at pH 5 and 7.5. There was no effect at pH 9. The 
bacteriocinogenic activity was more pronounced at weakly acidic and near neutral pH (Table 4). 

Table 4. Effect of pH on the Antibacterial Activity of Bacteriocin from L. fusiformis NR_042072.1 on Test Organisms Measured 
by the Diameter of Zones of Inhibition (mm) 

Test Organisms E. coli S. aureus P. aeruginosa B. subtilis 

pH 

5.0 12.5±0.5 - 22.5±0.5 - 

7.5 18.0±0.0 - 25.0±1.0 - 

9.0 - - - - 

Key: - =No activity 
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Effect of Bile Salts on Bacteriocin Produced by L.  fusiformis NR_042072.1 on Test Organisms   

Antibacterial activity of bacteriocin produced by the L. fusiformis NR_042072.1 was stable after treatment 
with 0.6% and 1.0% of bile salts, though the activity was reduced (Table 5).  

Table 5. Effect of Bile Salts on the Antibacterial Activity of Bacteriocin from L.  fusiformis NR_042072.1 on Test Organisms 
Measured by the Diameter of Zones of Inhibition (mm) 

Test Organisms Escherichia coli 
Staphylococcus 

aureus 

Pseudomonas 

aeruginosa 
Bacillus subtilis 

Bile  

salt (%) 

0.6 10.5±0.5 - 11.5±0.5 - 

0.8 - -  - 

1.0 12.0±0.0 11.0±1.0 12.0±0.0 - 

Key: - =No activity  

 
The present investigation highlights the production, characterization, partial purification and antibacterial 
potency of bacteriocin from Lysinibacillus NR_042072.1. The presence of pathogenic organisms in food 
and their toxic metabolites have been variously reported as a major cause of food related illnesses 
worldwide. Infections from Foodborne pathogens have become more prevalent in recent decades due to 
industrialization in general and dependence on ready to eat street-vended foods.  

Lactic acid bacteria have been positively identified as a reliable source of bacteriocins to prevent pathogens 
from surviving and multiplying in food (Zoghi et al., 2021). The obtained phylogenetic tree proved that the 
isolated bacterium was close to L. fusiformis (NR_042072.1). Bacteriocin produced by the Lysinibacillus 
NR_042072.1 was potent on two of the test organisms (E. coli and P. aeruginosa) but less active against S. 
aureus and B. subtilis.  

Bacteriocins are generally known to be more effective against closely related Gram-positive species; 
however, the findings of this study were contrary. The work of Sidhu and Nehra (2020); De-Giani et al. 
(2019) reported the possibility of similar trend antibacterial activity of bacteriocin from bacteria. The 
activity of bacteriocin through mechanisms such as creating pores in cell envelope, inactivating anionic 
carrier and enzyme activity, and pore formation in cell membrane could have aided the activity against the 
Gram-negative bacteria whose outer cell wall is resistance to the action of bacteriocin.  

The bacteriocin became more potent after it was exposed to proteolytic enzymes. It became active against 
S. aureus (Table 2) against the bacteriocin not exposed to the enzymes. The presence of the enzymes 
supposedly contributed to its antibacterial effect. The bacteriocins and enzymes are proteinaceous material 
and a level of synergy in action is advantageous to bacteriocin’s potency. The enzyme amylase, pepsin and 
trypsin are secreted naturally in the gut to aid food digestion, the bacteriocin must be relatively stable in the 
presence of these enzymes if there will be any activity. Contrary to this finding was the report of Sidhu and 

4. DISCUSSION 
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Nehra (2020); Zhang et al. (2018); Elayaraja et al. (2014) on partial and complete loss of antibacterial 
potency of bacteriocins after exposure to enzyme treatment. The enhanced ability of the bacteriocin against 
the test organisms after treatment with the enzymes confirms its proteolytic nature.  

The antibacterial potency of the bacteriocin was most prominent between temperatures of 4-500C, with 
500C as the optimum. Though it was still stable at 800C, there was no antibacterial potency at this very high 
temperature. Bacteriocins been protein are heat sensitive and are denatured at high temperature. The 
potency of the bacteriocin between 30-500C is desirous because this shows that it will be active in the human 
digestive system and in food processing. A similar submission was made by Sidhu and Nehra (2020) on 
loss of potency at high temperatures. On the contrary, Zhang et al. (2018) reported that bacteriocin Lac-
B23 retained its antibacterial effect at an extremely high temperature of 1210C. In another study, bacteriocin 
from species of Lactobacillus remained active after heat treatment (Moghaddam et al., 2006). The variation 
in activity observed could be based on the fact that bacteriocins are unique in their behavior, being protein, 
they are sensitive to heat and the fact that the test organisms were not the same coupled with varied 
environmental questions. However, the bacteriocin obtained in this study was still effective at 500C and 
could therefore be used in food and dairy industry for food preservation at moderately high temperature. 
pH is notable among the factors that affect the antibacterial activity of bacteriocins. From the study, 
bacteriocin produced by L.  NR_042072.1 was limited at high acidic and alkaline pH but more potent around 
pH 5 as the optimum and towards neutrality (Table 4). This observation is similar to the previous authors’ 
report on the stability and activity of bacteriocin at pH around neutral (Sidhu and Nehra, 2020; Zhang et 
al., 2018). In another report, antibacterial activity of bacteriocin was found to vary indirectly with the 
increase in pH until zero activity was detected (Wang et al., 2018).  

The gastrointestinal tract of man and other animals secretes bile salts; which is required for complete 
breakdown of lipids during digestion, bacteriocin must not be inhibited by the bile salts for effectiveness 
hence, the antibacterial activity of the synthesized bacteriocin was tested in the presence of bile salts at 
concentration similar to the gut; the bacteriocin however, was relatively stable and active against the test 
organisms in the presence of bile salts although zones of inhibition were reduced. This observation suggests 
that the bacteriocin could remain stable in the gut if consumed in food and be active against foodborne 
pathogens in the presence of bile salts secreted in the gut. 

 

This study reports the extraction of bacteriocin from lactic acid bacteria L. fusiformis NR_042072.1 isolated 
from fresh cow milk. The bacteriocin displayed antibacterial activity against both Gram-positive and Gram-
negative foodborne pathogens tested suggesting its potential for usability as a bio-preservative in food.  
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Cement production incorporates pozzolanic materials, with fly ash being a common waste utilized for its 
pozzolanic properties. Using fly ash has positive or negative effects on the cement, especially its physical 
and mechanical properties. In this study, the effect of substituting fly ash, a waste product from Tunçbilek 
thermal power plant, one of Turkiye’s major power plants, for cement at 5%, 10%, 15%, 30%, and 50% by 
weight on the 2-, 7-, and 28-days compressive strength, 28-day ultrasonic property, and 150-day porosity 
of cement has been investigated. As a result, in comparison to the Portland cement, a decrease was observed 
in unit weight, ultrasonic properties, and 2-, 7- and 28-days compressive strength. Conversely, an increase 
was observed in porosity. According to the obtained results and EN 197-1 standards, the compressive 
strength of the samples with 5%, 10%, and 15% fly ash are between standard values. 
 
Keywords: Cement, Fly Ash, Compressive Strength, Porosity. 
 

 
 

Cement is a fundamental building block of development. It is commonly mixed with concrete, a key 
material for constructing housing, roads, pipes, airports, and other infrastructures vital for supporting 
economic growth. Also, cement is used in the construction of factories, dams, hospitals, and schools, 
which are vital for the well-being, education, and health of society. After drinking water, cement is the 
second most widely used critical product globally, with over 4 billion tons consumed across various 
sectors annually. The cement industry, with a broad and multi-hued logistics network, contributes 
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significantly to the global economy, accounting for 5.4% of the global GDP and 7.7% of worldwide 
employment. Along with its multiple effects on employment and GDP, it plays a considerable role in 
achieving the United Nations Sustainable Development Goals [1]. 

Globally, there are more than 1,000 cement producers operating over 2,300 integrated cement 
manufacturing plants and more than 600 grinding stations. China has the largest cement production share 
at 57%, followed respectively by India with 7%, Vietnam with approximately 2.2%, and the United States 
with 2%, which collectively produce around three-quarters of the world's cement. Table 1 displays global 
cement production from 2010 to 2020 and key countries in global cement production [2]. 

Table 1. Major countries and production amounts in cement production worldwide from 2010 to 2020 [2] 

 
Country Production 

amount in 2010 
(Million metric 

tons) 

Production 
amount in 2015 
(Million metric 

tons) 

Production 
amount in 2019 
(Million metric 

tons) 

Production 
amount in 2020 
(Million metric 

tons) 
China 1,880 2,350 2,300 2,200 
India 210 270 340 340 

Vietnam 50 61 97 96 
America 67.2 83.4 89 90 
Indonesia 22 65 70 73 
Türkiye 62.7 77 57 66 

Iran 50 65 60 60 
Brazil 59.1 72 54 57 
Russia 50.4 69 56 56 
Japan 51.5 55 53 53 
Egypt 48 55 47 50 

South Korea                          47.2 63 50 50 
 

According to the United Nations, by 2030, housing and basic urban infrastructure will be needed for 
3 billion people, about 40% of the world’s population. Therefore, supporting this sector ensuring the 
supply of essential materials like cement is crucial for meeting this fundamental need in developing 
economies. The International Finance Corporation (IFC) is one of the advocates for these sectors, having 
invested over $3 billion in more than 25 countries over the last 15 years in such projects [3]. 

 
According to the materials mentioned in the above section, cement production is very important, so 

to produce cement, the supply of raw materials is also very important. In recent years, to prevent 
environmental pollution, also to reduce production costs, and increase economic productivity, cement 
producers have started incorporating waste materials such as pozzolanic materials. Mostly these 
pozzolanic materials are produced in other industries. One of these kinds of materials used in cement 
production is fly ash, a waste byproduct from coal-powered thermal power plants [4]. 

Coal-fired thermal power plants account for approximately 41% of global electricity production, and 
in some countries, this percentage may be even higher. Moreover, coal meets around 30% of the world's 
primary energy consumption [5]. With the increasing global demand for energy, coal consumption is 
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increasing too, leading to a significant increase in the production of fly ash (exceeding 600 million tons 
annually). The volume of fly ash produced depends on different elements such as the type of power plant, 
operational methods, type of coal burned, and combustion systems [6]. 

Generally, fly ash constitutes 10-15% of hard coal and 20-50% of lignite coal burned in thermal 
power plants. Approximately 75-85% of the fly ash, along with flue gases, exits the boiler, and this ratio 
may vary from year to year when using different alternative energy production systems. About 25% of 
the produced fly ash is utilized in various industries, such as construction, agriculture, and chemistry, for 
recycling purposes, while the remaining 75% is estimated to be disposed of as waste. The construction 
industry has a principal role in the recycling process of fly ash [7]. 

In Turkiye, coal-fired thermal power plants play a significant role in electricity production and are 
prevalent in most regions. These power plants predominantly use low-calorific value lignite coal and to 
a lesser extent, hard coal as their primary energy source. The ash content in these lignite coals typically 
ranges from 15% to 35%. 

According to data released by the Turkish Statistical Institute, in 2022, thermal power plants in 
Türkiye produced 27.815548 million tons of waste, of which 10512 tons were hazardous. Of the total 
waste, 82.6% consisted of ash and slag waste, while 17% consisted of metal, paper, plastic waste, 
wastewater treatment sludge, and municipal and similar waste. Regarding waste disposal, 87.9% was sent 
to ash disposal areas/ash dams or controlled landfill sites, 11% was sent to waste management facilities 
with appropriate licenses and utilized in the backfilling of mines and quarries, and 0.7% was disposed of 
through other methods [8]. 

Statistically, a significant portion of the mineral waste produced in thermal power plants is fly ash. 
In Türkiye, the utilization of fly ash in various sectors and industries has been low. However, in recent 
years, with the growth of construction industry and the adoption of new cement and concrete standards 
from Europe, new efforts have emerged to increase the use and valorization of fly ash in the cement and 
concrete industries. 

So far, the Tunçbilek thermal power plant is one of the Turkish very important thermal power plants. 
The location of Tunçbilek thermal power plant in Turkiye is shown in Figure 1.  

 
Figure 1. Tunçbilek thermal power plant location in Türkiye 
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Turkiye is one of the leading cement producers in the world, as stated in Table 1. Many cement 
factories in the country are spread over almost all regions of the country. Considering the location of the-
Tunçbilek thermal power plant in the country, it is seen that it is very close to the Marmara Region, where 
the population density of the country is highest. Fly ash, produced as the waste byproduct of the Tunçbilek 
thermal power plant, has an important place in terms of reducing environmental damage and sustainable 
valorization of industrial waste byproducts of the already high net carbon industry.  

Some studies have been done in the literature on the Tunçbilek thermal power plant waste fly ash 
and some studies observing the outcome of using the fly ash on the mechanical properties of Portland 
cement [9-25]. However, no consensus has been reached regarding the effect of utilizing fly ash in cement 
and concrete on compressive strength through these studies. In addition to compressive strength 
parameter, for determining the suitability of cement for use in different construction departments, the 
porosity at long period, ultrasonic properties of the cement and the correlation between these and 
comprehensive strength are of great importance, but these parameters and correlations were not taken 
into account thoroughly in these studies and  

When the general scope and experimental details of previous studies are examined, this research 
stands out by addressing these gaps. In this research, the effect of substituting the Tunçbilek thermal 
power plant fly ash instead of cement in proportions of 5%, 10%, 15%, 30% and 50% by weight on 
parameters such as unit weight, 2-, 7- and 28-day compressive strength, ultrasonic properties,150-day 
porosity of cement, as well as the correlation between these parameters. Furthermore, the fly ash 
substitution ratios in this study differ from those used in earlier research. Therefore, this study aims to 
contribute to the development of sustainable materials by filling these gaps in the literature and aid us to 
figure out how this unwanted industrial by-product affects the performance of construction materials by 
comprehensively examining the mechanical properties of Portland cement containing fly ash, such as 
compression strength and related parameters. In doing so, it aims to foster industrial cooperation and 
facilitate technology transfer, offering new insights into engineering fields such as sustainable material 
use, waste management, and the enhancement of mechanical performance. 

 
 

2.1 Raw Materials 
Cement holds a significant role in advancing the construction and industrial sectors, which has a 

noteworthy importance in the development of Turkiye’s economy. The same can be said with almost all the 
other countries of the world. The cement market, which is used as the foundation stone of large-scale 
construction, infrastructure, and tunnels, especially in Turkiye, is constantly expanding. The continuous 
increase in demand for cement leads to the employment of thousands of people as facilities to expand to 
boost cement production.  

Additionally, Turkiye is one of the leading cement producers worldwide. Turkiye’s prominent 
position in the international market is due not only to the quantity of its production but also to the quality 
of its cement. Moreover, the sector significantly contributes to Turkiye's foreign trade volume. In this 
context, the cement sector makes substantial contributions to Turkiye's industrial development, economic 
growth, and sustainable construction goals. Cement samples produced in Turkiye are going to be used in 
this study. 
 

2. MATERIALS AND METHODS 
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PÇ 42.5 type cement produced in AkçanSA Cement factory, one of the biggest cement 
manufacturers located in Turkiye, was used in all experiments. The most important feature of PÇ 42.5 type 
cement is its high strength, making it suitable for structures where strength is the most important 
requirement, such as bridges and high-rise buildings. Fly ash or other pozzolanic waste materials are not 
used in the production of this type of cement. So, by adding fly ash to them, we can study its effects on the 
properties of the cement accurately. The chemical properties of cement, specific gravity, grain density, 
fineness, and specific surface are presented in Tables 2 and 6. 

 
Table 2. Chemical analysis of PC 42.5 Portland cement 

Constituents Test Result Unit Test Method [26] 
SO3 3.09 % TS EN 

15309 
Al2O3 4.15 % TS EN 

15309 
CaO 66.48 % TS EN 

15309 
MgO 1.09 % TS EN 

15309 
Fe2O3 3.17 % TS EN 

15309 
Na2O 0.61 % TS EN 

15309 
SiO2 16.26 % TS EN 

15309 
SrO 0.066 % TS EN 

15309 
BaO <0.010 % TS EN 

15309 
 
Table 2 (continues) 
 

Cr2O3 <0.010 % TS EN 
15309 

K2O 0.79 % TS EN 
15309 

MnO 0.091 % TS EN 
15309 

P2O5 0.28 % TS EN 
15309 

TiO2 0.28 % TS EN 
15309 

 
In this study, there were no changes in the type or granulometry of the aggregate. CEN standard 

sand, selected according to TS EN 196-1, was supplied by the LIMAK Trakya Cement Factory, which also 
conducted particle size analysis and measured the moisture content of the sand (Table 3). CEN reference 
sand is a siliceous, standard sand composed of rounded particles with at least 98% silica content. Therefore, 
no chemical analysis was performed on the sand [29]. The specific gravity of the sand is shown in Table 3. 
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Table 3. CEN standard sand grain size distribution and moisture 

Square 
Mesh Size 

(mm) 

Test Results 
(%) 

Moisture 
(%) 

2,00 mm 
1,6 mm 
1,00 mm 
0,05 mm 
0,16 mm 
0,08 mm 

0.00 
7.80 

32.76 
66.32 
87.54 
98.98 

0.10 

 
In the experiments, fly ash, a byproduct of the Tunçbilek thermal power plant, was used. This fly ash 

is classified as Class F according to ASTM C 618 (Table 4). The chemical properties and class of the fly 
ash are shown in Table 5, while grain density and fineness tests were conducted and summarized in Table 
6. 
Table 4. Tunçbilek fly ash classification [35] 

Fly ash S+A+F (%) CaO (%) Class 
Tunçbilek uçucu 

kül 
82.27 ˂10 F (Düşük Ca) 

 
Table 5. Chemical composition of Tunçbilek fly ash [34] 

 
Oxide (%) Tunçbilek fly ash 

SiO2 54.79 
Al2O3 18.58 
Fe2O3 8.90 
CaO 2.81 
MgO 5.90 
K2O 1.65 
Na2O 0.21 
TiO2 0.93 
P2O5 0.23 
MnO 0.15 

Cr2O3 ND 
LOI 2.88 
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Table 6. PC 42.5 Portland cement specific gravity, particle density, fineness, and specific surface, CEN standard sand 
specific gravity values, and Tunçbilek fly ash grain density and fineness 

Material Parameter Test 
Result Unit Test Method 

PO 42.5 
Portland 
cement 

Specific gravity (SGR 
03) 
 

2.69 g/cm3 Pycnometric 
Density Pulp 

Grain density 
 3.10 g/cm3 TS EN 196-6: 2020 

[27] 
Fineness determination 
Sieve residue (90 μm) 0.5 % TS EN 450-1: 2015 

[31] 
 
Specific surface: 
Determination of 
fineness-Air 
permeability (Blaine 
method) 
 

3270 cm2/ 
g 

TS EN 196-6: 2020 
[27] 

CEN 
Standard 

sand 

Specific gravity (SGR 
03) 2.29 g/cm3 Pycnometric 

Density Pulp 

Tunçbilek 
fly ash 

 
Grain density 
 

2.20 g/cm3 TS EN 196-6: 2020 
[27] 

Fineness, Wet sieving 
method (45 Micron) 19 % TS EN 450-1: 2015 

[31] 
 

For these tests, city water (tap water) has been used to produce samples.  
 
2.2 Preparation and Testing of Cement Samples 

In this study, 30 samples were produced in the laboratory. The amount of cement was calculated 
according to TS EN 196-1, and 0%, 5%, 10%, 15%, 30%, and 50% of Portland cement was replaced with 
an equivalent weight of fly ash. Water and sand proportions remained constant in compliance with TS 
EN 196-1 standards [29]. The classification of the samples produced, their mixture ratios, and sizes are 
shown in Table 7. 

In the reference process, the mortar prepared by mechanical mixing was compressed in the mold 
using a standard shaking machine. The samples in the mold were kept in a humid atmosphere for 24 
hours, afterwards, they are pulled out from the mold were held inside water until the specified tests were 
carried out. 

In the experiments, prismatic samples were produced in two different sizes (40 mm x 40 mm x 160 
mm and 100 mm x 100 mm) and samples with dimensions of 100x100x100 mm were produced for the 
ultrasound velocity experiment [32]. 
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Table 7. Nomenclature of produced samples, mixture ratios, and sizes 
 

 
Sample 
Name 

 
% Cement + %Fly ash (% by 

weight) (gr) 

 
Sand 

(Fixed 
amount 

by 
weight) 

(gr) 

 
Water 
(Fixed 
amount 

by 
weight) 

(gr) 

 
Sample Size 

(mm) 
 

CUKD0 % 100 Cement (150 gr) + % 
0 Fly ash 450 75 40x40x160 

CUKD5 % 95 Cement (142.5 gr) + % 
5 Fly ash (7.5 gr) 450 75 40x40x160 

CUKD10 % 90 Cement (140 gr) + % 
10 Fly ash (10 gr) 450 75 40x40x160 

CUKD15 % 85 Cement (127.5 gr) + % 
15 Fly ash (22.5 gr) 450 75 40x40x160 

CUKD30 % 70 Cement (105 gr) + % 
30 Fly ash (45 gr) 450 75 40x40x160 

CUKD50 % 50 Cement (75 gr) + % 50 
Fly ash (75 gr) 450 75 40x40x160 

CUKK0 % 100 Cement (586 gr) + % 
0 Fly ash 1758 293 100x100x100 

CUKK5 % 95 Cement (556.7 gr) + % 
5 Fly ash (29.3 gr) 1758 293 100x100x100 

CUKK10 % 90 Cement (527.4 gr) + % 
10 Fly ash (58.6 gr) 1758 293 100x100x100 

CUKK15 % 85 Cement (498 gr) + % 
15 Fly ash (88 gr) 1758 293 100x100x100 

CUKK30 % 70 Cement (410.2 gr) + % 
30 Fly ash (175.8 gr) 1758 293 100x100x100 

 
Table 7 (continues) 

 

CUKK50 % 50 Cement (293 gr) + % 
50 Fly ash (293 gr) 1758 293 100x100x100 

 
 

 
 
3.1 Fresh Mortar Test 

 
Unit Weight Test [28]: 

A unit weight test was conducted on the fresh mortar. Since the unit weight of fresh mortar is not 
dependent on size, the test was applied to a cast mortar with dimensions of 100x100x100 mm. The results 
of the unit weight test are shown in Table 8.  

 

3. RESULTS AND DISCUSSION 
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Table 8. Fresh mortar unit weight test results 

 
 

 

 

 
 
 
 
In the study involving weight substitution between cement and fly ash, the lower specific gravity 

of fly ash leads to an increase in the volume of the binding material. As the volume of the binder increases, 
there’s a decrease in the unit weight of the fresh concrete mix. The correlation between unit weight and 
fly ash content can be seen in Figure 2. As illustrated, while the use of fly ash increases, the unit weight 
decreases. 

 

 
Figure 2. Correlation between unit weight and fly ash ratio 

 
3.2. Hardened Concrete Test 
 
Compression Strength Test: 

 
The compression strength values of the samples were determined using the UTEST Compression 

Testing machine. In Table 9 the averages of the experiment results for all specimens are presented. Also, 
the percentages in parentheses, which are listed vertically beside the compression strength test results in 
this table, assume that the compression strength of the sample without fly ash (control concrete) is 100%. 
The other variables in the column are evaluated according to the percentage ratios of the test results of 
this sample. In Table 10, the test results for all samples on the 28th day are assumed to be 100 MPa, and 
the percentage difference created by the time each sample was kept until testing is investigated for each 
test result. 
 
 

Sample Name Unit Weight (N/m3) 
CUKK0 21378.5 
CUKK5 21143.13 
CUKK10 21035.26 
CUKK15 20996.03 
CUKK30 20917.58 
CUKK50 20790.09 
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Table 9. Average results of compression strength experiments conducted on all specimens and the comparison of the 
percentage values of compression in comparison with the control concrete sample (*) 

 
Sample 
Name 

2 Day 
Average 
Results 
(MPa) 

7 Day Average 
Results (MPa) 

28 Day Average 
Results (MPa) 

CUKK0 32.1 (100%) 41.4 (100%) 53.0 (100%) 
CUKK5 28.9 (90%) 38.4 (92%) 50.3 (95%) 
CUKK1

0 
25.4 (79%) 36.0 (87%) 48.9 (92%) 

CUKK1
5 

23.6 (73%) 33.0 (80%) 47.1 (89%) 

CUKK3
0 

15.7 (49%) 27.4 (66%) 40.9 (77%) 

CUKK5
0 

9.5 (29%) 17.3 (41%) 27.9 (53%) 

*The table displays the average values of 18 specimens. 
 

Table 10. Comparison of the percentage values of compression strength obtained from the test results with obtained from the 
test results with respect to the 28-day concrete (*) 
 
 
 
 
 
 
 
 

Table 10 (continues) 
 
 
 
 
 

 
 
 

 

 

 
 

*The table displays the average values of 18 specimens. 
 

Sample 
Name 

2 Day 
Average 
Results 
(MPa) 

7 Day Average 
Results (MPa) 

28 Day Average 
Results (MPa) 

CUKK0 60 78 100 

CUKK5 57 76 100 
 

CUKK1
0 

52 73 100 
 

CUKK1
5 

50 70 100 
 
 
 

 
CUKK3

0 

38 67 100 

 
CUKK5

0 

35 62 100 
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The interpretation of the Table 9 results reveals a negative correlation between fly ash to concrete 
percentage in the sample and the compression strength in concrete. Additionally, as the fly ash ratio 
increases, it positively correlates with proportionally higher compression strength results in concrete 
samples cured for an extended period. The reduction in compression is linked to a reduction in the ratio 
of fly ash mass increase, resulting from a reduction in cement content. Despite the expected decrease in 
strength due to the reduced cement, the faster hydration of lime in the cement content plays a contributing 
role. The pozzolanic reaction of fly ash taking longer than lime results in a decrease in lime content as 
the fly ash ratio increases. Consequently, samples with higher fly ash ratios, exposed to the same 
conditions for the same duration, exhibit lower compression strengths compared to the 28-day concrete. 

 
In Table 10, the values of compression strength test results on the 28th day are assumed to be 100 

MPa for each column, and the averages of strengths on the 2nd and 7th days are processed as percentage 
ratios. Considering the findings on the table, it can be seen as the curing days increase homogeneously, 
the strength values in the test results also increase. Aside from this, as the fly ash ratio increases, a greater 
percentage increase in compression strengths with more days of curing in comparison with the samples 
with smaller fly ash content is inspected. The reason for this is anticipated to be because the hydration 
time of fly ash is longer than that of cement. In samples where cement is relatively less, it can be 
interpreted that to achieve maximum strength efficiency in concrete with higher fly ash content, it will 
need to be cured for a longer period due to the lower hydration and lime transformation capabilities of 
the contents of cement. The correlations between compression strength, curing days, fly ash content, and 
unit weight are illustrated in Figures 3 to 5. 

 
 

 
Figure 3. Average compression strengths of samples for various curing times 
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Figure 4. Correlation between average compressive strength and fly ash ratio at different curing times  

 

Figure 5. Correlation between unit weight and average 28th-day compression strength 

Ultrasonic Velocity Test: 
 

According to the TS EN 12504-4 standard [32], Ultrasonic velocity tests were conducted on six cube-
shaped samples with dimensions of 100x100x100 mm after 28 days of production. Proceq Pundit 
Lab+UTC-3050 Ultrasonic Wave Velocity Testing Device was used for measurements. The findings of 
the tests conducted on all samples can be seen below in Table 11. 
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Table 11. Samples of ultrasonic velocity test results 

Sample Name Ultrasonic Velocity m/s 
CUKK0 4367 
CUKK5 4365 
CUKK10 4348 
CUKK15 4292 
CUKK30 4202 
CUKK50 4032 

 

Based on the percentage of fly ash, it has been examined over time that samples with lower void 
content allow ultrasonic waves to pass more quickly. An increase in ultrasonic velocity is positively 
correlated with higher compressive strength and the favorable effect of fly ash on void content in humid 
surroundings [34, 36]. 

Table 11 shows that concrete with fly ash has lower ultrasonic velocity values at 28 days compared 
to control mortar (0% fly ash). This suggests that samples with high fly ash content may not be as durable 
under environmental conditions at early ages. It can be stated that high fly ash content negatively affects 
the ultrasonic velocity values of hardened mortar.  

Upon examining the ultrasonic tests in previous studies, it is observed that the ultrasonic velocity of 
fly ash samples increases with age. This is caused by the pozzolanic reaction slowing down the occurrence 
of lime [34, 36]. 

It has been seen that fly ash has a positive effect on void content in moist environments in advancing 
ages. When considering that lime is released as a result of cement hydration and then dissolves in water, 
leaving voids in the concrete, the reduction in void content associated with lime can be explained during 
the pozzolanic reaction of fly ashes. The positive effect of fly ashes on void content can be related to this 
way and considering that void content is closely related to durability under environmental conditions, it 
can be anticipated that the utilization of fly ash in small percentages is expected to have a positive impact 
on durability. The correlations between ultrasonic velocity and fly ash ratio, unit weight, and compression 
strength, are to be found in the figures below (6-7-8). 
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Figure 6. Correlation between ultrasonic velocity and fly ash ratio 

 

 

Figure 7. Correlation between ultrasonic velocity and unit weight 
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Figure 8. Correlation between ultrasonic velocity and average compression strength at the 28th day 

Porosity Test:  

According to the TS 9179 standard [33], porosity tests were conducted on six samples with 
dimensions of 160x40x4 mm after 150 days of curing. For this test, the samples in the mold were kept in 
a humid setting for 24 hours, and then the samples pulled out of the mold were kept in water for 28 days. 
Again, these samples have been taken out of the water and stored in a normal environment for 132 days. 
The Auto Pore Test Device was used for the measurements. Table 12 demonstrates the findings of the 
tests conducted on all samples.  

Table 12. Sample porosity test results 

 

Hardened concrete's crucial characteristics are tied to pores and hydration products, influencing 
strength, shrinkage, swelling, and permeability. Examining concrete's pore structure and mineral 
composition is beneficial.  

Fresh concrete pores are filled with water or gas. In initial mixing, water separates cement particles 
and gravel, creating water-filled spaces. This space allows for cement hydration product formation. As 
hydration advances, the void volume, larger than the original unhydrated cement, decreases as hydration 
products form a continuous matrix, binding residual cement particles in time. The original water-filled 
area not covered by hydration products contributes to the cement paste's pore system, typically with the 
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biggest pores. Hydration decreases the dimensions and volume of capillary voids; if small, the gel's bulk 
volume eventually fills the void, producing a paste without capillary voids [36].  

The volume of water-filled voids in fresh cement paste must surpass the total volume of cement or 
leave a portion of the original cement without water. Consequently, even after complete cement 
hydration, hydration products are insufficient to occupy the original water space, resulting in pastes with 
relatively large capillary pores.  

Researches on hardened cement pastes reveal that the size of the largest pores is primarily related to 
the level of moisture. For young cement pastes with minimal hydration, the size is approximately 1 
micrometer, decreasing to around 0.1 micrometers in fully hydrated mature pastes [34, 36]. 
During ongoing curing, as voids are filled with hydration products, most capillary voids become isolated, 
and separated by the gel, provided the initial water/cement ratio is sufficiently low. This gel is primarily 
calcium silicate hydrate with a non-solid part, forming a porous solid [34, 36].  

 
In compliance with the findings in Table 12, as the volume of fly ash added instead of cement 

increases, Total Pore Area, Total Intrusion Volume, Average Pore Diameter (4V/A), Median Pore 
Diameter (Volume) Visible (skeletal) Density, and Porosity increase, while at 0.52 psia Median Pore 
Diameter (Area) and Mass Density decrease.  

 
The correlations between Porosity, fly ash ratio, unit weight, compression strength on the 28th day, 

and ultrasonic velocity can be observed in the Figures below (9 to 13).  
 
 

 

 

Figure 9. Correlation between porosity and fly ash ratio 
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Figure 10. Correlation between porosity and unit weight 

 

Figure 11. Correlation between porosity and compression strength on the 28th day 



 Natural & Applied Sciences Journal Vol. 7 (2) 2024 56 
 
 

 

Figure 12. Correlation between porosity and ultrasonic velocity 

 

Figure 13. Correlation between porosity, average compression strength on the 28th day, and ultrasonic velocity 

In the preceding part, it was explained that the pozzolanic reaction of fly ash increases with age 
because of delays in lime formation. Fly ash positively influences void content, vital for durability under 
environmental conditions, and curing time significantly affects porosity. Therefore, to simulate real 
construction environments and obtain more precise results, the samples were cured at 25 degrees Celsius 
outside water under normal conditions for 132 days more, and then porosity tests were performed.  

The results, after 150 days of curing and hydration, compared to the control mortar (0% Fly ash), 
indicate that porosity increases with higher fly ash ratios. This shows that samples with high fly ash 
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content may be less durable and mechanically strong under environmental conditions, as elevated fly ash 
content adversely affects porosity values in hardened mortar.  

Conversely, using fly ash in low percentages is deemed beneficial for compression strength and 
durability, so moderation in fly ash content is of great importance.  

 
This study reveals the following conclusions regarding the substitution of cement with Tunçbilek fly 

ash:  

• According to the relation between specific gravity and volume, the lower specific gravity of fly 
ash leads to an increased volume of the binding material, and the result is a lower unit weight in 
the fresh concrete mix as the binder's volume expands.  

• A negative correlation exists between the fly ash-to-cement ratio and compressive strength in 
concrete samples cured for short periods. The reduction in compressive strength is attributed to 
the lower cement content as fly ash replaces cement. Despite this, the faster hydration of lime in 
the cement contributes to early strength. Samples with higher fly ash content exhibit greater 
percentage increases in compressive strength with extended curing, emphasizing the need for 
longer curing periods due to the slower hydration of fly ash compared to cement.  

• Ultrasonic Velocity tests indicated that the examines with lower void content allow ultrasonic 
waves to pass more quickly. The increase in ultrasonic velocity positively correlates with higher 
compressive strength and the favorable effect of fly ash on void content in a moist environment 
and concrete with high fly ash content shows lower ultrasonic velocity values at 28 days, 
suggesting potential durability concerns in certain surrounding conditions, especially at early 
ages.  

• In this study the crucial role of pore structure and hydration products in influencing concrete 
properties such as strength is emphasized. Generally, fly ash has a positive effect on void content 
in a moist environment, reducing voids associated with lime during the pozzolanic reaction of fly 
ashes over an extended period. According to the 28th-day compressive strength test results, the 
samples with 5%, 10%, and 15% fly ash are between standard values. Therefore, it can be inferred 
that the valorization of fly ash at low percentages has the potential to further improve the 
compressive strength within a longer period, signifying its improving effect on concrete 
properties.  

• Curing time significantly impacts porosity, and samples cured for 150 days in this study 
demonstrate increased porosity with higher fly ash ratios, suggesting potential durability 
concerns.  

• In conclusion, based on the comprehensive results acquired with this research, utilizing low 
percentages of fly ash is deemed advantageous for enhancing concrete properties. This 
underscores the significance of maintaining moderation in fly ash content to achieve optimal 
performance in real-world construction applications.  

 

4. CONCLUSION 
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In this article, the two-dimensional inverse nonlinear parabolic problem is discussed. The most important 
feature of the problem is its solution with the Fourier approach. The solution was obtained by Fourier 
implicit and iteration methods [1]-[6].  
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The inverse two-dimensional parabolic problem finds applications in many fields, including diffusion 
applications, heat transfer, population, medicine, electrochemistry, engineering, chemistry, plasma physics. 
 

 
 
To solve this inverse problem, a combination of the Fourier method, Picard successive approximations, and 
the finite difference method was employed. 
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Here, (1) represents the inverse coefficient problem, (2)-(3) define the initial and periodic boundary 
conditions of the problem [8] and (4) is the integral condition for the inverse coefficient [7]. 
 
The following solution is obtained with the Fourier Method: 
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Definition 1.  
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Theorem 1. The problem has a solution under conditions (C1) -(C3). 
 
Proof. Let's iterate the coefficients: 
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According to the assumptions, we get 𝜐𝜐0

(0)(𝜏𝜏) ∈B, t∈ [0, T]. To find the approximation principle from 1 to 
N, Cauchy, Hölder, Bessel inequalities and Lipschitzs condition were employed, respectively. These tools 
are utilized to demonstrate the existence of the solution. Finally, we arrive at: 
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we get 𝜐𝜐(𝑁𝑁)(𝜏𝜏) ∈B. 
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By using the same operations, we obtain: 
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Let us show that the convergence of solution: 
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Applying Cauchy inequality, Hölder Inequality, Lipschitzs condition, and Bessel inequality to the 
difference, we obtain 
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𝜐𝜐(𝜏𝜏) = 𝜈𝜈(𝜏𝜏),𝜎𝜎(𝜏𝜏) = 𝜌𝜌(𝜏𝜏). Thus, we proved the uniqueness of the solution.  
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The linearize of the problem: 
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[ ] [ ]T0,0, 2 ×π  is divided into a NM2 × mesh with the step size ,M/=h π  N/T=τ .  
 
Using implicit finite-difference method for the problem: 
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4. THE EXAMPLE FOR NUMERICAL METHOD 
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where  .N0,1,...,=k  
 
From Simpson’s scheme, 
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𝜓𝜓𝑖𝑖,𝑗𝑗
𝑘𝑘+1(𝑠𝑠+1) is found.  

                         
 

  
The inverse problem for the periodically bounded nonlinear two-dimensional parabolic equation was 
investigated. Two important investigations were carried out. These are determined by both theoretical and 
numerical examination. The Fourier method and finite difference method were used as methods. 

5. CONCLUSION 
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In this study, the surfaces of sheets made of AA1050 aluminum alloy, which has high aluminum purity and 
high strength, were roughened with a fiber laser. The aim of the study was to obtain a surface with a highly 
stable contact angle. For this purpose, it was necessary to minimize the change in the contact angle with 
time. Three different laser processing parameters were used. The effects of the laser parameters on the 
stability of the contact angle were investigated. According to the data obtained from the study, the type of 
texture created on the surface was calculated as the most effective parameter to obtain a stable surface. The 
rate of influence of the texture type parameter on the result is 61.61%. The parameter with the least effect 
on the result was calculated as laser-scanned factor with 15.31%. The parameter that moderately affected 
the result was calculated as laser power with 23.08%. In addition, ANOVA calculations suggested that a 
more stable surface pattern could be obtained by experimental parameters.  
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A metal alloy is a substance made of two or more metals, or a metal and non-metallic elements mixed to 
improve the metal's characteristics for a particular use. Beyond what is achievable with pure metals, alloys 
are utilized to increase mechanical strength, durability, corrosion resistance, conductivity, and heat 
tolerance. Typical examples are brass (copper and zinc), bronze (copper and tin), and steel, which is an 
alloy of iron and carbon. These alloys have qualities that make them invaluable in a variety of industrial 
fields. For example, steel is perfect for the construction, automotive, and shipbuilding industries because of 
its increased strength and resistance to wear, whereas stainless steel, which has chromium, is used for 
kitchenware and medical devices because it resists corrosion.  

Aluminum alloys are frequently utilized in the aerospace sector due to their high strength-to-weight ratio 
and low density, which are essential for decreasing the weight of spacecraft and airplanes [1]. Due to its 
extreme strength and heat resistance, titanium alloys are indispensable in biomedical and aerospace 
applications, including implants and prosthetic limbs. Superalloys based on nickel are essential for high-
temperature settings, such as gas turbines and jet engines, where oxidation and heat resistance are required. 
Because of their excellent electrical conductivity, copper alloys are frequently employed in electronics for 
electrical wiring and connectors [2]. Because of their adaptability, metal alloys are used extensively in a 
variety of industries, including the energy sector, where they are used in oil rigs, nuclear reactors, and 
pipelines because they can withstand high temperatures and pressures [3]. In the automotive industry, for 
example, advanced high-strength steels improve safety and fuel efficiency [4]. Because alloys may be 
customized to meet specific requirements, they are essential to contemporary industrial processes and 
technologies.  

With an aluminum percentage of 99.5% or more, AA1050 aluminum alloy is a commercially pure 
aluminum alloy from the 1000 series [5]. Because of its high purity, AA1050 has several numbers of 
beneficial qualities, including as good electrical, thermal, and corrosion resistance as well as workability 
[6]. Since AA1050 is a pliable and soft substance, it can be easily stamped, drawn, or shaped, which makes 
it perfect for applications where formability is crucial [7]. Nevertheless, compared to other aluminum alloys, 
its mechanical strength is comparatively low, which prevents it from being used in structural applications 
that call for great strength.  

The electrical industry is one of the main sectors that benefits from AA1050's characteristics [8]. This alloy 
is widely used for busbars, conductors, and electrical cables where efficiency in current transmission is 
crucial because of its high electrical conductivity. Because of the alloy's superior resistance to corrosion, it 
can be used in places like heat exchangers and chemical processing plants where other metals could corrode 
due to exposure to chemicals or moisture. With exceptional thermal conductivity, it is also a well-liked 
material for cooling components like heat sinks, which are crucial for HVAC and electrical systems [9]. 
Because AA1050 is non-toxic, resistant to contamination, and simple to mold into thin sheets, it is 
frequently used in the packaging sector to produce food containers and aluminum foil [10]. Another 
noteworthy characteristic of the alloy is its reflectivity, which qualifies it for use in the renewable energy 
industry for solar panel frames, reflectors, and lighting fixtures. Moreover, AA1050 is employed in 
architectural applications, including cladding, roofing, and decorative panels where aesthetics, durability, 
and weather resistance are required. Although AA1050's lower strength precludes its usage in load-bearing 
applications, its high conductivity, resilience to corrosion, and ease of manufacturing make it a flexible 
material suitable for a wide range of applications in industries, including environmental protection, food 

1. INTRODUCTION 
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packaging, and electrical and building systems [11]. Because surface treatment improves a material's 
mechanical, chemical, and physical qualities without changing its bulk characteristics, it is an essential 
technique in many sectors [12]. To enhance a product's resistance to corrosion, wear and tear, adhesion, 
electrical conductivity, and aesthetic appearance—all of which contribute to its durability and effectiveness 
in particular environments—material surface modification is frequently the preferred approach [13]. 
Surface treatment is economically necessary to prevent degradation, as industry data estimates that 
corrosion costs alone account for 3-4% of GDP in many industrialized nations [14]. To overcome these 
difficulties, techniques such as anodizing, plating, coating, and surface hardening are frequently employed. 
Furthermore, surface treatments are necessary to increase the lubricity of machine parts, lower wear and 
friction, and prolong the life of vital components [15]. For example, research indicates that in extremely 
abrasive environments, surface-hardened steel can increase part life by up to three or five times.  

Surface treatments like thermal spraying and chemical vapor deposition (CVD) are frequently used in the 
automotive and aerospace sectors to improve resistance to high temperatures and mechanical strains. In the 
electronics industry, surface treatments are also used to enhace adhesion properties since materials like 
circuit boards and semiconductors need changed surfaces to promote coating and adhesive bonding [16]. 
Industries can customize the surface qualities for particular applications, lowering total material costs while 
attaining improved performance, by concentrating on surface modification rather than changing the core 
material. Reducing material waste and extending product life are economic methods and help to improve 
manufacturing sustainability and energy efficiency.  

The process of altering a material's surface qualities with a high-energy laser beam is called laser surface 
treatment. This process modifies the surface morphology, microstructure, and chemical composition of a 
material by directing a laser beam onto a particular region of its surface to cause localized heating, melting, 
or vaporization. The precision and controllability of this method are its main advantages. The depth of 
penetration and the intensity of the heat applied can be precisely controlled by adjusting the laser's power, 
wavelength, and pulse duration. This allows for targeted change without changing the material's bulk 
properties. Techniques such as laser surface melting (LSM), laser surface alloying (LSA), laser cladding, 
and laser hardening are frequently used in the laser surface treatment process. For instance, in laser 
hardening, the material's surface is heated by the laser beam to a temperature higher than its critical point, 
and then the treated region rapidly self-quenches, improving the treated area's hardness and wear resistance 
[17, 18]. When a material is melted by a laser and applied to a surface, it may take the form of wire or 
powder that is coated with a protective layer. These procedures are carried out in a regulated setting, 
frequently with inert gasses present, to avoid oxidation and other unwanted chemical reactions.  

In industrial applications, laser surface treatment is particularly advantageous due to its various better 
advantages over traditional surface treatment technologies [19]. Lasers offer a number of advantages, one 
of which is localized treatment. Because the laser beam can be precisely targeted, there can be fewer heat-
affected zones and nearby materials won't sustain thermal damage. This high degree of precision lowers the 
possibility of microstructural alterations or distortion to the bulk material, which is crucial for high-
performance parts with precise mechanical requirements.  

Furthermore, laser surface treatments are incredibly effective and adaptable. Processing durations can be 
shortened and manufacturing efficiency raised by conducting the procedure quickly and automatically. 
Additionally, a variety of materials, such as metals, ceramics, and composites, may be treated by lasers, 
which makes them useful in a variety of sectors. Another significant benefit is the ability to customize 
surface attributes. Manufacturers can customize surface properties like hardness, roughness, and corrosion 
resistance to match particular application needs by varying the laser's parameters. Furthermore, compared 
to conventional techniques like electroplating or chemical coatings, laser treatments frequently use fewer 
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chemical agents, lowering hazardous waste. This makes them environmentally benign. Because laser 
surface treatment is precise, adaptable, and may improve surface qualities without sacrificing material 
integrity, it is favoured in many scientific study domains as well as many enterprises [20].  

The automobile industry is one of the main applications for laser surface treatment, where it is used to 
harden crankshafts, gears, and engine components [21]. Critical automotive parts have a longer lifespan 
thanks to laser hardening, which lowers maintenance costs and improves vehicle performance by increasing 
wear resistance and fatigue life. Similar techniques are used in the aerospace sector to reinforce and repair 
parts subjected to harsh environments, like landing gear and turbine blades, which undergo high levels of 
stress and temperature cycling. These techniques include laser cladding and surface alloying. Surfaces 
treated with lasers function better at high temperatures and against oxidation and wear. 

Laser surface treatment is a commonly employed technique in the tooling and manufacturing industry to 
improve the longevity of cutting tools, dies, and molds [22]. By increasing the surface hardness of tools 
through laser hardening, machining procedures can be performed with less wear and tear. Furthermore, 
laser texturing is employed to generate precise surface patterns on molds, an essential step in achieving 
superior surfaces in metal forming and plastic injection molding. In order to improve mold performance 
and product aesthetics, laser surface treatment is crucial since it allows for precise control over surface 
roughness and texture [23]. In the biomedical industry, laser surface treatment is also widely utilized to 
alter the surfaces of medical implants and equipment [24]. To improve osseointegration—the process by 
which bone grows into an implant—on the surface of orthopaedic implants, for example, laser texturing 
can produce microstructures. This increases the implants' long-term durability [25]. In the oil & gas and 
power generation industries, in particular, laser cladding is the material of choice for repairing and 
strengthening vital parts including drilling equipment, turbine blades, and pipelines. In abrasive settings, 
the treatment helps prevent erosion, corrosion, and wear. Laser surface treatment is utilized in science to 
create cutting-edge coatings and materials. Researchers examine how surface alteration affects material 
performance in harsh situations, including nuclear reactors or space exploration, using lasers. Additionally, 
laser treatments are used in research on nanotechnology and photonics, where the development of sensors, 
photonic devices, and functional surfaces with distinctive optical properties requires controlled surface 
alteration at the micro- and nanoscale. Overall, laser surface treatment is favoured across multiple industries 
and research fields for its ability to enhance surface properties, improve component performance, and 
contribute to innovation in material science and engineering [26].  
When a material surface repels water, it is said to be hydrophobic. This is indicated by a high contact angle, 
usually more than 90 degrees, between the surface and the water droplet [27]. This characteristic stems 
from the surface's poor affinity for water molecules, which is frequently brought about by particular 
chemical compositions or surface microstructures that lessen the surface-water interaction. Originating 
from the Greek words "hydro" (water) and "phobos" (fear), the phrase "hydrophobic" means "water-
fearing." Water tends to form droplets rather than spreading out when it comes into contact with a 
hydrophobic surface, which reduces the amount of surface area that the water and the material have in 
contact. Natural examples of this behaviour include the lotus plant's leaves, which maintain their cleanliness 
and dryness because to their inherent. Artificial methods for achieving hydrophobicity include surface 
treatments, chemical coatings, and the fabrication of certain micro- and nanostructures that improve water 
repellency. Additionally, these surfaces may have the ability to self-clean, with dirt and pollutants being 
removed by water droplets that roll off the surface. Not only do hydrophobic surfaces repel water, but they 
are also very desirable in industrial applications because they can show resistance to fouling, corrosion, and 
biological contamination. This idea is furthered by superhydrophobic surfaces, which have nearly zero 
water adhesion and even more extreme water-repellent qualities (contact angles above 150 degrees) [28]. 
Artificial methods for achieving hydrophobicity include surface treatments, chemical coatings, and the 
fabrication of certain micro- and nanostructures that improve water repellence. Additionally, these surfaces 
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may exhibit self-cleaning properties, where dirt and pollutants are removed by water droplets that roll off 
the surface. Not only do hydrophobic surfaces repel water, but they are also very desirable in industrial 
applications because they can show resistance to fouling, corrosion, and biological contamination. This idea 
is furthered by superhydrophobic surfaces, which have nearly zero water adhesion and even more extreme 
water-repellent qualities (contact angles above 150 degrees) [29].  
Hydrophobic coatings are used in the automotive and aviation sectors to improve aerodynamic performance 
by lowering drag brought on by water buildup on vehicle surfaces [30]. Hydrophobic coatings are especially 
useful for windows and windshields because they increase visibility by keeping water from sticking to them 
and producing droplets that might obscure eyesight. Hydrophobic coatings can also stop ice, frost, or 
hydrate deposits from forming on pipelines and equipment, which could otherwise interrupt operations in 
the oil and gas sector. In biotechnological and medical applications, hydrophobic surfaces are also very 
important because they help stop biological materials like bacteria, proteins, and cells from adhering to 
them [31]. This anti-fouling characteristic is especially crucial for devices like implants, surgical equipment, 
and catheters where reducing the danger of contamination is essential.  
Furthermore, hydrophobic surfaces are favoured in uses where water-resistant packaging is necessary, 
including in the food and pharmaceutical sectors, where it's critical to maintain dry and moisture-free items. 
Hydrophobic surfaces are used in many different industrial domains because of their exceptional capacity 
to reject water, withstand fouling, and preserve hygienic conditions. Hydrophobic coatings are frequently 
used on side mirrors, paint, and windshields in the car industry to increase visibility during rainy weather 
and lessen cleaning requirements. These coatings improve driver safety by keeping water from sticking to 
the surface and lessen wiper wear. Hydrophobic coatings can also be applied to vehicle’s exterior, creating 
self-cleaning surfaces that prevent dirt buildup and extending the life of the paint job.  
Hydrophobic coatings are applied to aircraft wings, fuselages, and windows in the aviation and aerospace 
sectors to lessen drag brought on by water accumulation [32]. This can increase fuel economy and lessen 
the weight load of ice building. These coatings are also necessary for de-icing applications, which stop ice 
from forming on important surfaces while the aircraft is in flight. This is essential for averting mishaps and 
guaranteeing the aircraft's performance and safety in a range of environmental circumstances.  
Hydrophobic surfaces are also highly beneficial to the construction sector, especially for building materials 
like concrete, glass, and ceramics [33]. Building facades are shielded from water penetration by 
hydrophobic coatings, which over time prevent efflorescence (salt deposits), water damage, and cracking. 
These coatings increase the longevity of infrastructure and buildings by making surfaces water-repellent, 
especially in areas with high humidity or frequent rains.  
In the electronics sector, hydrophobic coatings are applied to wearables, tablets, and smartphones to 
enhance water resistance [34]. Maintaining the performance of consumer devices that are frequently 
exposed to moisture—like those used outside or accidentally spilled—requires doing this. Hydrophobic 
films are also applied to some electronic parts, such printed circuit boards (PCBs), to stop water-induced 
corrosion and extend their lifespan.  
In the marine industry, where exposure to seawater can cause quick corrosion and biofouling, hydrophobic 
surfaces are especially crucial [35]. Ship hulls, offshore platforms, and subsea equipment are coated with 
hydrophobic materials to stop water seepage, corrosion, and the growth of organisms like algae and 
barnacles, which can have a detrimental effect on operating effectiveness. These coatings help lessen drag 
on the hulls of vessels, increasing fuel economy and requiring less maintenance.  
Hydrophobic surfaces are used in the medical and healthcare sectors to stop bacterial development and 
contamination on implants, surgical tools, and other medical equipment. Catheters, stents, and other 
invasive devices with hydrophobic coatings minimize the adhesion of biological materials, therefore 
lowering the risk of infection. Hydrophobic coatings in pharmaceutical packaging shield medications from 
moisture, maintaining their stability and potency for longer.  
All things considered, hydrophobic surfaces are essential to many different industries, offering advantages 
including improved performance, longevity, and safety by guarding against water-related damage and 
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contamination. Hydrophobic treatments are vital in scientific and industrial applications because they can 
provide surfaces that are self-cleaning, water-repellent, and anti-fouling. By modifying the surface 
chemistry and topography, different surface modification techniques can convert the surfaces of aluminum 
alloys AA1050 into hydrophobic surfaces that promote water repellency.  
Combining surface texturing with chemical treatments is one of the most successful strategies. In order to 
achieve hydrophobicity, texturing techniques are designed to provide micro- or nanoscale roughness on the 
surface. This limits the surface's area of contact with water droplets. For this, laser surface texturing—which 
involves using a laser to create a patterned microstructure on the aluminum surface—is frequently utilized. 
The resultant hierarchical patterns resemble the surfaces found naturally in hydrophobic phenomena, such 
the leaf of a lotus plant.  
Chemical etching is another technique for making micro-rough surfaces. Using acidic or alkaline solutions, 
material is removed selectively to produce a rough surface with micro- and nanostructures [36]. The next 
stage is to alter the surface chemistry to improve the water-repelling qualities of the surface once the suitable 
texture has been obtained. Low-surface-energy coatings are usually applied to achieve this, as they reduce 
the interaction between water molecules and the surface. For this reason, fluoropolymer coatings and silane-
based coatings are frequently employed since they impart hydrophobic functional groups, including methyl 
groups (-Si(CH₃)₃) or fluoro groups (-CF₃), into the aluminum surface. Because of the considerable surface 
energy reduction provided by these coatings, water droplets are able to roll down the surface in beads rather 
than spreading out.  
Apart from chemical treatments and laser texturing, anodization is a further technique that can be utilized 
to improve the hydrophobicity of aluminum alloys AA1050 [37]. The aluminum surface develops a thick, 
porous oxide layer during anodization, which can be further functionalized with hydrophobic substances. 
When paired with chemical treatments, the anodized surface can display superhydrophobic qualities, which 
are defined by water contact angles greater than 150 degrees.  
Whether applied individually or in combination, these methods enable the surfaces of AA1050 aluminum 
alloys to become extremely water-repellent. This property makes the alloys suitable for use in outdoor 
construction materials, automotive components, and marine environments where resistance to corrosion 
and moisture is crucial.  
In this study, an attempt was made to optimize the laser process parameters required to obtain a stable 
hydrophobic surface. The process parameters used to obtain more stable hydrophobic surface. For this 
purpose, pure water was applied to the surfaces obtained with different process parameters. The contact 
angle was measured for the first 10 seconds after the water was dripped. Contact angles were measured 
every second in the first 10 seconds.  
The value with the least deviation from the average of the contact angles in the first 10 seconds was accepted 
as the most stable value. Accordingly, the value with the smallest standard deviation was accepted as the 
most stable hydrophobic surface and the smallest standard deviation was characterized as the best value. A 
statistical tool used to quantify the degree of variation or dispersion in a set of data values is the standard 
deviation. It sheds light on how widely distributed a dataset's values are around the mean (average). 
Whereas a large standard deviation suggests that the values are dispersed over a larger range, a small 
standard deviation suggests that the values tend to be close to the mean. The square root of the variance, or 
the average of the squared deviations from the mean, is what is known as the standard deviation in 
mathematics. Equation 1 provides the formula for the standard deviation (σ) of a population: 
 

𝜎𝜎 = �∑(𝑥𝑥𝑖𝑖−𝜇𝜇)
𝑁𝑁

                                                                       (1) 

Where: 
𝜎𝜎 = population standard deviation 
𝑥𝑥𝑖𝑖= each data point 
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𝜇𝜇 = population mean 
𝑁𝑁 = number of data points 
 
Since the standard deviation gives a numerical depiction of data variability, it is a crucial statistical tool. It 
is essential for comprehending the consistency and dependability of datasets in domains like finance, 
economics, quality control, and research. 
 
Standard deviation comes in two primary varieties, each with a distinct function: 
Population Standard Deviation (σ): This kind of standard deviation is applied when the study takes into 
account every member of a group or population. It is a representation of the dataset's overall variability. In 
domains such as biology or engineering, where the complete collection of measurements is accessible, 
comprehending the general variance within the population is crucial. The population standard deviation 
proves especially useful in these scenarios. 
 
Sample Standard Deviation (s): When there is only a sample of the population available, the sample 
standard deviation (s) is utilized. The sample standard deviation aids in estimating the variability of the 
population from which the sample is obtained, as a sample is merely a subset of the entire population. When 
utilizing a sample, the formula divides by N−1, where N is the total number of observations in the sample, 
to account for any bias. This is known as Bessel's correction, ensures that the sample provides an unbiased 
estimate of the population variance. 
The precision and dependability of standard deviation computations are impacted using both types, which 
vary based on whether the dataset represents the full population or merely a sample. Standard deviation is 
a crucial tool in engineering for dependability analysis, risk management, and quality control. It aids 
engineers in comprehending measurement, process, or system variability, which is essential for creating 
reliable and consistent products. There are various applications of standard deviation in engineering. 
 
Quality Control: Standard deviation is essential for keeping an eye on product consistency in manufacturing 
and production. For example, engineers monitor the standard deviation of important measurements when 
making components that need to meet certain tolerances to make sure the process stays within allowable 
bounds. In a production process, a low standard deviation means that the majority of the products fall within 
the intended parameters; on the other hand, a high standard deviation could suggest flaws or differences in 
the procedure. 
 
Reliability Engineering: Standard deviation is used in the field of reliability engineering to evaluate the 
lifespan and robustness of systems or goods. Through the assessment of performance indicators including 
fatigue life, failure rates, and time-to-failure variability, engineers are able to forecast the degree of system 
reliability under various scenarios. A lower standard deviation suggests more predictable performance, 
which is essential in systems where reliability is critical, such as aerospace or automotive industries. 
 
Risk and Safety Analysis: Standard deviation is another tool used by engineers in risk and safety analyses. 
For example, in structural engineering, the standard deviation can be used to assess the variability in 
material strengths or load-bearing capacities in order to forecast possible dangers or failure modes. Standard 
deviation aids engineers in creating safe structures that can resist changing loads or environmental 
circumstances. 
 
Process Control and Optimization: Standard deviation is a tool used in process engineering to find 
variations in processes. It is used by engineers to assess a process's consistency over time. Process engineers 
can create a more stable and optimized process that is more cost-effective and efficient by lowering the 
standard deviation.  



 Natural & Applied Sciences Journal Vol. 7 (2) 2024 76 
 

In the field of engineering, a distribution with a small standard deviation signifies limited variability within 
the dataset, as the data points are tightly packed around the mean. This implies that the system or process 
under analysis has a high degree of precision and that the observed values or results are consistent. In the 
manufacturing industry, for example, a minimal standard deviation in a produced part's dimensions 
indicates that the production process is well-controlled, and the parts are almost similar, which results in 
improved quality and reliability. This consistency is frequently desired in engineering design since it 
increases system performance predictability and lowers the possibility of failures or outliers. Furthermore, 
a low standard deviation lessens the requirement for significant safety factors or contingencies in design 
and analysis by giving engineers more confidence that the measured values accurately reflect the system's 
performance or behaviour. In general, decreasing variability is essential to ensuring efficiency, safety, and 
precision in many engineering applications. 
 
In light of this, standard deviation is an effective statistical instrument that helps engineers comprehend, 
manage, and maximize variability in systems, procedures, and measurements—thereby enhancing the 
dependability, security, and caliber of engineering endeavors and output. 

 
 

2.1 Optimization Method 

In scientific and engineering research, optimization techniques are crucial because they facilitate the 
methodical and effective search for the best answers to challenging issues. In engineering, many design 
procedures, such as lowering energy consumption in systems, optimizing material utilization, or enhancing 
the performance of machines, require judgments among several factors. Finding the best balance between 
conflicting goals would take a lot of time and resources if optimization techniques weren't used. In scientific 
research, optimization algorithms are essential for data analysis, simulation, and model fitting. They enable 
scientists to fine-tune parameters and produce results that are dependable and accurate. This is particularly 
beneficial in domains like computational biology, physics, and chemistry, where optimization aids in the 
design of experiments and in solving difficult equations. Furthermore, sophisticated optimization 
techniques like gradient-based methods, heuristic approaches, and genetic algorithms offer significant 
computational advantages, making it possible to solve problems that would otherwise be insurmountable 
as they become more complex with larger datasets or more variables. Therefore, optimization plays a crucial 
role in enhancing the efficacy and efficiency of scientific and engineering undertakings, which in turn spurs 
innovation and discovery. 

Genichi Taguchi created the Taguchi method, a statistical technique for enhancing process efficiency and 
product design with an emphasis on lowering variability and raising quality. The Taguchi technique is 
centered on resilient design, which tries to improve consistency and reliability by lessening the sensitivity 
of processes or products to fluctuations brought about by outside influences (noise). Multiple factors can 
be evaluated simultaneously with fewer experiments thanks to a technique that uses orthogonal arrays to 
systematically design experiments. This efficiency in experimental design is one of its key advantages, 
since it cuts time and costs while still generating valuable insights into the impact of many factors. The 
Taguchi approach also incorporates a loss function, which measures the financial deviation from the target 
performance and promotes not only satisfying the requirements but also minimizing the impact of any 
deviation. 
 
The Taguchi technique has several benefits, such as being easy to use, affordable, and capable of handling 
several variables without requiring a lot of processing power. Moreover, it works especially effectively in 
scenarios where standard optimization techniques would be hard to use, including complicated variable 

2. MATERIALS AND METHODS 
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interactions in processes or costly or impracticable real-world testing. The Taguchi method has a wide range 
of applications. It is widely used in industrial industries, especially in the electronics, automotive, and 
aerospace sectors, to improve process efficiency and product quality. It has been used, for instance, to create 
high-performance materials, enhance production procedures, and optimize machining parameters. The 
Taguchi technique has been applied outside of manufacturing, in areas including chemical processing, 
environmental engineering, and biotechnology, where it is crucial to optimize experimental conditions and 
reduce variability. All things considered, the Taguchi technique offers an organized, effective method of 
optimization, which makes it useful in many different fields of science and industry. 

In the Taguchi method, three different characteristics are used according to the purpose of the experiments. 
If the largest value is to be obtained in the experiments, ‘larger the better’ characteristic is used, if the 
smallest value is to be obtained, ‘smaller the better’ characteristic is used. If the experiments are intended 
to approach a predetermined numerical target, the ‘nominal the best’ characteristic is used. According to 
these three different characteristics, three different calculation formulae are used. These are 

For Larger the better characteristic; 

𝑆𝑆
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For Smaller the better characteristic; 
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For Nominal the best characteristic; 
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This study aims to obtain the most Stable Hydrophobic Surface. For this purpose, the “smaller the better” 
characteristic was used. 

2.2 Material and Experimental 

In this study, the surfaces of 2 mm thick AA1050 aluminum sheets were machined with different machining 
parameters given in Table 1. A high precision fiber laser was used to process the surfaces. 
 
In this study, fiber laser technology was used to engrave various geometric patterns onto the surface of an 
aluminum alloy from the AA1050 series. Four distinct laser power levels (40 W, 60 W, 80 W, and 100 W) 
and four distinct "Theoretical laser scanned area factors (%)" (80%, 60%, 40%, and 20%) were applied to 
each of the four geometric designs (Square, Diamond, Hexagon, and Circle) that were examined. These 
studies were carried out to investigate the response of laser-processed surfaces to different laser parameters 
and surface geometries in terms of surface energy, microstructure characteristics, and surface roughness. 



 Natural & Applied Sciences Journal Vol. 7 (2) 2024 78 
 

The shapes of the laser-applied patterns were used to categorize the textures, and for every geometric design, 
a number of experimental situations were investigated. The aim of this research is to examine how laser 
processing parameters affect aluminum surfaces and identify the prerequisites for achieving ideal surface 
characteristics. 
 
High-intensity laser beams can be produced using dependable, effective fiber laser systems. They find 
extensive application in micromechanical applications, materials processing, and marking procedures. Fiber 
lasers are notable for their long lifespan, high beam quality, little maintenance, and energy efficiency. For 
medium-to-high power applications, a fiber laser with a 100W power output is perfect. It works well for 
metal cutting, marking, and surface modification. 
 
In the experiments, the 3 parameters given in Table 1 were analysed at 4 different levels. Two of these 
parameters are numerical parameters and the other one is the classification of the patterns formed on the 
surface. 
 
Table 1. Three machining parameters and their fours of levels. 
 

Pattern Type Scanned Area 
factor 
(%) 

Laser Power 
(Watt) 

Square 80 40 
Diamond 60 60 

Hexagonal 40 80 
Circle 20 100 

 
 

 
Traditional experimental design requires 34 (=81) experiments when three factors with four levels are 
studied. When optimization techniques are applied, fewer experiments are required to yield effective results. 
This inquiry used the Taguchi method, which produces good findings in many scientific and technical 
disciplines. To reduce the number of experiments, the Taguchi technique suggests that selecting the 
appropriate orthogonal array should be done first. According to the Taguchi approach, in order to reduce 
the number of tests, selecting the appropriate orthogonal array should be done first. Because three 
parameters and four levels were used in this experiment, the L16 orthogonal array was used. The laser 
machining sets specified in Table 1 were arranged in accordance with the L16 orthogonal array, and 
experiment sets were built. Table 2 lists the experimental configurations and the means of the standard 
deviations of the contact angle values of the surfaces obtained using these configurations.  
 
Table 2. Sets of experiments produced by the Taguchi method, arranged according to the L16 orthogonal array. 
 

 Texture Scanned area 
factor (%) Power (W) 

Standard 
deviation 
of contact 

angles 

S/N 
values of 
contact 
angle 

1 Square 80 40 2.16 -6.68 
2 Square 60 60 2.03 -6.16 

3. RESULTS AND DISCUSSION 
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3 Square 40 80 3.55 -11.00 
4 Square 20 100 4.58 -13.22 
5 Diamond 80 60 12.22 -21.74 
6 Diamond 60 40 6.17 -15.81 
7 Diamond 40 100 7.24 -17.19 
8 Diamond 20 80 4.20 -12.46 
9 Hexagon 80 80 NA NA 

10 Hexagon 60 100 NA NA 
11 Hexagon 40 40 9.03 -19.12 
12 Hexagon 20 60 5.54 -14.87 
13 Circle 80 100 10.36 -20.30 
14 Circle 60 80 8.25 -18.33 
15 Circle 40 60 40.14 -32.07 
16 Circle 20 40 2.75 -8.79 

  
Table 2 reveals that reliable data could not be obtained with the 9th and 10th test sets. This may be due to 
the inhomogeneity of the material surface. The contact angles of the textured surfaces obtained using the 
test sets were made every second for the first 10 seconds after the droplet was dropped on the surface. The 
contact angles of the surfaces generally show a decreasing trend. This indicates that the liquid dripped over 
time is dispersed on the surface. In this study, it is aimed to obtain the machining parameters required to 
obtain the surface with the least change in the contact angle or the least change in the contact angle. For this 
purpose, the standard deviations of the contact angles measured in the first 10 seconds were calculated and 
the results are presented in Table 2. Signal to noise ratios of these standard deviation values were calculated 
according to Taguchi method. The obtained signal to noise ratio values were given in Table 2. As seen in 
Table 2, the lowest standard deviation was obtained with the experiment set number 2. The largest standard 
deviation value was obtained with the experiment set numbered 16. Figure 1 shows the image of the droplet 
on the surface where (a) the smallest and (b) the largest standard deviation values are obtained. The largest 
value of the contact angle of the droplet in Figure 1a is 165.22° and the largest value of the contact angle 
of the droplet in Figure 1b is 107.16°.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Images obtained during the measurement of contact angles of the surfaces giving the (a) largest and (b) smallest 
standard deviation values. 

  

(a) (b) 



 Natural & Applied Sciences Journal Vol. 7 (2) 2024 80 
 

The ANOVA table presented in Table 3 shows the sum of the squares (SSi) of the means of the S/N values 
for each level and the variance of these values. The table shows that according to the Taguchi method, the 
standard deviation of the contact angles measured in the first 10 seconds of the textured surface to be 
obtained in the experiment with the experimental set with texture type square, scanned factor 20 % and 
laser power 40 W is 1.43. The ANOVA table also shows that the factor with the greatest influence on the 
standard deviation is the texture type with 61.61%. The second most influential factor was laser power with 
23.08% and the least influential factor was scanned factor with 15.31%. 
 
Table 3. ANOVA table prepared using the Taguchi technique. A- Degree of freedom, B- Sum of squares (SSi), C- Average of 
sum of squares (variance), D- Effect of factors (%), E- Optimum Levels, F- Optimum Values (calculated). 

  Average S/N   

Factors 
1st 

level 
2nd 
level 

3rd 
level 

4th 
level A B C D E F 

Texture -9.26 -16.80 -16.99 -19.87 4 247.46 61.87 61.61 1 1 
Scanned Factor (%) -16.24 -13.43 -15.77 -12.33 4 61.50 15.38 15.31 4 20% 

Power (W) -12.60 -18.71 -13.93 -16.90 4 92.68 23.17 23.08 1 40 W 

  -15.55         
Total      401.65  100.00   

Optimum S/N       -3.09 
Minimum standard deviation       1.43 

 
 Main Effect Plots 
  
Main effect plots are an essential tool in statistical analysis, particularly when talking about experimental 
design and analysis of variance (ANOVA). These plots provide a visual representation of the average 
response of a dependent variable across different values of a single independent variable while all other 
parameters are maintained constantly. To make it easier to analyse experimental data, main effect plots are 
mainly used to examine and illustrate the relationship between independent and dependent variables. One 
of the key benefits of main effect plots is their ability to show the presence and magnitude of main effects, 
or the influences of various independent factors on the dependent variable.  
 
By plotting the mean answer for each level of the independent variable, main effect plots allow researchers 
to assess the overall effect of an independent variable on a dependent variable, regardless of the levels of 
other variables. This facilitates the identification of trends, patterns, and variances in the dependent variable 
across different independent variable levels. The main effect plot is a helpful diagnostic tool for determining 
potential interactions between independent variables. An interaction occurs when the amount of one 
independent variable has a varied effect on the dependent variable. By examining main effect plots in 
conjunction with interaction plots, researchers can get insight into the complex dynamics of the system they 
are studying. Specifically, they can ascertain whether the relationship between the independent and 
dependent variables varies across levels of other independent variables. Main effect plots are helpful in 
assessing experimental results and are necessary for model validation and selection. By visually analysing 
the main effect plots, researchers can ascertain whether the linearity and homoscedasticity assumptions that 
form the basis of the statistical model are satisfied.  
 
As can be seen from the main effect plots given in Figure 2, although “texture type” does not express a 
numerical value, all three plots show similar characteristics. Since the aim of the study was to obtain a stable 
surface considering the contact angle, the smallest standard deviation values were obtained when the texture 
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type was square. The largest standard deviation values were obtained when the texture type was circle. 
Considering the scanned factor, the smallest standard deviation value is obtained at the smallest value of 
the scanned factor. An increase in the standard deviation is observed until the scanned factor reaches 40 %. 
After this value, a relatively slow decrease is observed until the scanned factor reaches 60 %. However, 
when the scanned factor increased from 60% to 80%, the standard deviation increased rapidly again. 
Considering the laser power, the smallest standard deviation values were obtained at 40 % and 80 %. As 
can be seen in this graph, when the laser power increased from 40 W to 60 W, a rapid increase in the 
standard deviation was observed, but when the power was increased from 60 W to 80 W, the standard 
deviation decreased at the same rate. When the power was increased from 80 W to 100 W, a very small 
increase in the standard deviation was observed.   

 
 

 
Figure 2. Main effect plots for; (a) Texture Type, (b) Scanned Factor and (c) Laser Power. 

  
Regression Equation 
 
A regression equation represents the relationship between one or more independent variables and one or 
more dependent variables mathematically. Based on the known values of the independent variables, it is 
used to forecast or estimate the value of the dependent variable. The dependent variable is expressed as a 
linear combination of the independent variables plus an error term in the most basic form, known as linear 
regression. Nonlinear regression models can be used in more complicated situations to capture more 
complex interactions. Numerous scientific and engineering domains make extensive use of regression 
equations. They are used in structural modelling, material performance study, and load prediction in 
mechanical and civil engineering. They are employed in electrical engineering to represent system 
behaviour in signal processing and control systems. Regression models are used in environmental research 
to evaluate the effects of climate change and predict the dispersion of pollutants. In the biological sciences, 
regression analysis is also essential for simulating population dynamics or the spread of disease. Regression 
equations provide the advantages of being able to forecast outcomes, model real-world occurrences, and 
infer correlations between variables. The use of error terms allows scientists and engineers to account for 
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uncertainties when analysing massive data sets, gaining actionable insights, and optimizing systems. 
Equations 5-8 present the regression equation obtained using Minitab 21.1.1 for regression analysis. 
 

 𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶          𝑆𝑆𝑆𝑆𝑆𝑆.𝐷𝐷𝐷𝐷𝐷𝐷. = 15.6 + (0,011 × 𝑆𝑆𝑆𝑆)− (0,011 × 𝑃𝑃)                                  (5) 
  

𝐹𝐹𝐹𝐹𝐹𝐹 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷          𝑆𝑆𝑆𝑆𝑆𝑆.𝐷𝐷𝐷𝐷𝐷𝐷. = 7.7 + (0,011 × 𝑆𝑆𝑆𝑆) − (0,011 × 𝑃𝑃)                                  (6) 
 

𝐹𝐹𝐹𝐹𝐹𝐹 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻          𝑆𝑆𝑆𝑆𝑆𝑆.𝐷𝐷𝐷𝐷𝐷𝐷. = 7.5 + (0,011 × 𝑆𝑆𝑆𝑆) − (0,011 × 𝑃𝑃)                                  (7) 
 

𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆          𝑆𝑆𝑆𝑆𝑆𝑆.𝐷𝐷𝐷𝐷𝐷𝐷. = 3.3 + (0,011 × 𝑆𝑆𝑆𝑆) − (0,011 × 𝑃𝑃)                                  (8) 
 
 
Table 4 provides the minimal standard deviation values determined by the regression equation, as well as 
the standard deviation values and error rates derived from the data. Table 5 shows that the estimated values 
of the standard deviation agree rather well with the findings of the measurements. 
 
Table 4. Calculated standard deviations. 

Exp No Texture 
Type 

Scan 
Factor 

(%) 

P 
(W) 

 

Calculated 
Std. Dev. 

With 
regression 
Equations 

1 Square 80 40 3,74 
2 Square 60 60 3,3 
3 Square 40 80 2,86 
4 Square 20 100 2,42 
5 Diamond 80 60 7,92 
6 Diamond 60 40 7,92 
7 Diamond 40 100 7,04 
8 Diamond 20 80 7,04 
9 Hexagonal 80 80 * 

10 Hexagonal 60 100 * 
11 Hexagonal 40 40 7,5 
12 Hexagonal 20 60 7,06 
13 Circle 80 100 15,38 
14 Circle 60 80 15,38 
15 Circle 40 60 15,38 
16 Circle 20 40 15,38 
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The paper provides a systematic analysis of how to optimize the parameters of a fiber laser to produce 
patterns on AA1050 aluminum alloy plates that have various geometric properties. The ideal parameters 
for three important variables were found using the Taguchi technique. These three parameters are laser 
power, scanned factor, and texture type. The surface patterns' geometries are directly impacted by these 
characteristics. The study yielded data that indicated that the most beneficial parameter for achieving a 
stable surface was the texture type that was formed on the surface. The percentage of the outcome that is 
impacted by the texture type parameter is 61.61%. Laser scanned factor was shown to have the least impact 
on the outcome, accounting for 15.31% of the total. Laser power was found to have a moderate impact on 
the outcome, accounting for 23.08% of the parameter. 

Experimental systems were constructed with the L16 orthogonal array. As a result, it was able to effectively 
explore the parameter space and produce precise results while avoiding resource waste.  
ANOVA calculations also revealed that a more stable surface pattern might be produced in an experiment 
with different parameters than those used in the actual studies.  

Strong correlations between the experimental data and the anticipated model were also revealed by the 
regression analysis. This demonstrated the validity of the Taguchi technique for enhancing laser processing 
parameters. By presenting solid proof that these ideas are well-established and outlining the benefits that 
can already be obtained by figuring out the ideal conditions, this study adds to the ongoing discussion in 
this area.  
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