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Abstract

This study investigated the variables affecting water quality in the Tha Chin River, Bang-Len
District, using the Generalized Extreme Value (GEV) distribution to analyze water quality parameters,
including pH, dissolved oxygen (DO), electrical conductivity (EC), and temperature (Temp). The results
indicate that higher EC values reflect increased dissolved substances such as nutrients or chemicals,
while elevated water temperature suggests a continual decline in the river’s water quality. The
findings also show that rising temperature levels indicate a consistent and worsening trend of water
quality degradation each year. The main causes of this problem are pollutant discharges from
communities, industries, and agricultural activities, as well as inappropriate water flow management.
Government agencies, such as the Department of Environmental Quality Promotion and the Pollution
Control Department, have implemented measures to control wastewater discharge, improve water
quality, and promote community participation in monitoring programs along the Tha Chin River. These
initiatives include the development of wastewater treatment systems, integrated management
strategies, and environmental impact assessments. Furthermore, climate change characterized by

rising temperatures and decreasing rainfall poses a direct threat to regional water resources.

Keywords : Acidity-Alkalinity; Dissolved Oxygen; Conductivity; Temperature; Generalized Extreme

Value Distribution
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Abstract

This study focuses on analyzing the peak load trends and developing Demand Side Management
(DSM) strategies to enhance energy efficiency in the Industrial Technician Building at the College of Industrial
Technology and Management, Rajamangala University of Technology Srivijaya, using real-time monitoring
data from December 2024 to February 2025. The results show that the average daily peak load from
December 1-10, 2024, was 151.3 KW with a Load Factor of 0.59, the lowest compared to the period from
January 1-10, 2025, where the peak load increased to 162.4 KW and the Load Factor rose to 0.63, indicating
a better energy balance early in the year. The highest peak load of 165.4 KW with a Load Factor of 0.63
occurred from January 21-31, 2025, showing increased energy use during the summer season. In February,
the peak load decreased to 154.1 kW, possibly due to changes in energy usage behavior. The study suggests
that redistributing the electrical load and using an automatic load control system can reduce peak load and
improve energy efficiency. Furthermore, developing an intelligent energy system and implementing Demand
Response can enhance long-term energy management. Economic analysis indicates that the DSM project
can break even in 3.42 years and generate a net profit of approximately 200,000 baht within 5 years by
utilizing appropriate DSM techniques, such as changing energy usage behavior, using renewable energy, load
control, and energy-saving technologies, all of which will help reduce the load on the electrical system and

improve energy efficiency in the building.

Keywords: Demand Side Management; Peak Load; Load Factor; Energy Management in Buildings
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(Demand Side Management: DSM) 3atdunuana
adgfiizdafinuseansamnsldndnunazan
nszaldTelisniu enasFeuduanuing
sUnuumslindanuiddnvauziane Tnofniing
TdndenugalutaianisSeunisasuuazianssy
e 9 GeUsznauselnaavainvateysznn gy
spUULasadn indeUueinia gunsaldinau
wazgunIninsieunisaeu dwaliinlvanlil
g9an (Peak Load) Tuunsdiananvesiu Jeymn
aana1rdrlugaiuianielunisusvisda
5w 1o nan Peak Load fnalaeaseie
nsAaalnin Tnsanizlunsdlfidnisinenludi
BUUTRIININGINI81N151997U (Time of Use:
TOU) #39n15AnA1 A1 1uAINADIN1THAIIU
g3an (Demand Charge) [1]- [3]
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MTAATIEAULITUTEFUAI (Weekly Trends) Lag
N153ATERLRLINS 1899 N8 (Seasonal Trends)
TngRasumsfiwesdrdey lon Peak Load, Off-
Peak Load, n15T¥waea1usau (Total Energy
Consumption) tha ¢ A1 Load Factor [4]- [6]
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AONNINHULAZ US M TI AN sasulueAsTou
wazoAsUszInnay q Addnwarnisldngsay
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da v a

AsANYITeUlYsEdeudTITeeUSua Tnedl
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2.1 Msin3eudaya
nsfnwiilddeyaluanluiinainszuy
arviandnuunuuiiealndveseinsiou lnad
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\u3ULUU Time Series Aifimsimuaneduiinandi
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2.2.1 nsAs1zRuualdusedu (Daily
Trends) 3mi’]sﬁﬁhqnmﬁﬁmi[.%’wé’muqdqm
(Peak) uazsingn (Off-Peak) luusaziu ulsdoya
M133U (Date) lngldUaya Time Series AMWIMIAN
Peak Load Wae Average Load TuusayTu
nsIvAeUNgAnssuNsTIndanuLarsrytiaand
1An Peak Load [5]- [6]

2.2.2 A1saAsizRnulldusiedunni
(Weekly Trends) 3ias1z¥n1sildsundaseinis
Tondanuluusazdan uisdeyanuduavilay
nsnindeyadniuluudazduat Audu Peak
Load Way Average Load lulmazdunsi Iimsei
AULANANTBINTIENSIUIEN I TUTINNULaY
Tunen [5]- [6]

2.2.3 n153msignudlidusieggnia
(Seasonal Trends) ALATIZRNANTENUVDITILIAN
luseuUseonisldndanu wistoyanuihou
(WA 2567, UNSIAN 2568, NUATRUT 2568)
AU Peak Load, Off-Peak Load, Total Energy
Consumption Wag Load Factor lunrazifou
nserwunltunisisunlasessniines

AN ¢ MAAYTIANANY [6]- [7]

¥
o o/

2.3 NSATUIUAITINEIA

[

AsANRIEAT Ind s all

o

2.3.1 Peak Load (KW) AU ATNA 91U

° o '

qaqmmvﬁuLLmazﬂimamﬁau‘la (T, dUa9i, 1iew)
$8Y21a17An Peak Load Lloldlun1snnsusy
wnsnMsannslandsau

2.3.2 Off-Peak Load (kW) A U384 f 1
wisnusgalugasnaiidnisldndanules
AATIAAIINAITENIN Peak Load uay Off-Peak
Load

2.3.3 Load Factor AMuInmegns

Total Energy Consumption

Load Factor =
Peak Load x Time Period

Jpszaruainaueveanslinganu (@
feganansitnaniinuaiiauenazldndsany
pg9lUsEaNSNN) [6]- [7]

2.3.4 Total Energy Consumption (kWh)
furuUsutamdsnusuildluwiazdauian

AAMLLUILTUNT AUl AT

2.4 A15WAUINAYNS Demand Side

Management (DSM)

P o s

INWANTIATIENTBYA n1simunagns

v
=1

DSM wiean Peak Load #isil
2.4.1 nMsnszaeluanludarag Off-Peak
2.4.2 731152V Demand Response 114
\ieanauRnesEing Peak waz Off-Peak
2.4.3 msiinuszansnnnisldnganulag
TszuunIuausgnlug
2.4.4 mﬂ%’wﬁqmwguﬁamﬁaammiﬁqu

nasuanszuulndmdn [5], [9]

2.5 nsUszdiulssAnsnmuainagns DSM

A15UsEUUsEANS AN un1slae g
31804 (Simulation) vesszuy lidayalvnanasann
sEUUATI9TANS Ui Andudulrednsiasu
nszualifisaufussuy loT Wewssuifisu

o ' v o

ATNISITLRBTEN aumaul,l,awaamﬂaqwﬁ‘ DSM 11
14 dail
251 nMswasunUawes Peak Load (KW)
2.5.2 nMswasuniases Load Factor
2.5.3 miamawmé’unuwﬁmu (USD/Day)
254015 NTUV NATHTAINTEUY

(System Stability Score)
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3. NansAnEILazaAUsIuNa

3.1 nsiudaya
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P =3 v Y v 14
3UN 1 maiusiusiudeyanislindenuld

Wuwesinnseualuiiasiudussuu loT

A15199 1 NMSUTEUMIBUAINULLUEITENINTTUU

fuiasesiiadn (Wasidudrnumainmasu)

Phase Reference Measured Error
Value (A) Value (A) Percentage
%
Phase A 7.66 7.6 0.78
Phase B 14.31 14.3 0.07
Phase C 13.43 13.4 0.22

3.2 N15A1U0d Peak Load wag Load

Factor

AU A1 Peak Load dniuldas
Franandiaula (Fu, §Uav, eu) Tnefinnsanen
n¥sugeamluTsaiu

3.2.1 mMsaszsnuldulnanng sy
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anfiunsieglédoyaainszuunsiatandaanudu
JrEIan 3 oUW (FuAN 2567 - NUAIWUS 2568)
LﬁammaaumiLU5"wuﬂawamé’muqqqmﬁiﬂﬂu

LAz IeLIan

Average Peak Load by Day [Dec 2024 - Feb 2025

g
E 4 2

ooy
Aversge Peak Load by Week {Dec 2028 - Feb 2075

Average Peak Lnad by Month (Dec 2024 - Feb 2025)

Decernber Febriary aniary
e

JUN 2 wunluvaandsnuasaniadslueinissey

(FunAw 2567 - NUATUS 2568)

mﬂﬂiWWEUﬁ 2 WU Average Peak Load
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WAURANAiuRY o1adesiansandaiaily
weiazdu (Hourly Load Profile) m1Average Peak
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NUI1 A1 Peak Load TA1uiurIulusIausn
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syuulaifianuduaiungiuazaiusenou
Tnanades wandlenalunisusudgesiu DSM
wienszaenslilwih andunu uaziiuausiung
UYDITTUUILHLE?

3.2.3 n153As1znuldus1edUani
(Weekly Trends) 1Unu18@on153LAS 18RI I ULA
avdunmiinswdsuudameanisldnganuniol
wu Juduniildndsnumnnifluriasiungage
dUat NIEUIUNTIATIERIRTIINSUU oy an 1y
duailaanmsldnmerindeyaniuluwiasduanv
AU Peak Load ag Average Load lulnay
FUa9t Aasgiiualiuves Peak Load 318013
dindunioanasludasiurauniofunga
Uszlovilanisansivgounisionasaulugieiu

sysumiuTunenla

A15199 2 a1s1snurldusiedunndi (Weekly
Trend)

Off-
Peak
Peak Load
Week (Start-End) Load
Load Factor
(kw)
(kw)
1-7/12/2024 150.5 100.3 0.85
8-14/12/2024 155.7 105.2 0.88
15-21/12/2024 160.2 110.4 0.87
22-28/12/2024 162.5 112.6 0.89
29/12/2024 - 4/1/2025 158.9 108.5 0.86
5-11/1/2025 161.1 111.3 0.88
12-18/1/2025 164.3 113.4 0.90
19-25/1/2025 167.0 116.0 0.91
26/1/2025 - 1/2/2025 165.5 114.2 0.89
2-8/2/2025 169.2 118.0 0.92
9-15/2/2025 170.5 119.4 0.93
16-22/2/2025 172.1 120.5 0.94
23-29/2/2025 173.6 121.8 0.94

Weekly Load Profile (Peak, Off-Peak & Load Factor)

Load Factor {fraction)

L
Week (Start-End)

JUN 4 MIIATERBeIa1veInIslandsnulnih
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A1v9 Peak Load 13ududi 150.5kw Tusudi 1
Sunnay 2567 uasifiutuaude 173.6kw Tusud 23
nuAwus 2568 Tnsuandliifiudauun ity
voamslindsnugeanlugaananiu 4 aguldien
Peak Load Sn1stiiuduussunar 15.3kw Tyt
a1 2 Leu (310 150.5kW 18U 173.6kW) uanaii
Asifiuduvesnudesnisndsnulugaiia Off-
Peak Load (kW) Aanisldmdsaulugsianilaile
oglutnsdin Jauansdsnslindanulunarifang
Fosnandsnution Awes Off-Peak Load BSududi
100.3kW Tu¥udl 1 §uanau 2567 waztiiuduia
121.8kW Tuudl 23 quatius 2568 aguleinen
Off-Peak Load fin1stfiuguann 100.3kw 19y
121.8KW Fauansdanisldndeauifiuguly
fra11a17laild929fia Load Factor Aesnsndau
sewinslindanuadedunislindanugegaly
fraraiieatu A1 Load Factor Suduil 0.85 Tu
fudl 1 urey 2567 wasiiiuduy 0.94 Tufud
23 nunug 2568 agulddniniuduves Load
Factor (310 0.85 10u 0.94) uanafiansusulsge

Uszansnnlunisldnadsau tnednshonasanu
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WuTuresnmudesmandanulutasin Ussavsam
1514 n& 9911 (Load Factor) A1 Load Factor i
Wisdunansdenisuiul ssussansaiwlunisld
wanluszuulnih TnessuuGalindanliose
UseAvBnmanntu sisluisfiauazuendsii

324 n153msigiuulldusigngnia
(Seasonal Trends) LUmNeABNITIATIEANANTENY
Y0999 N"a (WU oo, gavund) demsldndeau
Tnaanzlugie Peak Load NseUuNITIATIERAL
VfﬁmiLLﬂﬂ‘ﬁ'agamuqama (Spring, Summer, Fall,
Winter) 3ouuaduifiou Auan Peak Load uag
Average Load luudazggnianseiiau 3ias1en
NANTENUYRINGNTA 19U e Feudisinislindeny
1NNIeRIUY Usvlewianunsataelunisaanisel
Peak Load lulsavganiawaznaunun1sidau

nHNUlARSRU

M15197 3 MsAsIwngRnssuinanlniiuaznig

Twdaeu
Off-
Peak
Date (10-day Peak TEC Load
Load
intervals) Load (kWh)  Factor
(kw)
(kw)

01-10/12/2567 151.3 78.6 255.2 0.59
11-20/12/2567 155.0 79.0 260.5 0.60
21-31/12/2567 157.6 81.4 263.6 0.60
01-10/01/2568 162.4 84.5 2775 0.63
11-20/01/2568 164.4 83.7 279.9 0.63
21-31/01/2568 165.4 84.2 279.9 0.63
01-10/02/2568 158.8 80.6 265.0 0.61
11-20/02/2568 1575 79.2 260.5 0.60
21-28/02/2568 163.3 84.0 277.8 0.63

Energy & Load Profile (10-day intervals)

Peak Load (kW) e e 0.630
25| . Oft-Peak Load (kW) \/

x
250 —=-"Load Factor

Power / Energy (KW { KWh)

Period (10-day Intervals)

a
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mﬂniW\IEUﬁ 5 wuin Armasunlasmes
Peak Load (Iangsan) Suwalifufistusgssioios
910 151.3kW lurasiuifieusunau lUiwegeandi
1650k TugrsUaneideunnsiau 2568 (Rudy
9.32%) s nduiinisanandndosludaeduis
nanaeunuaitug 2568 nowandsdudnadilutag
Uaneidiou jUuuuiaenadasiuggnialutssmelne
Tngthansesindudisifigamgiidininasdu e
p19dNanan1TidaUnsal Al NI oUnI o
w3adldlwinfiudu wualiiuves Off Peak Load
(vansge) fiUuuunsiasundasdneiu Peak
Load usiludnsiidosndn duduan 78.6kwW lutas
Fusuanay Tus 8a.5kw lutnsduunsiay (Radu
7.51%) dad1u5¥n119 Off-Peak Load ag Peak
Load Aoutieasii Uszanas 51-52% aaendauiandi
Anw USuruni1slenassrusiy (Total Energy
Consumption) wi@uan 255.2kwh {Hu 279.9kwh
Tugaunsiny (Rudu 9.68%) wualtunis
WasuwUataenndodiuen Peak Load wandlyiifiuds
ANUFNNUSSENIIanasgawasUsuunsly
WAI91UTU A1 Load Factor (aUsznoulnan)
Wiudwann 0.59 lugasduguaay 2567 1y 0.63
Tughsunsiau 2568 Mstinduves Load Factor Ust
fauszansamnisldndsnuiiaty dewiniing
nsvaensdndsnuiiadiauenniuszninmas

Peak uay Off-Peak
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(DSM)

91nNTINFUT 6 nudr wunliiulnangaagn
(Peak Load) anad #d3a1nld DSM Fataannise
voaszuvlnilugasifianudesnisndsanugs
DSM ¥38nszanelvanlimunzas inlinasaugn
THegneflszAnsnimunty anaaudfuniuyes
Tnan msdsendandanuifatuludisnanansiy
wazen Tnsdanaaniiufidideafiusngludasd
ndsulFnugs wnsn1s osM danunsounluld
Wuwwamislunis Ysudgelszansaamnasldy
waaulueiAsiSeu wazdivanAlgIun1u

nasuluszaze

3.4 n15USB UL UNAANS NDULAZRASLY
nagns DSM

151152 UUdANT 5 UaIANE 191 (Demand-
Side Management: DMS) w114 dewalw

UsganSnnweaszuulniifnzu



RMUTP Research Journal Sciences and Technology, Vol. 20, No. 1 (2026) 23

AN5199 4 M51BUSHULNBUNANENDULAL RINTS

WNAENSN15IANTRUAANG I (DSM)

Before  After Improvement
Parameter

DSM DSM (%)
Peak Load (kw) 150 120 20
Load Factor 0.65 0.75 15.40
Energy Cost 330 264 20
(USD/Day)
System Stability 70 85 21.40
(Score)

Comparison with Dual Y-axis (Load Factor on Secondary Axis)

N Bef| M
At

<3
5

0.6
250

0.

0.

a2 O
Load Factor

0.3

0.2

values (kw, USD/Day, Score)

0.1

0 0.0

() o2y . ore) fore) e
FEEV-L"BdR " rso! e (s 4 Facker B arc o
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v
aa o 4
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ganARITNToUN1THNBUTH (50,000 UIW) AUNU
A1Ldun1s (Operating Cost) 10,000 u1n/U
AsauAguA1U1TesNYIgUNsaluazgondALIsNIg
Usgndanaaany (146,000 urn/T) 4191001580
Peak Load wagalnilnluaae Off-Peak Payback
Period = fuyuisudy + (M3UsEndandaausiod -
AuNUAILIUNIT) ~ 3.42 U ROI (Retum on
Investment) = (Hanauwnuanss1ey + duny
Bud) x 100 ~ 27.2% ¥ Smarmenids lild

P1U1A U IUA298798 waa1u15auSuly Net



a

24 2158153YINTITUAL I UNT. WTUAT A1Y1INeImIansuazimalulad Ui 20 avuil 1 (2569)

Present Value (NPV) #5® Discounted Payback

Period ¥1NN#HB9N15NAITUIAEUANLLIEAN

DSM Payback Analysis

—e— Cumulative Cash Flow
- == Break-even Point
- == Payback at 3.42 Years
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3.5 Demand Side Management: DSM
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DSM
Description Advantages Disadvantages
Technique
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Change user habits peak load change habits
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strain cooperation
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emissions
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devices - Less grid
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Demand Adjusting - Reduces - Needs
Response load via peak coordination
signals demand - Real-time
data required

99715197 6 wansmaila Demand-Side
Management (DSM) ﬁﬁmml,mmﬂﬁﬂi’mﬂ%’uﬂgq
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Effects of Planting Media and Plant Care Practices on Ex Vitro

Rooting of Philodendron pedatum (Hook.) Kunth
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Abstract

Philodendron pedatum (Hook.) Kunth is widely used as an omamental plant for cutting leaf, gardening, or
pot plant to decorate buildings. The plant tissue culture technique is employed to propagate this economically
important crop for the high demand of the ornamental plant industry. However, the transplantation of in vitro
rooted plants frequent results in plant death, which is causing a significant huge loss in plant propagation
resource. This research aimed to evaluate the ex vitro rooting induction of P. pedatum. In vitro young shoots,
1 cm in height with 3 leaves, were cultured on Murashige and Skoog (MS) agar medium and compared with in
vitro-raised plants grown under ex vitro conditions on peat moss (10 plants/condition with 3 times repeated).
The results showed that all plants grown ex vitro were able to survive and rooting. Additionally, ex vitro plants
exhibited data of new root number, new root length, and overall fresh weight significantly higher than in vitro
plants. Planting media (peat moss, coco peat, a mixture of 1 peat moss : 1 coco peat) and plant care substance
application (distilled water, MS liquid medium, Flavogen®, Osil®) were subsequently studied to identify the most
suitable substrate for ex vitro rooting (10 plants/treatment with 3 times repeated). The findings revealed that
using peat moss as the planting material combined with Flavogen®, an agrochemical, as the plant care substance
resulted in the highest shoots and roots growth. This research will solve the problem of plant death after

transplantation and could help reduce the cost of propagating P. pedatum using plant tissue culture techniques.

Keywords : Philodendron; Plant tissue culture; Ex vitro rooting
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NUATBLAAEI189ULe 193D UaT AT UT UVB S
answadifiuansnety fafunisAnwnavesansiadl
yilalna o sen1sasyidulnvesnuillainunsou
f’fmﬁQizwiN%u’umauﬂwiLﬁmiWﬂuaﬂizUUwangaq
Hededududeivhauls mudseildidenased
NNSNEATUIAN WU 2 vila Ao Nailiau
(Flavogen®) (17as 1ns7, Useinalne) wazleda
(Osil®) (nunssaney, Ussmelng) wil Sasiveand
fsaliigannuazanunsamd olddrea1ndu
Mg UnsainianIsinensnieduA1esulal
mamiwmaaqﬁiﬁa’mmmmﬂizqﬂm‘sl,%l,ﬂuummq
Tunsquatizanailawnunseussvined unaunis
gensnuenvaeanaaesen1siduieiinsnly

vaeannaeeanlgnla

' v
v q =] '

Jauad ba NNUI T8 ALY 38WAUINIT

Y

verenugAuNlaUAToUA AN BNITINIZIE 8

]

v
ya o =%

& y v
Walbelvilidnenngelu lnedesiunismevesiu
Wy 913ANY usENINNNIsUF UNYRNUgNUeN
waeavaaes uaztieduteyaiugiulunisanduyu
mswdnfinasugnavied vederadulsslovine
msUuUInseisilaieivanailanunseu
wfindu 9 lesaly

= ada v
2. 38UYUIRY

= I

2.1 NMATYUNTNADDY

WnUSinaimenewnemahnuillanunseu

(% v

ﬂ’mquaaﬂL%aiuwaawmammﬁﬂmemd'gu‘[ﬂu
AUV 1 URLUIAT 1UL§smuuawmﬁué’ameﬁ
g3 MS [23] (PhytoTech Labs, USA) ﬁﬁﬁwma@ma
Wty 30 nSW/AnS, 1aalsit (gelrite) (Sigma, USA)
WU 2 N51/8013, liBaesatu (N>-benzyladenine
: BA) (Siama, USA) LT 1T W 1 ASU/aMT hay NAA

(Siama, USA) 1194 1 Taansu/ans Aranudunse

- 4 (pH) wesownseEfi 5.7-5.8 muusildidneiu
firludumeut Ao vaufaurn 4 soud Feusey
osiudaunsiesiuiunn 20 nfu Ao 1 Jufia/
VAW
omnsdmiudssiuiitlunasanaaossiuds
fanUgnduiivusnvaeanaaadldgnviiliasnite
Fremsidlundietdleviussiugs (autoclave) finnu
fu 15 Yous/msneiia wiu 15 wifl anmedildides
Fuftwisluuazuonviaeavanamaonnsinuil Ao
gun il 25 + 2 peAgaldea ANULTNLA 3,000
and Mnvaealingeaisawuinasdv duiitlasu

wasluy 18 dluy/Su

2.2 M3AN¥INITIAT LA UlAvaId un vl
YUNBUNITBNIINUTBULNBUTENT19NTT
Wesunylunaaanaaswisatiisenlgnuen

L GRIVIIZGBN

nd 191018 vedaulaudd uuue sty
dansipsiges MS 78l BA 1 fadn3u/ams S9fu NAA
1 fadn3u/ans Asu 8 dUawi (WABudedufiag
onslwivn 4 §Uank) theengeulunasavaasdi
Igndpuendugemfeliinnugs 1 wulums uay
fdnulu 3 Tu wdnhludnwnsasadivlnsewing
malsswensausieluvaonnaaouUIeuiouiunis
WensoueaNUgNUeNaen Ao

naidssiufitlunaoananos : sonsougn
ihludsdunssynnanafnfiflouaduriugudnans
115 WuURIAT LATANGS 6.5 ISUAIAT T9U39
9IMTIUAUATIEENT MS USuas 150 nSu Umeh
nvnnanaRnnaenmaidestuiy

nsiduiyeanUgnuenasanaaes : i
gonsouluduiethuszUfiondnmyiuana s
Fupsevigns MS flonafaundae mntduisuieon

gouluidadunszynmarafinfifivwiauiesiung
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Aesduiidlunaonnaaes usaznsvynussyinuea
U3unas 150 n3u Aunsednlaiangguunn 2 daduns
$1uau 15 § dwduszuiein n1sid sasengoulu
amwﬁaﬂaﬂmﬁquﬂwmaaﬂ WnuAnsEUNUAaY
fuazgnislundeanaradnd sdininuning 24.3
LWURLUAT X AUBT 33.5 WURLUAT X ANES 13
wuAlas 19adnaedlifain vdsaniwenseu
Ugnuufivnueaddlyiinduunsuiy Tnelidiums
funszdnaunin@utundsiestagugn dudiums

ThiunuenssudUnviay 1 A3

2.3 MIAneIagUanImuIzaNsEndnenIs

NTIMNUINUAABANNAD

theengevlunaonnnaesdildainduneu 2.1
indnwdsuuazdndusondelifiiunuardnuly
puiissyluduneu 2.2 indutheendouvaiiioan
‘LJQnuaﬂwaammmaaﬂiﬂaﬂgfﬂ,uﬂszqﬂwmaﬁﬂﬁmiq
fnyea (N80, dumasmse, Usewnalneg), Talafin
Ans? wad, Usenelng) wasinuoanadlalafinly
BN 1:1

WNARAZN TS EUNTEUNTATERN USH04ves
TanuanlunssUnnanadin nMsmensynwatainly
naeswanain saufsnmslidunduiesidunis
AaneAdsiunsiduiveanUgnuenasnnaaed

mamiseylutuneu 2.2

2.4 msﬁnmmsu%%’ms@,LLac?fuﬁﬂjsijN

N1399NINNUBNNABANNAD
Gﬁ%ﬁumsm?amaaméaummﬁisqiu%umu
2.1 wag 2.2 vwensouludgnlunseynnanadng
vssyfinueaduianuan JanainsBunaynTNg
nsgYnnanEan ﬂ%mmmaﬁaqﬂqmLazmiimfﬂLm'
gangaumLiumsivileutunistihduiivesnugnuen

o o 2
mammammmzﬂmumu 2.2

ansiallild saduitelud unout Ussnausae
indu, IMIMAITUATIENGAT MS (PhytoTech
Labs, USA) kag@1sAi n19n15inens 2 ¥4 n Ao
Walaau (an 103, Usendlne) uavleda (nums
a3y, Usenalng) n1swmseuasiadlusazuile
fudunnsdsll Ao 1) Sﬁl'dmmmié’mm’wﬁqm MS
(PhyoTech Labs, USA) 4.43 n33 inazangluingu
1 303 Tneftliisnhmaglasamiounsmionems
Yu Uy pH Wil 5.7 - 5.82) thwlalaauanazane
Freinndu @ working concentration veswalaiay
nsailiJuansyuns esaduiivdmsuiinnalinesd
0.0001% (USanas/U3u1939) waz 3) inledauazane
mﬂl’gaﬂfﬂﬂéﬁu s'fjﬂ working concentration Ypsledansal
Iﬁﬁmé’uﬁmagﬁ 0.001% (U33n015/U311913)

Jlevhweng oulgnuuiinueauasseiuda
Furasaiiivinalaugdusuuduas 1 Jaddns
nduissalwansiafisnduasiay 1 ase Tasa

v

PRINNANDUNT AU AUN LS

2.5 NSUAUNITNAABILAZNITILATIZH

e

aya
maﬁﬂmﬁmal,l,wumimaamwejmwjzﬁ
(completely randomized design) Tnoumazd sy
31U 10 nszYnwanaEdn LaziABsEansous Y 3
goa/1 nIgYnnanadin (S1uiugensausIu 30 Ban/
13%) ludunoudl 2.2 - 24 Fudunmstufindeya
pdniAsstuiivasy 8 dUnwi lnethdufieandng
i 9 Tavenaii svdamyiuniotagugniiie
U3husnoon tduiluisuunsgauiszuiu 5
il ilelidufiouis udriuiindoya (aefi 1 - 3)
faauemaesnlvlfannaniienigavesi
Housdaza
mavnaedluduneudl 2.2 Tinmzideyade

MsAEaUTl (T-test) VausNINsNAaadluTURaUN 2.3
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way 2.4 AT wndeyanien smANuLUITUTIUN1
1E (one-way analysis of variance) 91ANTVAEDU
10w (F-test) FavnnmsvAdeUnUALLANA 988 1]
Weddynads doyagmilUiSeudieusoneds
Duncan’s New Multiple Range Test (DMRT) n1%
NAFBUTNIERAREANSANYH 3 LAT1ET A SEAY p<
0.05 ¢elUsuNTH PASW Statistics 18.0 Uag/aukanina
Tuguvesanads + druldsauusnsgiu (standard

deviation : S.D.)

3. HaNsANYILaZaAUSIUNE

3.1 nssgivlnvasdunyludunaunis
pansnUTsuisuszninensiagsdunly

viaaﬂ‘Vlﬂaawﬁaﬂﬁaanﬂgﬂuanwaaﬂ%ﬂaaa

Nvangrinaunsatniiliiinsnuenviaen
maaﬂﬁﬁqﬁﬂiwng’tumuﬁ%’wmaswmm (7], [10]-
[11], [13], [21] - [22] eg1elsAmu Wounazvilnad
Snvurmaiugnssuuandnety Fefivunuidalil
anunsatndliiinsinuennaesannasdla 39
Sududpsdniliiinsnlunaeannasiudneeiin
oenUgn (5] feumsAnwriduilanunsoufiud
Aldannsinzidsadod sanunsatniliiAnsn
wonviaenveaedldvselisaduddndy

i old saduilvaunasu 8 §Uav sl
NUIE0AS BUVDIA UN LalaUATOUN 111 1 NYan
annsawmunlilusazsinludldanmsid seisly
annzluvdeusnviaonvinaes sraddlinunismeves
gonoauf tu1gniliiAnsnuennasanaas
HANTSA NS INUT 18008 U Yind nuliAe
SINUBNNARBIAWIULALAINETIVDITIN I (2.33
/Y, 2.78 [WUFLIaT) ﬁqaﬂdﬂasjwﬁﬁﬂﬁﬁmmq
anfanannelurasanaass (2.13 s/, 1.13

LYURLUAT) SnnUNAuenNaeANAaBIE W8 NYy

ademdstusuiiaiiulsluanmsssud nanafe
sindanunien dmsuanuuuasdousn vaed
sndaialunaesmeaodidnurdY saumn nus
Wszwasingne s1n LT NSLANLYLILATHUTLSIN
fon (FUA 1) M5 snluvasanaassiidnume
Fnanendmalieiuansalumsnadudiuay
9138 88n315109 T il A auenuaeavnas
JensemusiensaSaiulamedy dwaliimiinan
vosuinluvaeanaaes (0.14 n3) Sdwiiniimnin
FuNTUBNaANAADY (0.23 NTH) WNANITNAADS
nuIANE sve Ui suazdwululuglddinay
wananset1eflfdAymneaiAainnsia sk uite
wilu 2 anme winmstniliduiinAnsinuenvan
NNaBIL1A8 LLuaIﬁmiﬁmmqﬁﬁuLLasﬁwuauiuiuﬂﬁ
ganimsinsntunasanaaes (519 1, gﬂﬁ 1
nan15A il aenndaeiunisdnuludy Siratia
grosvenorii [7] wavansowuass [10] finuinnisiin
FInuenasavnaadlid nvarIINT Ad una st Uiy
fuignlusssumni uaglinmaasdydulamsiusiy
wagsnigeminduiieidmidliAesnlunasanaas
fly’qé'ﬂﬁé’mwmiiam%%mﬁqm’iﬁw msTidnuazme
daugnanewesnlunasannassdidnvusiaungly
ynsssunfdunanndnvazvee s juduaszi
Addesiuirlussuumedsaiodedniammyu
(porosity) i1 [7] WlawSeufisusufinueatinnu
wyUgEs 97% [17] Tadedenaadquiivinvassin
111 wansvaassluduneudiiunisysdidy
Wlawuasouiuisansatniliinsnuenvaes
neaasld Fentetlasiunsmevesduiiodioth
panugnlay 1) nsvirlisind dnuasund way
2) ammwmﬁ&Jmaﬁ%Lﬁﬂ%&i@ﬁﬂﬂmmzﬁwaaﬂﬂqﬂ

o '

Mdadldntvanduyuuazyilinmsmiziiesilows

@S adule hdwnsgvinlidunauniseansinuwaznis

sanUgnifnlunsauiulutuneuwden
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A58 1 nstasgyiulavesiunalutuseuniseansiniUseuiisuseninswunenasslutaonnaa il

20NUaNUBNNABANARDY NANITNARBITUTINT 8 dUA

mMssiulanesudusaslu

ﬁﬂ']qgﬂ v a ° "L, Y iol LY Y A s
ANGINY (LWUALUAT) Tululmizsiu UMUNFEAAUNY (NTN)
n1sugn
Tunasaneans 2.14+0.16 2.33+1.27 0.14+0.04
UBNNADANARDY 2.39+0.34 2.36+0.84 0.23+0.09
T-test N.S. N.S. *
NsasRulINIeAIUIIN
aﬂqq: ° VLY 1] a
FIWIUIIN /AU A2E15 N I (lWURALAT)
sUgn
Tuviaeanaaes 2.13+0.65 1.130.36
UDNVNABANAADY 2.33+0.27 2.78+0.88
T-test *

PRy} o

wugg : NS, fis ldnuanuuaneedaideddnynieeadia ua

ATz iiseiu p < 0.05

3.2 Jaaugnilimuizauaanisululy

5$ﬁdqﬂ%‘uﬁauﬂqiaaﬂiﬁﬂuaﬂ%ﬁaﬂ%ﬂaaﬂ
finuoauazlalafividuianigninldly
funeuniseontgnuazeyiasuiilanunsoudiin
sInturaennaasd [14] - [16], [20] ynwsdaliny
FeuMsindang 2 wilnil ldduianugndmiu
nsgaNIINUBNVABANAREIYBINTANATlaIUATOU
ﬂisﬁwﬁmwmaﬁaqﬂqﬂﬁa 2 yiln V'igﬂugmwu
WA omTeldwansauiusenisidonldTanugni
wngauluduneuNTeaNTINUBNIADANAAE DY
duillainuaseufufedsldsumsfnulunuided
HANISNARBINUIAUT VN NAUAINT0 TN T INLAL
wigliluwazaninyla msldfinueaduianuan
danalyiruivdiaugiu (2.61 wufluns), 911U
Tlvnd 277 Tu/di), dviinandiuiia (0.26 n$a) wag
Fruousnlml (267 590/8) geiian vausiinasld
lalawmd udan Ugnndvdsmalddunvidnis
Lﬁmylﬁuimﬁgqﬁmﬁu (ANMUEIAY 2.23 LBURLUAS,

Suululy 1.30 Tu/sy, dwiinaaauive 0.10 n5)

Ry o

g * A9 WUANLLANANEENHTNEIAYN9EDH Nan1TVAaDY

LaESIN (F1UIUITINIUY 1.10 510/8Y, AL

snlvd 1.55 wufiing) Aenge (13199 2, 3Ui 1)

'
A o

Wethinuealtnausrunulalafin wuinaunedinig

"y
a a a2 '

LS ULAUIANIENF ULALSINARTUNIINS L LALATN

o

Duanugnifissednufen nedanUgnillisinivaid

LI q

871984 3.85 LWUAWAT MNuAAIAIN 1L UANAN
ogslidpd A adAnuaNeITINIRdY IR UNY
fiugnlufivuea (3.04 1wufiuns) Fefuidiefiansan
ndeyamanaaesiuadsasuldin fnweadu
Fanuandl wngandinsunisiunldlud uneu
JEWINNNNTERNIINUBNRBANAABIYDIA U ALY
psoufufa sl Thao et al. [16] wud1 nsvidu
Philodendron hederaceum “Lemon Lime” LA
Tintunaeanaasdliesnugnuuianiinuedlisng
nssendinviavun (1009%), s1uanlu (2,37 Tu/dw)
WATANEIURIRA (2.92 LYURLLIAST) EIa0 YUz

nsliyegnilinanmaaesiian

a Vg va a Y &
fAnwauaudfvesinyealunislddu

TanugnwuininueaiaA1anusiugei 97% uay
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annsaguildunndminvesfinueaies
(water holding capacity) 10 - 30 %1 [18] - [19]
yaugilalafindaranusauged 79% uazaiunso
guthldunninimdnueslalafinosUszana 9
Wi [24] wifagugniis 2 slinasdiausiugeiigs
Feannsosvuishuazeinaldd Suduanied
Bosomaiaduivlavessn uinnsiiinuead

Auannsalunsiniivauduldgandnlalaiiv

RwhiiAnanneauiluiagugniigesenis
20NINUINNABANARBIVDIFUT ALAUATOUNU
wnnilalaiin 19 Zhou et al. [13] lana13in
Fandmsuihduigannisineiaeaiiodelusen
Ugnasanunsadniiuimsenud uldegng

LY v & & ra o 4
winza vnTanuaniniiuaudulalid agvinlv
Auiigvinddmsuldlunssuiunsiuunueddy

A o TaudwilrsIndnsasyuleiale

M19197 2 KaVRYINUgNABNTIATYLAULAYDIAUNYTENINITURNDUNTRBNIINUBNVIABANAGDY NEIINUIAY

fioonUgniunian 8 dUans

nsseyulansduiusasTu

Jaquan AUEIU (lwuRwng) Tudlulmai/diu wwtinaaduiy (n5w)
finyod 2.61+0.38" 2.77+0.69" 0.26+0.114
Taladin 2.23+0.20° 1.30+1.038 0.10+0.018

1 finued + 1 lalain 2.02+0.29"8 2.13£0.63" 0.19+0.09*
F-test * * *

N9RsALlaNIeRIUSIN

Jaquan Fuusnluai/dy AN (1WURLINS)
finuod 2.67+0.27* 3.04+0.89*
Talafin 1.10+0.428 1.55+0.708
1 finved + 1 lalaiin 1.73+0.47¢ 3.85+£1.977

F-test

*

*

v o

nuewe - * fie nuanuuanAegaiduddynieedin Mdnusnrsainguidiululunfuanmuwaniseeilted Ay

MIADAINATIATIENA8T5 DMRT HaN1SMAaBIIATIERNSEAU p < 0.05

3.3 N33UITNITAUAAUNYTLNI1NTDDN
IINUBNVADANAADY
nsfnwineuntmaneseulaldansiad
Wit lisuivfivunsensnuenvasavaaod]
n1stas A ulad ol wged u 13, 21, [22), [25)
mu’iﬁaﬁiﬁﬁﬂmussﬁm%mwsuaammimmqm MS,
walaunasledanensihlUldauaduillawmunsou
ANNAsENI NN TINUBNVIABANAGEY NAN1SANY

WU NIPUARUNYIAIBUINAUNTRANSIANAITING 17

sndadiy dealsifuiiennduifinsen fdsaunsn
wigllusarnnlwild mnusmsguaduivdae
nduiinmsasyiulnvesiuitlunmiidesniniz
3w 9 wamvaaeInuIIMsWenswad ATz
ans MS iuAndenalinisaiquavlnvesdudiy
(Agesiu 3.35 wuimes, wandlull 337 lu/dy,
dhminanduiiy 0.92 n$u) wazs1n Erwuausning
5.74 590/Fufiv, ANuETINIY 9.15 wuRwag)

gandnyanaaesuInd ued 1l dedAyn1eada
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91Msd A1 gAs MS 1dugnseInisi &
9IAUTENOUTDITINOIMITNEN 519 DINTTOWAL
a198un g varnvaty Wedeluiunainde
wesllanflon (NH,") figadsanansaatiuayunndasnis
\WEydiulaesiivldd dwmalviomnsgasigninluld
Tumawnzisailodefivetiunivany [3] fadgn
danuseynd 19 alasunisaiguivlnveadiz
TEMINNNTORNTINUBNVADANARDS [13] Y3 aldgua
suiirluduneunisioyuiasendgmmdsniidnu
WAnsIntuvaenvnaaIwas [25]

warlaaud uarsiad nienisinynsi
wazideavemdnduailaszyinduemsauiiy
Sunidiadaansiafianiivdiuu 15 via Iidu

a

astaluesdifuduiu wahussdiduarsyiond
(secondary metabolites) Aduivadratud i
daglunalnnistesnudvesis wairliussn
vhwthiifdneyyadasiiiniudedufivanoglu
dnzasunand all 93 e (abiotic stress) 1y
AanAY AuLRILEs Ansduasiige vinlvissdld
eﬁﬂamamﬂuwaa‘ (homeostasis) YUz LA 82U
Walweesflunumidedestumsadallnadndy
(phytoalexin) Wesufilésunissnauanidiegadn
n3adnyiey (biotic stress) [26] Wil 5@ nwnil
WU waliueRauIaNIEAUNSAs R ulnUea
fiwler (biostimulants) Inewieduiivlésunsinnie
WUAIENA1IUBEA A1TAINA1IVENTLH UNT
wanseenvasBuiiietostunseernaveuTas,
sES1awaTIRILNTRID I EnE iy, mi@mﬁmamﬁﬁm
LaTNsTUIUNSUNUeaT uvedlulnsLau siad el
‘Ummmﬁm%iﬂmiﬁqmiwﬁﬁwLmeumsmzéju
N13UER900NTa8 UT WA BT st unITIUE Ay
goaaluvndns lulainsnvinli dUS u1uves
paelsfladifiugstu uagnsedunisuanseanvasiiui

Wnendestunsasiagaauiniy nseuvadliunuimsiy

Tunsmuaumada/Anveshinly 27] Msfnwil
wuduil lalnunseud w97 L sunissacae
WalanuilAnad svesdruilulml (377 Tu/iu)
inanduiiv (0.94 nfu) wor Aruemsnll
(9.56 Lufms) figsiignanita 4 yan1nanes way
Trnavesaagedy (3.32 lwufums) uayduou
syl (5.63 510/60) Wudduil 2 sesannyanns
yanesiisnduiindie MS Sniadloiisuifisutoya
NS YAULAN A ULAYIINTEWINNTIAR UG 2D
MS wag Walaaw wudn lunuanuuang19e8 198

o o a

uaa?ﬂﬂz:ymaaaaig‘mfNamsqmmsmaaaﬁ (snedi 3)
Yiuandoyariamnenasuldiduilanuasey
fudsensnsaneuausuazthanseengvisdfyves
Walaululglad Feviliauiesdnsiasaulnlu
amsdidnimsldaaadeindu uenand il
158 N U3 nnsdanudud s seranlaioy
TinandniindiAseiuisnsugniildd suazwuen
muRudngiveg1sasitane Faifumabiausioan
sununslddeouazeneuuas wazdaduaisiadl
madoni unaulaluniniunldquaduiiy (28]
\esnanunsaihluvssgndldamildnansdnuas
el uATenaneeuldsryinanadilipua
Fufiseminadunounisoontgn [25] vieniseen
INUsnViaeanaaed [13], [21] agiluszaninmggn
dlognltlussdummududuiivensan fedudens
msAnwifiadui eafuanudutuemanlaou
Anzausenmshaldquaduiilamuaseuiiad
S NMTeaNIINUBNTAeRAaewsialy
Tedalduansindvnsnisinunsi aa1nves
wanfausildszyIduansleuia (hybrid solution) 7
fianseonqvidndny fe sumedanoivununlumns
(silver nanoparticles : AgNPs) v 194 0.01%
(hwidnafvidn) warlndnglasnduledlnues

(poly-glucosamine oligomer) LULTU 15% (thwin
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N |

Abwiin) AgNPs anansngnandunaziadoudiing
moluwadfivsuszuuviodndsad wufivazii
AgNPs Ll advayunisiaiaivlans edwasy
NTLUIUNTINLNUDET UM 19 9 noldle Lau
iiudnsmsdaaesioyyadassiiiothluldees
48195191300 M13EAADY, NTEAUNITTUATIEN
iaﬂi’mqv‘l’ﬂﬁé’mﬂmié’amwﬁﬁwLLaﬁqaﬁu, Fua
nsaiaeidudadusesTuuilifeadostunisun
LagMIAEvRATad LarnTzdumsaiesniieli
Fufiranunsngadusineimakazinldgedu (29]
Indnglagnfiuduanslungulalngiu (chitosan)
galalawuagnulungudniviudes (arthopods)
warlulassaianifueadvondon arsviadael

Auiasin1sasgyivlaiuantuls Inenseauli

AUNYaI9EIYRgQlLaraTAIuANNITASAULe

Tiigedusunalnnstostusuiensnevausse
an1eiasen Snvadn1sAneiinuinlalagiy
mmmﬂizéjummamaaﬂﬂum'ﬁuﬁﬁm%@ﬁumi
Fuaszidouanaznalnnsiuunueadue iy
vasrnsuausalulasauluduity [30] agelshnnu
Asdneiinuiledalinisies audulaniedu
(Agediu 2.80 wumns, Iuadlulu 3.20 Tu/dy,
dhminanduite 0.86 n$u) wazsn (F1wausinln
5.13 S90/A Y, A1N8151A RN 7.51 LEURLUAT)
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Abstract

This research utilized Genetic Algorithm (GA) to optimize cassava transportation
routes from cultivation fields to nearby collection yards, with the objective of minimizing
CO- emissions based on optimized distances. Data collected included plot coordinates,
plot size, vehicle type, vehicle weight, and payload capacity for each vehicle type to
collection yard A, as well as coordinates of two alternative nearby collection yards, B and
C. Four vehicle types, including tractor, farm tractor, 6-wheel truck, and pickup truck,
were analyzed in transporting cassava from 20 surrounding plots to collection yard A,
with each delivering different volumes of cassava. The GA-based optimization of routing
grouped the 20 plots into efficient collection routes servicing three different yards (A, B,
and C), achieving a total of 18 optimized trips, which the results section that the workload
was equally distributed, with each yard (A, B, and C) receiving 6 trips to ensure
operational consistency across all route and payload identified a required vehicle capacity
of 17,000 kg to satisfy the minimum theoretical trip demand. When CO- emissions were
calculated along the optimized route, the observed emissions from actual operations were
substantially higher than the GA-derived values. Total CO. emissions GA were decreased
carbon emissions by up to 67.2 — 68.1 % compared to using Tractors and Farm tractors,
54.6 % when using 4-wheel pickup trucks and 0.09 % for the 6-wheel trucks. The results
demonstrate that GA driven optimization significantly enhances agricultural logistics by
reducing transportation time, costs, and environmental impact through the strategic
selection of collection yards and vehicle types

Keywords : Genetic algorithm; Greenhouse gas; Cassava; Carbon emission; Optimization
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1. Introduction

Cassava is a vital crop in many
tropical countries, serving as a critical
source of carbohydrates for both human
and animal consumption [1]- [2]. It also
holds substantial industrial value as a raw
material for renewable energy production,
particularly  ethanol. Its  utilization,
however, varies sharply by region: Africa
primarily uses cassava for direct
consumption, while the Americas focus on
commercial cultivation for industrial
supply. In Asia, cassava is predominantly
utilized by the downstream industry rather
than for direct consumption. Globally,
production is concentrated in Africa,
followed by Asia, the Americas, and
Oceania. As of 2022, Thailand ranked as
the third-largest cassava producer in the
world, after Nigeria and Congo [3].
Thailand is a major exporter of cassava
products, supplying markets such as China,
Japan, Indonesia, Taiwan, and Malaysia,
with cassava product exports valued at
approximately 3,133.4 million USD [4].
Cassava cultivation is widespread across
all regions of Thailand, with the Northeast
accounting for the largest share at 54.5%,
followed by the Central (25.6%) and
Northern (19.9%) regions, totaling to
approximately 7.9 million Rai (1.26
million hectares). The Northeast alone
yields about 15.39 million tons per year
[5]. For the 2025-2026 period, cassava
output is projected to increase, driven by an
expansion of harvested area in response to
rising demand from the energy and animal
feed industries, as well as the need for
product stock to ensure food and energy
security [6]. This growth is expected to

intensify activity across the entire cassava
supply chain, from cultivation to
processing. An analysis of the cassava
starch supply chain identified three major
contributors to the product's carbon
footprint (CF): cultivation, root transport,
and starch processing. Cultivation is the
dominant factor, accounting for 52% of the
total CF, while cassava root transport
contributes 8% [7]. Globally, the largest
source of greenhouse gas (GHG) emissions
from human activities stems from burning
fossil fuels for electricity, heat, and
transportation. In the United States in 2022,
total GHG emissions by economic sector
were distributed as follows: transportation
(28%), electric power (25%), industry
(23%), commercial and residential (13%),
and agriculture (10%) [8].

In the transport sector, there is a
global drive toward promoting the use of
renewable energy, particularly electric
power, to reduce GHG emissions. The
global goal is to achieve Net Zero
Emissions by 2050, while Thailand has set
its target for 2065. Within this framework,
the Thai transport sector aims to reduce its
GHG emissions by 20% by 2030 [9]- [10].
This objective remains challenging,
despite supportive policies such as import
tax reductions for electric vehicles and
investments in public transport system.
Within the agricultural supply chain,
farmers typically use small trucks (like
"E-taen" vehicles) and six-wheel trucks to
transport produce from their farms to
factories or purchasing points.
Motorcycles are also used for small-
volume transportation to middlemen or
collection yards. Most farmers sell their
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produce to nearby buyers or processors,
with only a minority engaging in long-
distance or inter-provincial markets [11].

The reliance on internal combustion
engine (ICE) vehicles for transporting
agricultural goods exacerbates traffic
congestion, overweight loading, particulate
matter (PM) dust pollution, and GHG
emissions in line with rising industrial
demand [12]- [13]. Existing studies on
cassava transport logistics primarily focus
on movement from middlemen to industrial
factories, which typically involves only a
few trips by large trucks. This is because
large-scale operators actively manage
transport operations to minimize costs and
product damage. However, the initial
transport stage, from the farmer's field to
the collection yard (Fig. 1) or middleman,
has received far less attention. Farmers
typically bring fresh cassava roots directly
to the yards or factories, often choosing the
destination based on listed prices,
familiarity, or proximity to their farms.
Transport planning at this stage is largely
informal and habit-driven, with limited
consideration of costs, trip frequency, or
travel distance.

Fig. 1 Cassava collection yard.

A lack transport consolidation among
farmers increases the number of trips,
exacerbating traffic issues, overloading
problems (Fig. 2), and environmental
pollution. Optimizing transport routes from
cultivation fields to suitable collection yards
or buyers, considering factors such as
distance, price, and emission reduction
(especially greenhouse gases), would help
alleviate transportation challenges. Such
optimization would support both farmers
and the government in achieving the Net
Zero Emission targets for the transport
sector.

A .
ScF

Fig. 2 Cassava transport with overloaded
vehicle.

The genetic algorithm (GA) is widely
recognized as a powerful optimization tool
for solving transportation problems, capable
of producing superior solutions within
reasonable computational times [14]- [15].
Recent research has demonstrated that GA
can provide upper bounds on objective
function values, yielding a computationally
efficient and statistically robust solution for
vehicle routing  problems involving
perishable products [16]. Furthermore, GA
can be applied to solve vehicle routing
problems to reduce carbon emissions and
promote sustainable development in the
transportation sector. For instance, GA
has been applied to analyze the impact of
environmental self-regulation on the



RMUTP Research Journal Sciences and Technology, Vol. 20, No. 1 (2026) 45

Vehicle Routing Problem (VRP),
considering carbon emissions from fuel
combustion, which are determined by
distance, fuel carbon content, fuel
consumption, and driver category. These
studies demonstrate that GA is a
promising approach for addressing these
challenges [17].

Therefore, this study proposes using
GA to determine optimal transport routes
for cassava from cultivation fields to nearby
collection yards. The GA optimized model
is compared against actual transportation
data from an observation yard, where
current practices involve various informal
methods, typically using one truck per plot
based on conventional practice, which the
inefficient transportation methods lead to
increased air pollution. The analysis focuses
on minimizing carbon dioxide emissions by
optimizing both transport routes and vehicle
load capacity. This framework provides a
systematic approach for identifying optimal
transport paths, aiding in carbon emission
reduction, and offering guidance for future
policy formulation on the transport of other
economic crops, balancing agricultural
income with carbon emissions.

2. Research Methodology

2.1 Data Collection

1. Data were collected on the types
and number of vehicles used to transport
cassava to local purchasing yards in Khon
Kaen Province, Thailand. The survey
identified four categories of vehicles
utilized for this transport: tractor, farm
tractor (e-taen thai tractors), 6-wheel
truck, and pickup truck (Fig. 3a—d). This

research considered only diesel-fueled
vehicles, as diesel engines offer higher
efficiency and simpler engine design,
making them the preferred choice for
heavy transport compared to gasoline-
powered alternatives [18].

Fig. 3 Vehicle types used for cassava
transport: (a) Tractor, (b) Farm tractor,
(c) 6-wheel truck, and (d) Pickup truck.

2. Initial data were collected at
Purchasing Yard A to determine the
vehicle types used by farmers, the average
payload (loading weight), the average
vehicle weight (tare weight) (Table 1)
(Fig. 4). Subsequently, two nearby
purchasing yards, Yard B and Yard C,
were selected based on their coordinates
obtained from Google Earth Pro.

Table 1 Average payload and tare weight
of vehicles used for cassava transport.

Payload Tare weight
Truck
avg (kg) avg (kg)
Pickup 2453 1663
6-wheel 4052 3266
Tractor 3354 2620
Farm tractor 3800 2165
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Fig. 4 Weight measurement of cassava
transport trucks.

3. The payload weight factor was
determined according to the standard used
for calculating CO2 emissions, following
the Thai National LCI Database, TIIS-
MTEC-NSTDA (with TGO electricity
data for 2016-2018). For truck
transportations, loading conditions were
categorized into two groups: 100% and
0% [19].

4. The commuting distance between
the farms and yards was calculated using
the coordinates (longitude and latitude) of
farm and yard locations obtained from
Google Earth Pro and QGIS (Fig. 5).

Y dAI‘Z
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Fig. 5 Locations of 20 cassava plots and
three purchasing yards (A, B, and C).

2.2. Optimization of the routes using GA

2.2.1 Optimization of the routes.

GA searches for optimal solutions
by mimicking natural selection and
evolutionary processes [20]- [21]. It
iteratively generates, tests, and refines a
population of candidate solutions (routes)
until a highly optimized result is obtained.
In the cassava transportation problem, GA
importance lies in its ability to
simultaneously determine key parameters,
including:

1. Problem Formulation

The logistics problem involves
collecting cassava from n = 20 distinct
customer nodes (cassava plots). These
nodes were geographically defined by
their GPS coordinates (longitude and
latitude). The objective is to minimize the
total distance traveled by the vehicle fleet,
which is used as an established proxy for
reducing operational costs and associated
emissions.

2. Key Parameters and Constraints

2.1. Customer demand: Each of the
20 cassava plots had a different demand,
resulting in a total aggregate demand of
286,200 kg. This total demand was
calculated based on the plantation area, as
shown in Fig. 6., where the estimated
yield was 2,700 kilograms [22] of cassava
per 1,600 m? harvested.

2.2. Vehicle fleet and cassava plots:
The operation employed a fleet of m = 3
vehicles, which must originate and
terminate their routes at one of the k = 3
distinct cassava plot locations.
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2.3. Capacity constraint: The
primary constraint is the maximum
vehicle loading capacity. The model
considered a range of truck capacity
values (5,000 kg to 32,000 kg The
maximum value of 32,000 kg aligns with
the TGO standard for large transport
vehicles [19]), with particular focus on
operationally relevant values between
7,000 kg and 32,000 kg. These capacity
levels align with transportation guidelines
[19] and the empirical data summarized in
Table 1, where the lowest observed weight
was about 5,000 kg. For all routes, the
total load on any vehicle must not exceed
the specified capacity limit.

2.2.2. Trip Requirement Analysis

In the post-processing stage, the
logistical efficiency of the optimized
solution was quantified:

1. Theoretical minimum trips: This
value represented the lower bound on the
number of trips, calculated by dividing the
total demand by the single vehicle capacity.

2. Total optimized trips: The actual
number of required trips was determined
by analyzing the route structure,
specifically by counting the segments
where the route returned to a depot for
unloading, indicated by a sequence
breaks. This value was equal to or slightly
higher than the theoretical minimum,
reflecting the added inefficiencies
imposed by geographic clustering of
cassava plots. Given the fundamental
constraint that total optimized trips must
be greater than or equal to the theoretical
minimum, to the study examined the
impact of varying vehicle capacity. To
ensure robust and applicable results, the

system was analyzed across a range of
plausible truck capacity values, from
5,000 to 32,000 kg. This experimental
approach ensured that the calculated total
optimized trips  respected capacity
constraints and remained greater than or
equal to the corresponding theoretical
minimum.

3. Fleet allocation: The final step
estimated the trip workload distribution
across the three available trucks (Truck 1-
3), assuming GA achieved a balanced
assignment to maximize fleet utilization.

2.3. Analysis of CO2 emissions from
cassava transport compared with GA
optimized routes.

Following optimization of cassava
transport routes using GA, the resulting
optimal distance was used to calculate the
CO. emissions according to equation (1)
[23]. Calculations were performed for all
four vehicle types over the investigated
capacity range (5,000 to 32,000 Kkg),
assuming a 100% payload for each trip.

Emissions = Activity x Emission factor (1)

When

Activity = Distance (km)
Emission factor (EF) = GHG emissions
per unit (kgCO2eq/kg).

3. Results and Discussion

3.1. Optimization of cassava transportation
routes using GA

The optimization of cassava
transportation routes using GA was
conducted for vehicle capacities ranging



48 2158153YINTITUAL I UNT. WEUAT A1Y1INeImIansuazinalulad Ui 20 atuil 1 (2569)

from 5,000 to 32,000 kg. The estimated
cassava yield for plots 1-20 (Fig. 5) was
2,700 kg per 1,600 m2. The resulting
optimized routes and associated metrics
are presented in Fig. 7 and Fig. 8.
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Fig. 7 Optimized cassava transportation
routes generated by the Genetic
Algorithm (GA)

Fig. 7. The Optimized routes of GA
across a range of vehicle payloads,
specifically from 5,000 kg to 32,000 kg.
The results showed that, the minimum
value required to achieve a total of 18 trips
(Fig. 8) was a vehicle capacity of 17,000
kg, according to the TGO standard for 10
-wheel transport vehicles [19] and above
were required for the cassava transport
routes to satisfy the minimum theoretical
trip requirement.

—-—-— TRIP ANALYSIS -—-

Total Cassava to Collect: 294300 kg
Minimum Theoretical Trips Required: 18
Total Optimized Trips (All Trucks): 18

—— Estimated Trips Per Truck —-

Estimated Trips for Yard A (Truck 1): €

Estimated Trips for Yard B (Truck 2): &

Estimated Trips for Yard € (Truck 3): 6

—— Optimized Total Distance Per Yard (km) (REAL ROUTE
Minimum Total Driving Distance (All Yards): 64.83 km
Optimized Distance for Yard A (Truck 1): 31.68 km

Optimized Distance for Yard B (Truck 2): 24.96 km
Optimized Distance for Yard C (Truck 3): B.18 km

Fig. 8 The trip analysis and optimized
travel distance for GA-based cassava
transport.

Fig. 8. The GA was applied to
optimize routes and payloads which the
overall trip analysis, confirming high
logistical efficiency. The total amount of
cassava collected was 294,300 kg, and the
minimum theoretical number of trips was
18. The GA-optimized solution achieved
this lower bound, yielding a total of 18
optimized trips across all trucks. This
result fully satisfies the condition that the
realized number of trips must be greater
than or equal to the corresponding
theoretical minimum.

Furthermore, the estimated trips per
truck, as determined by GA, indicate a
near equal distribution of workload among
the three collection yards: Yard A, Yard
B, and Yard C each required 6 trips to
complete the transportation task.

3.2 Carbon dioxide emissions per
kilometer based on GA-determined
truck weight

Used the optimized cassava
transportation routes determined by the GA,
the optimization is performed, which
follows an iterative evolutionary process (1)
initial population of potential routing
sequences, (2) fitness evaluation based on
route, load and round, (3) selection of the
most efficient routes, (4) crossover to
combine optimal route segments, and (5)
mutation to prevent local optima. This
process continues until the algorithm
identifies the optimal. This process
continues until the algorithm identifies the
global optimum for the logistics network,
which the CO: emissions were calculated
along these routes. The analysis considered
vehicle mass constraints, with the minimum
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cassava payload set at 17,000 kg as
determined by the GA optimization, in
accordance with the standard specifications
for 10-wheel trucks outlined by the
Thailand Greenhouse Gas Management
Organization [19]. The truck’s empty (tare)
weight was approximately 13,500 kg [24],
resulting in a gross vehicle weight (GVW)
of 30,500 kg at full load. This approach
ensures that the environmental impact
assessment reflects both optimized routing
and realistic vehicle operating conditions.

Table 2 Optimized cassava transportation
routes determined by GA.

- Google
Dist.
Yard Plot Trips K Dist. ;EOLr)or
(km) (km) °
A Z 51 3 4 6 33.63 28.56 18

B 781514 6 2496 4915 49

C 10 9 20
19 18 17
16 12 11
13

6 8.18 46.28 82

Total 66.77 124.00 46

As presented in Table 2, a
subsequent validation of the optimized
routes against real-world  driving
distances using Google Earth Pro
revealed a significant discrepancy: the
total distance estimated by GA deviated
by 46% from the actual georeferenced
routes. This considerable variance is
attributed to the GA reliance on the
straight-line distances based on GPS
coordinates for its fitness function, which
does not account for road networks and
topographic barriers.

Consequently, to ensure the
validity and accuracy of the
environmental impact assessment, CO>

emissions were calculated using the
validated real driving distances obtained
from the Google Earth Pro analysis rather
than the initial GA estimated values.
However, the calculations continued to
follow the transportation routes determined
by GA.

3.3 A Comparative CO2 Emission
Analysis: Scenario Using Observational
Data

The results presented in Table 3
detail a comparative analysis of CO:
emissions based on observational data
collected specifically from Yard A. The
simulation incorporated four distinct
truck types (as specified in Tables 1 and
2) and employed distances derived from
Google Earth Pro for the yard-to-plot
routes. While the GA-generated
transportation routes were based on
grouping to optimize collection, the
actual operations involved a single
vehicle servicing each plot, carrying as
much as possible per trip and making
multiple trips until all cassava was
harvested. The number of transport trips
was fixed at the theoretical minimum
required to service the total demand.
Emission calculations accounted for load
factors on the two-way journey: the 0 %
load emission factor was applied to the
outbound leg (from the receiving yard to
the cassava plot), and the 100 % load
emission factor was applied to the
inbound leg (from the cassava plot back
to the yard) All trips were assumed to
start and end at a designated yard. The
total CO, emissions (kgCOzeq) are
summarized in Table 3.
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Table 3 Total CO, emissions (kgCO.eq)
calculated from observational data
compared with emissions estimated using
GA determined routes.

Farm

Yard Pickup 6-wheel Tractor GA
tractor
A 69.32 27.85 91.17 83.43 30.84
B 106 48.40 144.94 160.22 44.02
C 100.36 49.09 145.53 148.94 50.40
Total 275.67 125.37 381.65 392.59 125.26
A 12.97 5.67 15.57 17.56 2.31
SD B 20.79 9.35 29.03 30.89 4.32
¢ 5.14 2.48 7.26 7.24 2.16
A
30.20 12.25 36.06 39.13 7.93
Max B
56.29 25.70 78.64 83.81 12.20
C
19.72 9.64 28.10 21.72 6.73
A
0.61 0.18 1.02 0.42 0.11
Min B
1.18 0.81 2.00 2.37 0.36
C
1.63 1.12 2.77 3.27 0.11

The comparative analysis Table 3
demonstrates a significant disparity, with
observed CO. emissions exceeding those
estimated by GA optimization. A small
standard  deviation  indicates  high
consistency and minimal variability in the
observational data, which represent the
environmental impact boundaries for each
scenario. In contrast, the GA Optimization
significantly narrows CO; emissions gap
between maximum and minimum values by
balancing workloads and optimizing routes.

Moreover, the GA model at Yard
A exhibited an R? value of 0.51,
suggesting that the independent variables
explain approximately 51% of the
variability observed in the dependent
variable, as shown in Fig. 9.

15
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Fig. 9 CO2 emissions from cassava
transportation to yards A, B, and C as
optimized by GA.

Fig. 9. The lower R2 values for
BGA and CGA compared to AGA are
attributed to the higher variability in plot
sizes and distribution within the yard
group. While GA optimizes for a target
payload of 17,000 kg, the actual harvest
totals from the farms often result in
residual loads, which results in more trip
frequencies that do not scale linearly with
distance. Consequently, the payload
weight becomes an important factor in
emission variance, leading to the observed
data dispersion in the regression analysis.

This substantial divergence can be
primarily attributed to two key operational
factors: the lower effective capacity of the
vehicles used in the observational data and
the resulting increased number of
necessary transport trips. The suboptimal
utilization of vehicle capacity in real-
world practice necessitates more trips to
satisfy the total demand, directly leading
to greater fuel consumption and CO;
emissions.
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4., Conclusion

The optimization of cassava
transportation using GA proved highly
effective  for agricultural logistics
management, enabling the rapid
generation of optimal transport plans to
both farmers and receiving centers. This
study demonstrated that implementing a
tailored logistics strategy significantly
reduces time, cost, and environmental
pollution compared to conventional
methods, primarily through the optimized
selection of receiving yards and vehicle
types. Although the GA successfully
addressed both capacity and routing, a
notable limit was a 46% error in the
estimated total distance compared to
actual travel distances. After adjusting to
real driving distances by Google earth pro,
the GA optimized transport strategy
utilizing 10 - wheel trucks with a payload
of at least 17,000 kg and a grouped
collection approach can decreased carbon
emissions by up to 67.2-68.1% compared
to using Tractors and Farm tractors, 54.6
% when using 4 - wheel pickup trucks and
0.09 % for the 6 - wheel trucks, although
10-wheel trucks have difficulty to access
farmland, the result was a policy
alternative through farmer groups to
enable the use of larger, more efficient
vehicles. Furthermore, although payload
and carbon emissions are directly
proportional, the GA optimization
demonstrates that the significant reduction
in the total number of trips outweighs the
increased  per-trip  emissions. By
consolidating the total Cassava 294,300
kg into the theoretical minimum of 18
trips using a 17,000 kg capacity which

was decreased overall carbon emissions
compared to multiple trips by smaller, less
efficient vehicles. In particular, it supports
strategies such as minimizing partially
loaded trucks and empty vehicle runs,
selecting appropriate vehicle sizes, and
establishing farmer cooperatives (or
groups) to achieve cost savings [11].
Route optimization remains a
fundamental efficiency strategy, as it
directly reduces operating costs and is
already widely recognized and exploited
in practice [18].
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Abstract

This research aims to analyze the performance and combustion characteristics of a small
diesel engine fueled by ethanol blended with Polyethylene Glycol (PEG) as an ignition improver.
The experiments were conducted on a single-cylinder, Direct Injection (DI) diesel engine under no
load and at maximum fuel position. The concentration of PEG was varied from 18% to 35% by
weight. The experimental results revealed that the PEG proportion is a factor influencing engine
startability; the engine failed to start when the PEG concentration was below 18%. Combustion
analysis indicated that increasing the PEG concentration led to an advanced start of combustion
(SOQ) and a significant reduction in ignition delay. These improvements were directly correlated
with a decrease in the number of misfire cycles. The findings of this study can serve as a guideline

for determining the optimal additive proportions for utilizing ethanol in agricultural diesel engines.

Keywords : Combustion; Ethanol; Polyethylene Glycol; Cl engine
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Properties Ethanol  PEG400 Diesel
*Viscosity (cP) 1.19 45.65  4.35 @20
@20 °C @40 °C °C
Density (kg/m®  0.785 1.130 0.832
LHV (MJ/kg) 26.8 235 42.6
Cetane number 5 N/A 55
Flash point (°C) ~ 13.5 N/A 60

* /1 Viscosity Ipmana1Auuivgamnil
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Engine model Kubota RT140

Bore x Stroke (mm) 97 x 96
Displacement volume (cm?) 709
Compression ratio (modified) 23:1

Injection pressure (bar) 210
Max. power (kW)/rpm 10.3 / 2,400
Max. torque (kg-m)/rpm 5.0 / 1,600
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Abstract

This study aimed to evaluate the growth performance and biochemical composition of the
marine microalga Tisochrysis sp. TISTR 11470 cultivated under outdoor cultivation using white
rectangular plastic tanks with a volume of 600 L over a 9-day period. The results revealed a
continuous increase in cell density, as indicated by the optical density at 750 nm (ODys;), which
rose from 0.10 on day 1 to 0.50 on day 9. The culture exhibited a highest specific growth rate of
0.58 day ™" at day 1, reflecting efficient photosynthetic adaptation under outdoor conditions. The pH
increased from 8.54 to 9.33, while salinity rose from 15 to 19 ppt, which was associated with
photosynthetic activity and water evaporation under outdoor conditions. The total biomass yield
reached 1,275 ¢ (fresh weight) or 24.84 g (dry weight; DW.), with an average productivity of 0.81 ¢
DW m?day". Biochemical analysis revealed that the microalgal biomass contained chlorophyll a at
2.47 + 0.03 mg ¢! DW and total carotenoids at 1.90 + 0.23 mg g DW. The protein content was
11.48 + 0.95 mg ¢! DW and carbohydrate content was 127.46+17.41 mg ¢ DW. Additionally, total
phenolic content was 5.29+0.02 mg gallic acid equivalent (GAE) ¢'DW, and total flavonoid content
was 16.66+2.17 mg quercetin equivalent (QE) g'DW, indicating a high level of antioxidant potential.
The results of this study indicate the feasibility of cultivating Tisochrysis sp. TISTR 11470 in outdoor
systems. However, further investigations are required to optimize key cultivation parameters, such
as light intensity, temperature, and nutrient composition, in order to enhance growth performance,

ensure production consistency, and improve its potential for industrial-scale applications.

Keywords : Microalgae; Tisochrysis; Outdoor Cultivation; Aquaculture; Antioxidants
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1. uni
Haqugnainnssuimiziiseda i
(Aquaculture) HUNUINEIAYDEIININFADAINY
funansemnsveslan Tagduualiunisvened
Winduegeeiiios dsmalianudesnisingavly
miwammmié’miﬁwLﬂ'uqﬁummlﬂé’w eI
wéniifesld wu Yanu (Fish Meal) wazthifutan
(Fish Oil) fidedrielusnuanudsduvemineins
MaNgla FUNUNISHARTIGY Wz AINIUNILYEY
5171 lAAnaudndulunisuaaunasingiu
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fiu Bnvledadasysuusduladuludeaunsia
WAZANAIINONIIENLEU [4] WoNIINBIAYIENDY
n1alnvuIN1suas amsieluana lsochrysis %30
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daseilaaiau [5] n13AnwUTuInTiueadny
(Total Phenolic Content) hazA1ua@1115alUNT
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2.1 Mswleuieawing

wrareWugaivitenAnauinidn

Tisochrysis sp. TISTR 11470 a1ngudanuluiba
NP IUAINIY da1UuITedIneAdnsuay
weluladursUsemelng (1) wzdedusims
wadgns F/2 [7] luriagusuyvuin 500 Sadans
fiflUsumsemis 150 fladdns Thauduunasd
50410 lulaslualmeunenis1aunsaoduii

aunNA 28+1 peAwaLYud WwENRaLted 24 Talug

9 Y
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a

AA214157 100 SoURDUIT Sreviial 5-7 Ju
nturgneidofieiuysunalaemiziaes
awmssludinnduesauin 10 ans fiUsuns
91T 7 80 é”mmmiqmﬁmmawm F/2 '17"5[,%1:1;’1
nzlaisnlagifnings (NaCl) 19.957 nsuneans i
AL 15 ppt wnzidsauny 5-7 Su ldszes
wUasam3ga (Exponential Phase) drwnsulduis

138 (Stock Culture) nauthandnwiseld

2.2 MSWNZIBBIEMIENAN U

mrzia s nsreludamatadindurings
Adsy YuIn319 100 WWURUAT 817 120
WURLAT §9 116 LURLLAT (gﬂﬁ 1) A1891915
Faudasgas F/2 Alddmeiaioulnefninde
19.957 n¥usiedns Armnfudi 15 ppt Nz
91U 2 69 UTUIRT011115698% 600 8RS AU

WoansnelaelduSunufedu 7 1asiaudvuas

913 FANIZIABIENII0I9NA U TATInG AN
AANMEANYIENTBILES 60 LWasiaud ANNainaln
voasofingidu 12:12 42lus fnrslienae
aasnrandioldliainsiennaznou \ivadd
qmmﬁ‘uaammmazmmnwwm?ﬁuaﬂuﬁaé’w
wesluines 2 ¥aaan lann 9.00 wag 16.00
WIRNT LAUAIDE9 3 9Uesds gaaz 100 daddns
Lﬁammmﬁmvlﬁuimﬁmmiﬁ’mwms@ﬂnﬁuumﬁ
750 unTusuns (Hitachi, U-2900, Japan)  +ii®
?:uqﬂmimaaqLﬁ‘uwaa‘mm’wﬁwmi{jum%‘mﬁ
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10, Germany) ntudaintnamiean way
‘lj’]VLTJEJUIU(éJEJ‘U (Memmert, UF 450, Germany) i
gangdl 50 serwaldea utu 7-8 Faluande

unsEsaiatnlUinszvsely

U 1 Msinnzidesansie Tisochrysis sp. TISTR
11470 Tudawanafndv1Insadwiaey YuausuIng
811115 600 M35 WB1NANADN 24 . kATANwMY

dvesemsimzifgsavieeny 9 Tu (Vudeile)

2.3 MFIANTSIIYLAUL
ToArAunUILU YO LTAda U1 IngLAy
froeha 3 gnvBsusaiamedssa e udnily
TnAIN13gANAuLAY (Optical Density; OD) ¢3¢
Lﬂ%ﬁﬂﬁﬂﬂﬂi@mﬂﬁul,l,aﬂ (Hitachi, U-2900, Japan)
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n1sAulad1nag (Specific Growth Rate: ) [8]
AMSHAaNTIUIa (Biomass) LaghawWan

(Productivity) [9] Aruussannas (1), (2), (3)

lJ = ln (ODl/oDo) / (tl‘to) (1)
Biomass per Unit Area = (X;-X,) / Area 2)

Productivity = Biomass per Unit Area / Culture time (3)

Togil

u = 9as1nsiauladunig (Redu)

0D, = AMMsgandunasvesamsgluTuisudy
OD., = Ansgandumasvesamgluiuaniing
t, = avesTusuduiiuwadainse ()

t, = nanesiugavefiiueadamie (Tu)
X, = ttinanueeEudy (nSuusk)

X, = thwinamaeaning (n3uusi)

Biomass per Unit Area = F13nadnse (nFuwm
AMIUHDAITINNAT)

DW = oninusteaming (n$u)

Productivity = HaNam (NSULAIEINTIERDAITI
LRTED )

Area = fufifavesdamsidos (Ms1auns)

Culture time = SuIUTUANZLEBS (1)

2.4 AN5IASILHDIAUTLNIUNIAL

2.4.1 mMsmd3unuansa

nsuUSEnaansd [10] Tnedsamsnsuis
UnazLden 0.05 n§u adlunasnaiaiegieiisisia
Jauuin 1-2 Jadwns uen1uea 1 dadans
nanliidn iy udrdinasnsegraduadewinls
Wwaakmn (Bead-beater, Biospec Product, USA)
fimuda5oU 2,600 SEURBWNT WL 20 FUT UE
Huieadt 8,000 seuUseudt (Prism R™. Labnet

International Inc., USA) Uu 6 Y9 LAUVDUNAD

dauuu nsafaen 3 ads udufvreamandiuuy
5y ihldindmsgandunasiinnuenniy
470, 648 LAz 664 UNULUAT Sro1AIeeTAAINTT
AAnduLa (Hitachi, U-2900, Japan) U310
Aaalsiad (o 7 Lazualufiueensiu ATUIMAS

@unis (4, 5, 6)

Chla = 13.36xAg44 - 5.19A4s (4)
Chl b = 27‘43XA648 - 8'12A664 (5)

Total-car = (1000xA, - 1.63xchl @ - 104.96xchl b)/221)  (6)

laad

3 [y

Chl a = PavlsTiad o HaanSumenSuwm)

Chl b = pavlsTlas J @aansusionsuwa)

Total-car = wAls7uREATMUA (HAANSUADNTULIT)

2.4.2 msmUsuamslulawnse
nsmUsIuaslulansnnieds Phenol-
sulfuric acid [11] Tnedsamsne 1 nda Hauhndu
40 fadans naulndnsy tldudensetisnany
Fuledl 121 esanaai@oad uru 15 uait (TOMY
Autoclaves, SX-700, Japan) 31 A3 L8 u 7
qquﬁﬁamﬁqﬁwlﬂﬂum%mﬁ 10,000 SaUMABUIN
(Prism R™, Labnet International Inc., USA) 13 u
1a1 10 Wl wenansanadiulaluiasiei Ined
Wadansada 1 adans Wuiuea 5 Wosidud

a a Y o

U3ums 1 fadans 21918 23 wiil wawawlidniu
Wunsndailain 96 wWesldus Usung 5 dadans
wédnalinqungfivies 10 unit waulidnfu
ntuansfigunniivies 30 unit udagaans 200
lulasans asluaiumau (96 well plate) v 6 91
ihlufarinisganduuasiinnueiadu 490 uily
s shetesesenuufAzevulilasinaniuumany
Ivua (Multimode Microplate Reader; Infinite

200 PRO, Tecan Plate Readers, Switzerland)
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AnHUALINUSUIAS Ul e s suiuanS
winsgunglaa Aududu 0-80 lulasnsuse

TaaanswazAuiuUSuamsiulawmsn feaunis

C =cV /(g x 1000) (7
Tnei
C = Ginaedlulawmsn (dethwinuisamsne 1
n3u)
¢ = Usnanslulawmsafiduauldainnsm
wnsgu (lasnsuseiadang
V = YSunsuesansana (addng)

¢ = ntinvesaneNiuaie (ns)

2.4.3 n1sydsunalusiu
AsIUSuNlUsAuAALUa991n 3o a0 IS
(Lowry Method) [12] dsaus1e 0.02 n3u ldadlu

Y a

aeavaaenaiunsalalasnasin 0.1 uasuea
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wadea Tugeatunueumall (Water Bath, Vision
Scientific Co. LTD, South Korea) 1{ut3a1 60 11
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WNA1TAZANE Lowry’s reagent 2.1 Laaans Way
ThdAuudinadifgungiiveadunat 10 und
\Au&15 Folin-Ciocalteu Reagent 200 lulasans
wanlidnAuiud falifgungiiveadunan 30
wiit ;ndugaansiaegne 200 lulasing (v 6 91)
Tdas91u 96 wqu Tad1nsganduuasiinnuend
Adu 750 wilumng shewedossulfiorulilas
wanuuuratslvnue (Multimode Microplate

Reader; Infinite 200 PRO, Tecan Plate Readers,

Switzerland) AuraUSunaldsAuisunuans
11M 357U Bovine serum albumin (BSA) A11u

WUy 0-200 bulasnSumeladanswasA1uIn

USunalushiu feaunis

C =cV /(g x 1000) (8)
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¢ = UntinvesaInTeNiain (nN)
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feg1s udfudndaruin 1-2 Tadwuns RLeM
uoa 1 fadans naulmdniu mnduuuliludise 1
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Biospec Product, USA) 713131437 2,400 50Use
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ANAENOULEAY T1A1ML57 7,000 SaURBWIT U 5
Y17 (Prism R™ Labnet International Inc., USA)

[ |

[14] wudlaladwmsuimsgiansusenounala
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0-160 lulasnsusaiiadanshazAiulausuiunan
TIUDYAVISUUA FIAUNTT

C =cV /(g x1000) 9)

Tnedi

C = Bunamlahusesiomn @adndunedfusonsa)
¢ = amudutureamediuiidiounnns
wnsgu (lasnsusieladtng

V = Usunnsuesansana (Haddns)

¢ = UNTNUWAIBIEINTY (N3U)

2.4.5 msndsunuansusznauiuadn
nsmUsunansUseneuiluadnianus
[15] lneUinnansannannsie (Ue 2.4.4) 0.2
fladans Wuthfidunisidnlosu 0.6 Tadans
LagLANans Folin-Ciocalteu’s Phenol Reagent
U31n5 0.2 fiadans wanlidniu deials 5 uadl
dielansviufatensu anduidu 8 wWesiousd
loiauAsuaiun Usuns 1 Jadans waulmdinny

v |
£% ° o

USulsumslidu 3 Sadans srevindu waulvidn
fudnads tiluvufigungiteadunar 60 und
Naluiidle Mnduliundansiognasinanuiunns
200 lulAsans (v 6 91) adluaunay YaAin1s
@mﬂﬁuumﬁmmanﬂgu 765 WIUAT F8LAT09
g1ulfjiservululasimanwuuvaislvua
( Multimode Microplate Reader; Infinite 200
PRO, Tecan Plate Readers, Switzerland)
funamUsnaiiuednimuniieuiuaisazany
wmsgunTaunadaiinanduiy 25-250 lalasniu
Rofladans warAuiuUsuuiiuednianun &
qUnSg

C =cV /(g x 1000) (10)
Tned

C = Bunailusdnnamun Qaansunsawnaaanensy)

C = ANUNTUYIBINTALNAANTIWIBURINATIN
wnsgu (lasnsuseiadans)
V = USuneseesansans (Hadans)

g = UMmNUIMIIeIE Y (NSu)

3. nan1sANEILazaAUTIuNE

3.1 N9L3YLiulnvaIEIN Y

a1m31¢ Tisochrysis sp. TISTR 11470
sruruUaRInia (Exponential Growth Phase)
Jukaudedmiuimzidssssiuresnaisuda

v v

anwgnedugIneulieinisdesnnielinges
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31NN15TIAAINITAANAULAS (OD.750) VY
d1M318 Tisochrysis sp. lug4szAU818 600 AnT
USnananauds seeznan 9 fu (3Uf 2 B) nudnen
oD. LWIQ\IIJJ?{T‘UEJ‘&J'NGIIEJLﬁ@ﬁ%ﬁLLﬁi}J’uLéNé}/u&fuﬁ@ﬁ’lEJ
YBINTNARDI UANIEINSRNTUIBIIATIN MBS
MswnzAgananawds Tnedn OD. Buduiiusyunm
0.10 Tufuusn wasiududuussuna 0.50 Tusudl
9 Y9INSINITLELY wardAsnsInsEulns Y

0.58 Mg 9mIINIStANYeIA1 OD. ﬁmm%’uqq

v
oA s

TugaeTuusnielud 6 Favsdineadogludas
Exponential Growth Phase wdsantunsnidudl
mnuduanadlutieiuil 6-9 Fsenaningsrey Late
Log #3® Early Stationary Phase dleanseanis
vioannzwindousudutadediin dnwaenns
RS YAINAIIAdAAADIAULUILUNYDINIT
WasuwUasen pH LarATILELT N U IR 59T]
1 TngAn pH 97197 8.54 10U 9.33 uazAufs
dinann 15 48u 19 ppt FeduRusiuianssunis
Funsreniisuaiaznisszmevesinluszuy
nanauds Feflgaumpdinanudsitszana 275345
ssrnaalded (M5 2) Msiiamsy Tisochrysis
annsaasdulaldneldauda 15 ppt i
neAdnvesimzaUnd (Ussuna 30-35
ppt) fiflsnsauinmnzausenisiasyveainiig
ﬂﬁjmﬁ [17] Hafena1Iae B uiInIIuaINITaves
@318 Tisochrysis Tun1sUSURfean1IzLIna o
(Physiological Plasticity) fiansnsaisadulalalu
anmzanufuiianad

nmsiiiutuvedl OD. avfioudienis

a a

WwigyLtAulnuesainsne Tisochrysis sp. 8814

o

sordoslussuumizianavuin 600 aa5 @4
AOAMABINUIIBIIUVDY Tato Lag Beiras [16]
$1897U3 Tisochrysis lutea d8nT1N19103LAULR
qﬂuigwL"T‘JmLﬁ@lﬁ%’uuamﬁmwauaxﬁmimauﬁﬁ
seiies uenanil Almutair wavAmy [17] 519974
NI YVBIEMIBVUIALEN LT Log Phase
A" OD. warAUNLILLLYBASds NI uDE 19l
HodAgyaiely 5-7 FunsnveInITIzaee 39
Tn&esfunaluauddod nasfida op. 3udl
wwaliumsiindsfudl 6 orainainnisfiansenns
wan wu Tulpsaunievleanedasuanas 5w
nsLfinTuese pH (>9.0) fionadamaliinisazany
993 CO, Aldarnusseinidanas vlinas
duasizinasanuszansainaa [18], [19] Fadu
aumlinaaiydvlndigssessraada Snits
anmvanufuiinty an 1510y 19 ppt) &
913NANTENURDANRARDAUTAYD YRS LnBan e
Tuszuunanaudeiifinissemevesinegssotiios
[20], [21] fausl Tisochrysis sp. aziduamsienzia
Fnusadaennuduning uinsiUasunlategis
sndronarilinsudaadanasiansm dadudn
Hadeiidemnalit OD. Wit uidrewinevesnisnaass
agnslsfnunisiian OD. iisTusielomann 9 Su
Ve ilarndulldfasinazidssamsned
naNaLee wazasafiaziudunals Jedenndes
AUNAKEANIATINEaNYINE (24.84 NFUUNY) uay
nandmads (Productivity) 0.81 NSUWIFIHBA15S
sty (319t 3) Isannsoideyailuléidu
ﬁyugmlumsﬂ%’uﬂqamzmummﬁm%amamaa

amsne Tisochrysis sp. Tusgiuigmamnssusaly
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A1519% 1 ArANULAY (Salinity) wazaAAudy
N3A-A9 (pH) VOINITIWIZLEENAINTNE Tisochrysis
sp. TISTR 11470 52/ Uv818UUIA 600 803

NANNKAY STETLIAT 9 U

Culture
Salinity (ppt) pH
Time (Day)
0 15.0+0.00 8.54+0.07
3 16.0+0.00 9.11+0.10
6 17.5+0.70 9.34+0.12
9 19.5+0.70 9.33+0.10

M13197 2 9UNYHVBIDMITUALUTTEINIA (B9A1
Wwalged) 14981 9.00 Y. kay 16.00 W. ¥83IN15
W LAYSaINSY Tisochrysis sp. TISTR 11470

STAUVLIBIUIN 600 RS NANNUTT Teuziian 9 Ju

The period of temperature (°C) data collection

Culture time

(Day) 2.00 AM 4,00 PM
media  atmosphere media  atmosphere
0 242£0.2 27.8 27.6£02 336
1 24.3:£04 28.0 285+04 34.1
2 24.2:0.5 28.0 28507 332
3 235+02 275 282409 335
a 24.0+04 280 286+1.1 34.5
5 23.5:£0.7 275 28.5£05 337
6 23.5£0.2 275 28704 335
7 24.2:0.7 28.0 28.0£0.7 335
8 24.0£0.2 275 28507 34.1
g 24102 275 285+08 338

A15199 3 ANLRAUTINIALAYNANANYDINIS
WWIZLABIENNI18 Tisochrysis sp. TISTR 11470

SEAUVLIBIUIN 600 BT NANLDT Seezian 9 Ju

A19199 4 ANLRAYRIAUTENDUNILATIYDIFINIY
Tisochrysis sp. TISTR 11470 tW1La89uu1a 600

8m3 nanaudesTeIan 9 Tu
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Abstract

Accessing business information for rapid decision-making today remains significantly
hampered by specialized SQL language skills and the problem of hallucination in large-scale language
models when working with complex database structures. This research aims to develop a natural
language-to-database (NL2SQL) business information querying system and evaluate its technical
performance by applying Retrieval-Augmented Generation (RAG) techniques combined with schema
injection through the gpt-0ss-120b generative Al model on a Groq LPU. The research process involved
pilot testing using a standard Spider 1.0 dataset in the department store domain, consisting of 25
questions covering difficulty levels from easy to difficult. The results showed that the developed
system performed significantly better than the basic query input method (zero-shot baseline), with
an execution accuracy of up to 96.00% and an exact matching (EM) accuracy of 32.00%. Processing
time efficiency was also assessed. The system has an average response time of only 0.73 seconds,
which meets the human-computer interaction (HCI) benchmark of no more than 3 seconds. The
results of this research confirm that integrating database architecture with generative artificial
intelligence technology can effectively solve data hallucination problems and reduce communication
latency, enabling general users and executives to access insightful data to support business decision-

making accurately and quickly at a real-world level.

Keywords: NL2SQL; Generative Al; Large Language Models; Execution Accuracy
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viunlassasiegrudeya) dan EX oy lusedy

Useuasosay 65 [1] Tuvaiei udded g audn
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LNAY A Retrieval-Augmented Generation (RAG)
WUszynabd Taudunisilalaseasegiudeya
(Schema Injection) eg1aiduszuu wagldnule
Uszananaanizn1e LPU anansaenseauen EX 1o
gedisTogay 96.00 UuYATaLANINSZIU Spider 1.0
Fawanslfiiudsdneninesaadnenssud
W g ulunisinludszgndldaues slusedu

29ANS

v
a v A=

MAFglFnhauawIn e sy
nsmaliansfsteyaiasy (Retrieval-Augmented
Generation) LﬁaLLﬁﬂﬁymmmﬁWEju LAYHANATA
sgnalugusssn mugluiumsidentdanlnenssy
nueUsEIIANANIY (Language Processing Unit:
LPU) %84 Groq @siflmuislunisuszananageniy
szuuitaly Welildssuumuneufiiianuusiug

wazsILSIlUsEAUNITLaSle

2. 52 U8U3573Y

n13378as T 1 un133 5oL dannans
(Experimental Research) 1l sWaLN T2 UUA UL UY
(Prototype) Tun1sutasnrssssuyfdudids
sudeya uarUsziduuszaniamuSeuiiguiu
380197 ugu Tnefid unounarsnidouisate

v

Aamelull

2.1 wSasiiouazmaluladfildluniswamn

iwué]’uquﬂﬁwm%ﬂugﬁufuuﬁuLLmJ
WaLATU (Web Application) TngenduanUnunssu
wazmaluladitddry leun

1. drudousier 191y (Frontend): simun
FANSUBSA Vue js 1l 93 UMaINN1TE155501TR
Ny

2. dUTANITNITINEVDITZUU (Backend):
Wan1e 28 PHP (Yii2 Framework) vt 17 1y

ANa1glun1sinn1g Prompt waziliouss APl

3. s¥UUgulaya (Database): 14 MysQL lu
n13daAulasaasedaya (Schema) wazdaya
91899

4. Jeyy1UszAng (Al Model): 19 Grog AP
A vlumaniwiauIalvg 5w gpt-oss-120b
(@a1Ununssu Mixture-of-Experts) FsUszunana
AU LPU (Language Processing Unit) ieliiiAn
AU lunsiesgianuineuasaseds
SQL

5. @inARuiImOIuLTe

- Apple M3 RAM 8GB

- OS Tahoe 26.3.1

6. LAY

- Fiber Optic 1000/500 Mbps

7. ANINLINADNTONALIS

-Yii2 2.0.53

- MySQL 8.0

- PHP 8.3.29

-Vue.Js 3.5.13

- DBeaver Community Edition 26.04

2.2 ﬂ’]ii'J‘U'i'JﬁJLLﬁZLﬂ%ﬂﬁJ‘l{ﬂ%’e}i{!aWﬂﬁaU

(Dataset Preparation)
n1933illdyadoyatiges (Piot Study)
71U 25 AR INFIUTBYANINSZIU Spider 1.0
[10] TauUR @I TNaUAlAENIUATEUIUAITLUA
WunwlneuazShwirnuvaneiduegiansnsa
Tnerun1sasivaeui el uladndenadne
AUNNNBLALUS UNTRIAANLAN L DE9AT U U
nsltyanmdiuan 25 4o fvuanguiiegaed
doandaetuLnae n15UsET Ut us 09 (Pilot
Study) #1USUNIINAGBUTLUULNA LIS AULUU
[11] Tnefiinquszasdndniflennaounsvinnues
JEUURULUU (Prototype Testing) WagigauuiIAn

(Proof of Concept: PoC) 11U 846 uluni3un
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Generative Al 11Usze L wUaan wsssuvfilu
Fds SQL wisnnudemmusnanazdilinsouagu
waziiganad on a8 sdmsunmsusse ndly
NuaTalusgaun1san (Production Level) wiildgn
ganuuUIidNsnsEEsERUANNYUTaURt 19TOU
s it litunualiunnaudulldlumsiaunse
gon IngaaiumIUTIUAIINANUYNA BIVOHAT NG
To1a (Execution Accuracy: EX) Fiordudad Tad
ddnyilandmiuszuy Textto-SQL dmiumsldan
T4 MMIes L et al [12) ilolinseungquns
haeuatseudineuUadu 3 sedudsl

1. szAude (Simple) 31w 10 do: 1Wuns
duAudayaannsnaies (Single Table) lising
Wealeanne (No JOIN) enderiteniiouluiugiy
191 WHERE, ORDER BY 38 LIMIT

2. szeuthunans (Medium) $1uau 10 Te: 1y
msdududeyadifinadeules 1-2 p1519 v3old

Hendudangudeya 1y GROUP BY, HAVING uaz
Aggregate Functions (COUNT, MAX, MIN)

3. 5¥AU8N (Hard) 91u3u 5 do: 1Wunis
duduiidanududeugs foadeuloauinnii 2
13199 ulU Tnnslddnd sdudug oot auity
(Subqueries) 13 ald@aa T un1IN19L%A (Set
Operations) 1w INTERSECT, EXCEPT

Tnoilamriassnduidseneudedoya
14 psauaziiveyadiiegansneag 15 91ensing

feazideanugun 1

2.3 @01UNgNITULAZY UABUNITNIIUVDY

3UU (System Process Flow)
ASEUIUNITIMITUTDITZUUT WAL DU

(Proposed System) 1@ BinAT ANISUS VLA $A1E 4

(Prompt Engineering) Lﬁ'aaﬂﬁzymmwaau%’a;ga

(Hallucination) 284 Al I@]‘&Jﬁﬁumuﬁﬁ‘gﬂﬁ 2

35U 1 ER-Diagram a5unelasaainegudeya Department Store



RMUTP Research Journal Sciences and Technology, Vol. 20, No. 1 (2026) 85

[ 1.UpuAMMNTENESTHYR

User Interface

497 (User)

(Vue.js, Html )
-~
-,

Backend Server Yii2 Framework

o FTR
9.dadmeuuuumswiidnledny
J

| L

Application Server (Yii2)

2.4574 prompt

Prompi Augmentation (RAGJ

3.d1 Prompt fAtinsUTuuss

5.4 SQL 1% Engine \
[ a.a%ednda sQL j \ [ 8.Uszunama j
e N

[ 6.deAuAY j [ 7.Autayadu

SQL Execution Engine

/ g

External Service j
[ Al Model(Groq API) J

-
L Database (MySql) J

SUN 2 LEITURBUNITIINUYDITEUU

Y

L gl udoura1us18a1 815U
Hldau (User) lanaufussuul1u User Interface
FaWundae Vuejs waz HTML Tagaunsafa
AOUNNGINTUTURUUAIITTTUY A

2. def101ulUg Backend Server: Aay
neldeuazgndslud Application Server (Yii2
Framework) Fsvhmihildugudnandlunisaiunu
NIFUMM NNV

3. 11585749 Prompt Wag v Prompt

Augmentation (RAG): Backend ag1infnauvegly

LUidgnszurun1s Prompt Augmentation (RAG)
lagaaveyalaseas1agrudeya (Schema),
AUNUNEVBINTTIA (Table), Amaauy (Column)
LLazﬂ{]VINﬁjﬁﬁl (Business Rules) R]’m‘lfu%if’]
Foyamaniudsznousumamuvesdld iloas
Prompt fiflusunAsuduuaswiudmnniy Weld
W1lanszuaun1sas 19u5 un (Context-Aware

Prompt) 88191 w3 Usssu dregameluiuans

Tnseadns Prompt fisvuuadieduasenoudsluds
Tama gpt-oss-120b FeUsznousae 3 daumdn sl
d9ufl 1 - System Prompt (Fd aunun):
MUUAUNUIMKAEUINNAYBLME (WU "You are an
expert SQL query generator. Your task is to convert
Thai natural language questions into valid MySQL
SQL queries based on the provided database
schema. Return ONLY the SQL query without any
explanation or markdown formatting."
d9ufi 2 - Context Injection (N15ilau3um
Fudeya): sruuidlaTeaiegudeya (Database
Schema) Fom1519 Foreduy] Usziandeya uay
ANFUNUS (Foreign Keys) unusgnautduuiun
PRI
Database Schema:
Table: products
(product_id INT PK,
product_name VARCHAR,
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product type code VARCHAR,
product_price DECIMAL)

Table: customers

(customer id INT PK,
customer_name VARCHAR,
customer_address VARCHAR,
payment method code VARCHAR)

Table: customer_orders

(order id INT PK, customer id INT

FK->customers, order status code

VARCHAR, order_date DATE)

daufl 3 - User Question (Manuvasld):

Aaunrwlnefgldauteoudian wu da:
"Huvdovesduf1UsELan Hardware fisnAnge
fian" nseanuuy Prompt ludnuwmed a1de
W&NN"5983 Prompt Engineering [13] fikunisTv
viuniasudauuazdaauniling dealiluing
annsagedademstauazneduiifignaeslilagnse
wuitazdesmamndunies fudunalandniivag
¥3ngy11 Hallucination [14]

4. d Prompt AUFUUTsUaLUES Al Model:
Prompt 7 K 1un15UT LA ud 9z ndvluss Al
Model (Grog API) & avi19ud 2emiteUszaaana
AM§2ge (LPU) siwiiidiasngsiannamineves
f013 wazwlandurds SOL 7 wunzaufu
lassaiegudeya

5. n13a¥19rds SQL: Al Model axdanadns
ndunndu SQL 91nithy Backend (Yi2) avasiadeu
ANNgNABdLaEANUYaBndeves SQL neutnluly
UIFY

6. darnds SQL TUSa SQL Execution Engine:
Mda SQL AkumInTIaaouRdazgnadluss sQL

Execution Engine Litelduszaianaiugiudayadse

=~ v v

7. ANTBYRINNGIUVDYA: SQL Execution
Engine Ainsiaiy Database (MySQL) Ll ofiado3a
AU (Raw Data) snudnda SQL #ilé3u

8. Uszananauazdnguuuunadng: Yeyai
lAa1ngrudeyavzgnainauundy Backend wias
Hagnsiioglusuhuurenisa Heml

9. demmaundulunanmaunsldnu

2.4 n1501MUAA NUT UM BUFIULAS
n15Useiduna (Baseline Setup and

Evaluation)
ielifausaUseiuussansamaesszuy
ﬁﬁwm%ﬂé’asjmﬂugﬂﬁﬁm H3delarvun ¢
Wisuisugu (Baseline) lngld35n15 Zero-shot
Prompting 4 i un1sdeuriaun1s1s5 1R
TAuAkuUTIaIn I UIn e Ussinanauazasng
fda SQL Tuiuit IneusiaanmisTideyasedng
(Examples) uaglaifinsuuutayausunlaseasg
gudeya (Database Schema) aemth ezl
Fen1319 (Tables) ¥ emaduyl (Columns) n3e

v ¢ ' 1

ANUFNTUSTENINaTeya (Relationships) 350151

\unstenanuiiuguilieaiaesgnilnaeusn
Wiy § et dudsduliTueades "aaien’
Tassadadeyartiminoiones uazsiduauvauandi
Ulgusingnisaivaeudeya (Hallucination) ¥
Tiends soL fadeduladanansnihluldnuasld
diethanSeudisufuszuuiiiaundu Tnedinasi
nsUssidiusydvinmianaia 3 d1u Gl

1. ANgNAesveINadnsdoya (Execution
Accuracy: EX): A51988U aans (Data Table)
1691nn155 Generated SQL mssfunadnsldan
N155URa8117531U (Gold Standard SQL) w3alsl

&

@ o S o ao &
DL UUAITIANANVDINITIVEU
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2. ANUYNA B9vaLATIATI9Ad ¢ (Exact
Matching: EM): #519@0UAUMioue9lATIa3 19

Y

Wonusuarhiensalseninaddedt Al @adedufy
fduaay

3. Usz@nsnmeuian (Average Response
Time): ¥A550218108 R JUA L3 Ud9R1a1uIusa
lasummaunduunan APl (Inference Time)

il fATeldtmuanaeiiasgud sy
(Heuristic Criteria) dw3uifannudi§avesssuy
AULUY Ao A1ANYNABITBIHATIETRYA (EX) fo
lasin315esas 80.00 wazldinaneuauadiade

(Response Time) laitfiu 3 3udl

a

'3 a c v
2.5 ansz/lmsﬂszmul,l,aznﬁ'aLﬂsﬂw%aga

nsiaseteyatunuidedaniunising
ANSATUIUATED A LT INTTUUILN UTELT Y
UsEANSAMTINANAVDITTUUNN AUV TngLUs

a I3 ¥ ¥ 1Y v
msuseiiveandu 2 anu tawn AIUANYNADIVDY
NAANS waEAIUUSEANS A TNAULIAN 19T LA Aue
NN TAUTEANS NN (Evaluation Metrics) Wi bt
Wukumialunis A31501AMUMNNEAUUDITEUY

dnsunsitauase sesneazdussalul

2.5.1 fuAugneaY (Accuracy)

Trszvlaeldaiovay (Percentage)
nsUspliuauaNgnaediaTelagldriosay
(Percentage) vaaugnNeiod Ingiasauly 2 1
lawn Exact Matching Accuracy (EM) way
Execution Accuracy (EX)

Exact Matching Accuracy (EM) 11884
naiFeuifieudds soL fleruuaisdufugaeds
1@a8 (Gold SQL) LUURIBNYIADAIDNYS UTBLAEU
Walassasnshiennsal (Syntax)

@

TReTnaNIS AL WUUAIT

1=5QL ﬁgqameqmﬁiﬂiﬁﬁ%ﬁdﬁ'auﬂizﬂau
wiloufuynusgnis(ladiuniunisiiuisse)

0 = dnslafendun1siuns s uaau
G‘hLmﬂﬂué’ﬂwmzﬁdqmaﬁiagﬂﬂiﬂaﬂ

Execution Accuracy (EX) #1884 A4
n¥osveINAdNS (Execution Result) Aliainnns
Surde QL lnal3sufisuiurnadwsands
SQL 119557u (Gold Standard SQL) aglyiauladn
350150 ou SQL AzumnA19A W 8y 1ats tae
finasinislinsuuused

1 = HAANSMIIAU Gold Standard
nnusens

0 = naanslinseiu Gold Standard

AMNUYNABILAYTINVBITFUUATLIUDIN

Accuracy (%) = Swaufmreuiignéios / 25 x 100

Evaluation Metrics #11 Accuracy (\neust
91989)

- Accuracy > 80% 097158 UUTA2Y
gnies agluszavAnazmunzandonisldauda

573

=CN

- Accuracy < 80% 08718796 9980019

UFuugs Use@nSnnvesszuy

252 aaudszansaineaan (Time

Efficiency)
msUssdiuussansawinunailddade
93328212811UN1IMOUAUDIVOITLUU (Average
Response Time) ImﬂfmgaLL@'@%mudm"'}mm
11g ST UVAUNTEN 9T UULAAIHAR NS A Avi e

INYAAINIUNAABUTINIY 25 To
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FNINNTATLIN

Yoy (Ti)

Average Response Time = 25

Evaluation Metrics & 1 Response Time
(\NEUD19849)

Average Response Time < 3 7u1% 1991
sruuiiuszdnsamaunisnevausdluseaud
WNTANAMSUSE UUUAB ULTIlARDU

Average Response Time > 3 Tu19 71911

sruuiianuatuazalslasunisuiulss

3. NAN15IUKAZBNUSIUNE

a o

3.1 NaN13738
NN1SNAaUUTEANT A NVBITEULT
WauNT W L 8uUAUTEUUN Ug1U (Zero-shot

Baseline) WagTLUNANUTLAUAINNYINYDIAIDI

i
ean1sIdesisil
3.1.1 szuuduwuugnasnuuududaner 199
(User Interface) Tssausaun en dunanlily
v =
wiveifen
SPUUUTENOUMEAIUNITIIINY NITWAAINE

wazdIuves Query Set 819dilglunsnageau

3UT 3 MNevdnMSINULaENITUARING

soli= © 71a53100008 2008

Text to SQL Generator

3UN 4 vthaeuaninnseloyaiinagn Database
Tagld SOL 910 Gold Query WisldiUssuLieunIm

gNABIYBNATNSI¥MIN Gold Query fiu Al Query

3.1.2 wan15ilSeutngudsedns aawnu

S:‘U‘Uﬁugﬂu (Baseline Comparison)

A15199 2 HaN1SNAABUUSEENT AINA1ULIAN

Wsuigu Zero-shot

sEAUAMNBIN | . 1A RRENTUTIUIANE
UUANY Ao
(Difficulty Y (Au/ae )
(¥9)

Level) Proposed Zero-shot
Simple 10 0.51 0.81
Medium 10 0.75 1.05
Hard 5 1.15 1.24
Overall 25 0.73 2.48

Average Response Time by Difficulty

® Propeses @ Zero-sner

cess Time {Seconds)

erage Response Time (Secands)

Average Pro

Ave

Simpie Medium Hard

Difficulty Level

U 5 nsmlawdslumsussaianausnauseau

AN (Average Response Time by Difficulty)
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3.1.3 Han1snadauUseanSamauraLazany

aNAB9YaITZUY

dl =) a a a ¥
TN 3 AIIUUIB UM UUIZANTNINATULIEAT
WAYAIUYNABIVDINAGNETENIN9TEUUATNTIN

Jaya Schema wazlsill Schema

JPUU  Schema AUQNARDIVBIHAANS LIaNLade

finagau (EX) % (i)
Zero-shot NO 0% 2.48
Proposed  YES 96% 0.73

o

HANISYIAABUINATTINT 3 NuUseifiuddty
sail

1. A1utlatuszuiana (Time Efficiency)
szuuldinanads 0.73 Jundl (sedudie 0.51 Huil,
Urunans 0.75 Junfl, wazean 1.15 Juail) 3
donAdosTunaEiUsEansnmiiiuun (< 3 Jundl)

2. 91UANNYNABY (Accuracy): SYUUUTTH
AIAIUYNHBIVBINARNT (EX) Laa‘“‘aqﬁﬂ 96%
(529U Simple 90%, Medium 100%, Hard 100%)
Tunauien Exact Matching (EM) ogfl 32.00%

Execution Accuracy (EX) vs Process Time

@ Process Time [l EX
100%

100%

55 Time (Seconds)

Execution Accuracy (%)

Average Proce

®

simple Medium Hard

Difficulty Level

JUN 6 ANugNABIvRINaANSTaLALENANTEAY
AUEIN (Execution Accuracy (EX) vs Process

Time)

3.2 NM152AUTIHE
NN1INAABUUTTENTNINVDITEUUNY
MUY AN TN HAUIT Y aunsneidse

a
Y 1 PV

UsziiudAgyiidunuidenlesiungufuazanuided

o

Aeadaslénad
3.2.1 UszdnSanwaanaila RAG wag Schema
Injection Tun1saataymnisuasudeya
NBNITAGEE Ui NsEuUA waun T uilan
Execution Accuracy (EX) ¢ 9 69 96.00% Lile
Wisuifsufuisnsussananauuuiugu (Zero-
shot Baseline) AfiA" EX asﬁ' 0.00% 08198 Wil
mmﬁ%?mﬂﬂumammmaﬂﬁzqnﬁiﬂz’i’mﬂﬁﬂmiﬁq
%Janﬂma%m (Retrieval-Augmented Generation: RAG)
Jaudumsilausunlaseasegiuteya (Schema
Injection) [14] Aisgyimsiaiuuundeyaamems
(Knowledge-intensive tasks) ellainanienuung
IngjanansafsdoyauazUszananadmaule i ug
u Tnennsvi1 Schema Injection i unseu
Anuanssng (Logical Constraints) TsAun Al vinlw
mmsmsq%ammLLaxﬂaé’uﬁlﬁQﬂﬁaqmummﬁu
339 andgymnisvasudeya (Hallucination) fisin

Wind ululuinauuy Zero-shot §491An135U% A9

'
P

lassasguteyadts endiegrady Wedeudny

9 vy A 1

AWI53IUAI “vT euazIiagnAn 757 oy
Usgnausaedin TN lunsdifissuvhausauiy
watAn13Haus unlaseasegudeya (Schema
Injection) avanansaadnefds SQL leeensgniemnss
AUlASIETIND3Y Ao
SELECT customer_name,
customer_code

FROM customers
WHERE customer_address LIKE '%TN%';
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wilunnansatudy i eszuurhauwuy
ﬂﬁugm (Zero-shot Baseline) nadwdeds SQL 7ilé
nduldu

SELECT c.name,

c.id

FROM customers ¢

JOIN customer_addresses a

ON a.customer id = c.id

WHERE a.address LIKE '%TN%'

Fauandliiiiueenstaanin vinusean
nsliteyausunlassaiegudeyaaimii svuy
wiinUsIngn1sainasudeya (Hallucination) lag
N15A1ALA17 9715719 (Table) uayd enoauil
(Column) Fuunas Fdlsifegaivlussuugudoya
denaliddefananlyanusainluussuaana

o

NAaNS (Execution Failure) 1o

3.2.2 AAUUANANTENTNANUYNADIVINATNS
(EX) warlwnsalds (EM)
Usgifuiunauladeniniugnieses
lagnsalfd e (Exact Matching: EM) 7 1 814
32.00% uwil'm'1 EX 928389 96.00% fi a1y
Usangnsald arunsaesuelddaenguinng
Usgrlludaminumung (Semantic Evaluation) @13
WUINVDY Lietal. [12] wag Zhong et al. [15]
ileaainanm QL SauantAdunundsyne
(Declarative Language) 7 anu1satd suldnane
sunuuL ol lenadnd oy aliediu (Semantic
Equivalence) 19u nsidenldmds JOIN iunnsing
fundenisdadsudeulely WHERE Clause N5l
syuuliien EX QQ%IﬁLﬁU’hﬁQJﬂJﬂU?%@HﬁL%Qﬂ°’1L‘Dﬂ
TaruarursalunisAainuainunune (Intent

Parsing) lsiatsgniesiilonauauassionufeInIs

195579 uigUnuunsdeuddsazlinsstuyn
Joyataaennisnysnay
3.2.3 nsnauauasfiaulineldmguiufduius
FEWININYBELaTARUNIADS (HCI)
sEzAINIRoUALDIRALT 0.73 Funfise
o Fedulsravamillaniiuegsbuilewioy
fusnausianasguiifmual Sl 3 3unit wadwsi
fanudagludanisiluldauasenungud

= o

Y11V UN1TNIUAUD IS Nielsen [16]
Feszyinmsmevaussitoglugis 1.0 3undt ezt
$nY1 "NITUIUNITAA (Flow of thought)' U4
gldsnliiinnuseideuarliddningndadome
auEiszaviiantuainnsldaantnenssuuuy
Mixture-of-Experts (MoE) va3luiaa gpt-oss-120b
FNUNITUTZINaNAaN1UnU8UIENaNa Grog
LPU fignesnuuusiiieananiummia (Latency) Tu
msasamfulneianig Jdedutadudidndivh
Tsgvuiimnundendmsunisldanuluszavesdns

APDINSHATNSLUULS8a bl

3.2.4 psATedaianatnuazuINIUTUUE
TuuSunnenlne
AINAITILATIEAT DA ANAIANUI 1A
AauA3aves A wineilugUassaddn wu
#1371 "Usuna’ @ aszuvenaiauldite sauau
sufou 3o naswseATuMsAUNUTE RuIn
Faieanaiia NL2SQL enadalaiiieanadnsy
N1599N13ANUAININVBIN WY S TuuIan Tl
aonndasfutelauauusiiinlumeufiaansiing
ﬁ’mumﬂgmqqsﬁaLﬁmﬁﬂu%umaumiﬁw Prompt
Engineering vt 8l szuvaauaIuaIud 89n 15

Faauannglineulssananadids iieanlanianis
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LAAINATBU AT HANAINAINAIIULT 1IN 1YN

U

AANRLAGDU

4. &3y

M3IeiusTRIngUsTasAlun SIS UY

wUasn1w155sur1dd uend 9grudey ad i

¥
a a =~

UszAndamgeuuiugiulunadaygiuseaugiae
ANHA gpt-0ss-120b WrunUI8UszUIaNE Grog
LPU Tesyuufiwand uanunsavazuuunan
gNABIreImaanseya (Execution Accuracy: EX)
\ndvgeiisienar 96.00 wazldiiauszananaiade
Wies 0.73 Fundt Ssmunausididvunly (< 3 Jund)
TunnsgAuaueN
A1 Exact Matching (EM) ﬁagﬂui%’uﬁﬁ (Gov
az 32.00) tu il asoufisruunnsssessyun
uildunanauaNtAveIntw SQL Mdunwids
Usn1a (Declarative Language) 4 saunsoid o
Imaa%’wﬁwﬁﬁm”wmnwamgﬂLLUULﬁ@imﬁwaﬁwé
WAy (Semantic Equivalence) § v@onnd aefiu
WUINI9Y09 BIRD Benchmark [12] Laz41u3de61u
nsUszfiwdannunane [15] 1939751890
NL2SQL a5emstimnuddeyiu EX 1undn
nan1snadeuLansliiufuaviiunaula
AoszuuiAzuuy EX laauysal 100% lusydu
Medium wag Hard ualiiies 90% Tusyeu Simple
Fetnfudyrngiaiinniimanudediazliug
wiugnd1 Wednsesinsdliiiemann nuinduime
ABAUAaNLAS BLT 1A IUNLIBTEIN ¥ LNY
nanfte manufissyin AudnfigndsdeluuTunud
wndtan’ du fddd "V Musadesiiaay
MunnefeUIunuazan (Cumulative Quantity) Tu

M1374 product_suppliers %13931UIUATINUIING

PR
e

Tum1919 order_items Wan153LATIEALT LW
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The Effect of Kale Powder Fortification on Color, Hardness

and Sensory Acceptability of Jelly
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Abstract

This research aimed to develop a jelly product supplemented with kale powder. The study
investigated four levels of kale powder added to the jelly product: 0% (Control), 0.5%, 1%, and 1.5%.
The results showed that the panelists gave the highest acceptance scores to the control formula. The
Control formula obtained liking scores of 7.93+1.52 for appearance, 7.56+1.44 for color, 7.26+1.05 for
aroma, 7.30x1.64 for taste, 7.26+1.48 for texture, and 7.06+1.92 for overall acceptance. However, since
there was no statistically significant difference (p>0.05) between the control formula and the jelly
product supplemented with 0.5% kale powder in terms of appearance, color, odor, taste, texture, and
overall liking. Therefore, it can be concluded that the jelly product can be supplemented with up to
0.5% kale powder while still maintaining sensory acceptance from the panelists. When considering the
results of the color values (L*, a* and b¥), it was found that the jelly products supplemented with all
four levels of kale powder were statistically significantly different (p<0.05) due to the green color of
kale powder. As the amount of kale powder increased the jelly product became darker green. Regarding
texture (hardness), it was found that the control formula of the kale powder-supplemented jelly
product was significantly different from the 5% kale powder-supplemented product (p<0.05). As the
concentration of kale powder increased, the hardness of the jelly product markedly decreased. This

might be because kale powder interfering with gel network structural of the jelly.

Keywords : Kale; Vegetable powder; Jelly
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Abstract

This study aims to develop an optimal workload allocation model for manual lifting tasks by
applying a Mixed Integer Linear Programming (MILP) framework under the Deterministic Allocation
concept. The objective is to enhance operational efficiency while minimizing ergonomic risks in
repetitive lifting activities. Experimental data were collected from ten volunteers in a controlled
laboratory environment. Each participant performed repetitive lifting tasks of 10 kg objects, while
video recordings were used to analyze time duration and postural behavior in each lifting phase. The
ergonomic risk level was assessed using the Rapid Upper Limb Assessment (RULA) method. The results
showed that the average lifting cycle time was 7.17 seconds, and the overall RULA scores indicated
a moderate risk level. The MILP model was then applied to determine optimal workload allocation
under three scenarios: (A) minimum total ergonomic load, (B) fair distribution, and (C) equal
distribution. The findings revealed that scenario A achieved the lowest total risk but lacked fairness,
while scenario B provided a balanced allocation between efficiency and equity. Scenario C
demonstrated practicality for real applications requiring ease of management. Sensitivity analysis
+10% confirmed the model’s robustness and low sensitivity to parameter variations. Overall, the
study highlights that MILP can serve as a quantitative decision-making framework for designing safe,

ergonomic, and efficient lifting workload allocation policies.

Keywords : Lifting workload allocation; MILP model; Ergonomics; RULA assessment; Deterministic

allocation
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Wudhwiwdu 1wy seunsenusedulundnau
\iasrassaniun1salase TnenaufinUssuuiy
wagduUsas ey MegreilanduingUseasd

989 MIP Wa@ndnag@uni1si (3)
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Tae?

Z = Wnduingusvasd (Objective Function)

n
ZCJ X; = NATIULTLEY (Linear Sum)
=t

X; = frwdsnsanaula

Cj = A1

FuUseansveIRkys
ANUSULUUTIaDY MIP 3990 19unbiie
wUsAnAUlavIsdNTS oAl T U WAL T4
[ [ a 1 o a v
JudnuagNuand199NkuuIaes LP oygisli

LY al & o a
ALLUIUANTUIIUIUII

2.1.6 ATefiiisadesiunsldiusunsudadu
Tusruniseanans
AT 5 kuanuansnsysaNnIs

Optimization fiu Ergonomics lugnannssy lag
19 LP, MIP wag MILP ieLnUsEANS A MASHER
ankan wazannMUdsmIINseeans Saufunis
1% Computer Vision wag biomechanical models
WonTeiviimauazan WMSDs [211,[22] 528k
A15USLLAUNITUNTARYINIINITEATEAS bUI1U
IamsTanidieiiulssansam [23] agviounisys
zmmu%aﬂ%mmuazL%mmmmﬁaaamwmmﬁ
Uaendeuaziiuszansningegn
2.2 WUIAALAZNTBUNISANLUNNSIY

nsAnwilduuusiass MILP 31asigsiuas
WinUszAnsamvinnenisenvesujuaau Tae
Usziflunudsssnensuuy RULA uasdnassnisy
nuneladedinas 1uiatuazalulasnde
ﬁmumvhwmLLasﬁfmﬁﬂmummgm [24] wiay
wisgenseniiofnmunaisazUszdiuanudes

agvaziBen lneiidunounsandunuigun 2
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2.3 Msiusausutoys
nsuivdeyasiunsluresujdinisd
muAuanmwIndesliinsi laggvaassinisen
Smgerudndufidmua uazlimstuiindalewieldly
N1936AT12LIAMATYIINIINITURUR U A189a
N1INAaeY rAdunIIaTeiialelagsey
IS uduLarnAudnveuiag saUnITen Wieu
Gufinnani ldluudagseutduiund dwfunis
Usgilluagluu RULA LagagN1TUIMINI9NIg
MauInInlenazUseiliuyuvesedeagdiunng 9
TnodnsBatrayuaminaeififvualunuuyszidi
RULA [16] 9nifusiunmazuuuniuidssuaus
azsaufeAimadnade uazmaALadsing ua
AZLUW RULA #959UNTENVBIR NARBILAGEAY

Worh Ui dunsiwesdmsunuuinass MILP

2.4 N1SARUANITITLNDINI1IAUAAIENS
ﬂ°mumummmm@maaum’azﬂumﬂ
NATINYDIIAT T LULAALTIY ATAIUIUAITZIU

AYAUADTOUNITUN LAMSANNITN 4 WaY 5 AUERY

T, :Ts,l +T5'2 +...+TS'i (4)

Rsl'Tsl+Rs2'Tsz+---+Rsi 'Tsi
p,=— ' Y TY ' '

S

(5)

P, = NITNURRYADTOUVDIENARDY
T, = uanuseseuvesmaass (Guii)

T,, = namildudazdranisenvesivaass (Guii)

R, = AzUUY RULA 547050 UTDIENARDIAIRNUY

R,; = Aziuu RULA vasimaaasaqud s Tu
Wil i

o

S GRAAIIEEN

o

[ SAUNINTREMARDS

2.5 NM13UTTUIUNITLIU
N1NAa8IlIIUIUTEUIINR FeUsEU
anunisaivinausewies 10, 20 way 30 uit lae
Lifnsvgain wazldiiasiudesoumuindiuim
seugegnvesnaasdluliazyls liloTiazving

INATINTLUAUAUNTN 6

L = TE , D =600,1200,1800 (6)

S

JGEN
L, = Swaumsuszanaseunlaluisazdim

a =~

D = unasuvesnweassdudund fs 600
FUNFIMSU 10 w9, 1200 AuNdmsu 20 wi
way 1800 IWTdmsu 30 Ul

T, = nanudeseuvesmaass (Funi)

2.6 ﬂ']'iﬁ'ay']\HLUU‘ﬂo']aa\i Mixed—lnteger
Linear Programming (MILP)
Tunisasreiudsingulalunuudiass MILP
19738usiumse 19U Branch-and-Bound #50873&/n
uimsAnuilddand MILP 1nasgiu Tnefvuad
wuUsunusiuauadansenlu 10, 20 way 30 unil
wazimuailaiduinguzasdiioannnszauen
ynaMsErnansTIveINaNEU TRy feaunsi 7
waziidesinvasuuusians MILP fiusznau
TUdae dasiaaan faunsi 8-11 Tagaunisil 8
T4 dusutaaaaten 10 und, aunisi 9 4dwmsu
g2317818n 20 YT war aun1sh 10 ldmsu

939138180 30 U
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MinimizeZ =) p,-L, (7)
s=1

T, - L, <600, Vs (10 min) 8)
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T, - L, <1200, Vs (20 min) 9
T, - L, <1800, Vs (30 min) (10)
1<L, <L max, Vs (11)
Tail

MinimizeZ = dvvhanvesileanduinguszasd
10

D op-Ly = wavandadu (Linear Sum)

=1

p, = MIzUDALADTOUTIARDS

L, = shuiunsUszanuseuiildluusiazgasi
Vs = ynanilnudesufjiRnmiouluiidmun
L max = S1uiuseumsengsgn (Maximum
number of lifting cycles

L. = s1uiuseunseniuanzauiian (Optimal
number of lifting cycles)

Zopt = g figauesiliiduingUszasd

(Optimal objective function value)

Snvadafmun Ls » 1 deligidnsauynan
finnszauenegnaies 1 50U uanand léfansan
3 nsalAnw lown NsanasEauEzaNsId (A) N3
n¥A18AsEueg1udusssu (B) Larn1snszany

AseulibnaAeenu ()

2.7 M3Anszidaya
mMaATgiinlagnuansimes T,
p, as1admls L uasAuwinilanduinguseasd
WSouT 0911 A N1514 deterministic allocation T
$OUNTENT LAIEAY Lg* UazAn Zopt Toya
Manual RULA  n#539@8U% 03 a Manual RULA
iananuranndeu nSeudinsziaulives
FOUNI5ENAD Lg* wavA1 Zopt vioUszifiuainy
LT ETVBIMUUTIABY UATATIAABUAIILYNADIVDY

wuudaedasiUieuiieuiudeyannassas

3. Namiﬁnmumaﬁﬂiwwa
A3ANATLY MILP S0 deterministic

allocation il ofMuASILIUTEUNSENT LNz EY

meladedianatwazniseamans laglddayaann

Y

HLiN9I3 10 AU HakanSlum519N 2

¥

M99 2 ATNNTITNBTHNUTILVOENARDS

Jnaass T, Guii/seu) Ps
A 1 7.00 3.48
Awd 2 7.67 3.97
AT 3 8.33 3.53
Aul 4 8.00 3.76
ATl 5 7.67 3.54
Aufl 6 7.67 4.09
AU 7 7.33 4.27
AT 8 6.67 3.35
AT 9 6.67 3.63
Al 10 5.67 3.12

wasanlaan T, wag p, 03191593

Y
Nanuawdd FeA1uInduiuseudanlunn ay
28 NNINNARIMUT Lg ANNTDTIARAIULIAN

LAAIlUANS19N 3

A13197 3 F1IusEUAEANTIlAveEInaes

Anaaas 10 w ¥ 20 uil 30 w19l
A 1 85 171 257
AT 2 78 156 234
EE 72 144 216
Al 4 75 150 225
ATt 5 78 156 234
Al 6 78 156 234
it 7 81 162 245
ATl 8 90 180 270
A 9 90 180 270
A 10 105 210 317
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mﬂmiwwudﬁwmuiauqﬁqmLﬁuﬁfumﬂu
nan {iidAn T, sanunsaviseuldunning i
T, @9 N19n583180 1@ DUAIIUUANF 1IN
aussouy ¥l MILP 3massniseauldmunsay

b Y L‘Ij UGTIN MONIAIUIA Y deterministic

113

allocation lu 3 nsdl léiuA A anmndsssIugsan
, B N3891897ULUU Faimess Tndanadslsiiiu L
max, wag C ﬂszmal,w'ﬁﬁ’umm'mgwqm NaNS
ATUIMLUUTIa8Y MILP @ 2875 Deterministic

allocation 914 3 nsalkandluA15199 4

AN5199 4 LARSHANTISINATINNSTNUAELS 3 nsdlAN® tawA NIE A (MSARASEUATENSIY) NSl B

(M3dnassnszauegrandusssy) waznsdl C (msdeassnszaulilndifsaiussniafuiuiam)

maaaq 1 10 Wil (600 Funih)

i 20 wndi (1200 Fund)

i 30 wndi (1800 Funil)

N ps

A Ls*(A)  Lg*(B)  Lg*(©)  Lg*(A) Lg*(B) Lg*(©) Lg*(A) Lg*®B) Lg*(C)
aul 1 348 1 83 72 1 166 144 1 250 216
auil 2 397 1 78 72 1 156 144 1 234 216
a3 353 1 72 72 1 144 144 1 216 216
auila 376 1 75 72 1 150 144 1 225 216
auils 354 1 78 72 1 156 144 1 234 216
auil 6 4.09 1 78 72 1 156 144 1 234 216
il 7 421 1 81 72 1 162 144 1 245 216
aule 335 90 83 72 180 166 144 270 250 216
AUl 9 3.63 1 83 72 1 166 144 1 250 216
auil 10 3.72 1 83 72 1 166 144 1 250 216

IPL (Zopt) 33549 296377 268848 63699  5927.54 537696 93849 8914.03 8065.44

INA59 4 NMIFIUIARUUS e MILP
#2878 Deterministic Allocation WU31 n5el A an
mwm?fmmwfﬂqmLLGi"Lanﬁﬁﬁu, A5 B NS¥18
mizasmqﬁﬁﬁﬁuLm'msmuqﬁu wagnsel C

nszarwiriunnay danuaunasaziiluldliase

Tnawlonanfiudu s1iuseunazAaudsssy
W UAILEITU WASLT OVAADUAINLEER 5V
LUURIaBIREANARIAARDY NFIASIZRAL
(Sensitivity Analysis) gnaiunistagusuanseu

58N +10% NASNSNLAWARNIFINISI9N 5

M19°99 5 mssasunsimsziaalvedlama MILP (Sensitivity analysis +10%)

i 10 wni i 20 Wi i 30 Wi
N3 Zopt Zopt Zopt Zopt Zopt Zopt Zopt Zopt Zopt
-10% G +10% -10% H +10% -10% L +10%
A 305.34 335.49 365.64 576.69 636.99 697.29 848.04 938.49 1028.94
B 2929.18  2963.77 2998.36 5858.37 5927.54  5996.71 8809.42 8914.03  9018.65
C 2657.74  2688.48 2719.22 5315.47 5376.96  5438.45 7973.21 8065.44  8157.67
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nan153As1zianulnansiisiuiinig
Wasuwaswasmnsfweslugag +10% demaldien
Herduinguisasdiudsuuvadlufiamadonduu
LinelfAnnisdsunlandslaseadievomanis
TRas3n15891u avviouliiiudannuAInuYes
wuudaesienuliuyueuvesdoyalndn Tu
YAUNDIVINTIATIEN LU SEANE NN HadwS
fananiaunsafanulaiuuudiassiaiulise

Asilasunlasesduuseansiuseaunnielayig

Grouped Bar Chart: Sensitivity Analysis +10% for Zopt by Case

fidnw ag19lsfiny n1353AsIERY9ALALE
v99duUs2a5 (Objective Coefficient Range)
n151U4 sunUasven1aed ludesaia (RHS
Sensitivity) Wag@1 Shadow Price @%5ut8311n
19 q Sudulsziduiiamnsofnwinesenldly
auan Tneianizd eldduddyniiisesiuns
AAFILINAIN1IUIAIAOU (Post-optimal Analysis)

HANSIUTEULTIBULEARIRIFUR 5

Line Plot: Sensitivity Analysis +10% for Zopt by Case
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JUN 5 nTvuanIanTinseiaulvedduea MILP dwsu Zopt nnnsdl

4. a3

ideiwauuusiass MLP neld
LuIAA Deterministic Allocation 1 03naT3A15%
NuenliimugauivanInnsauase 99013
NARBINUHLI13IU 10 AU WUINIANTINTOU 7.17
A7l wawAzULY RULA agfsedutunans Toyatild
AIuNTIRassuluaunsd: annnsesIngean
(A), Ina338A555U (B) hagnszanennseivindy (C)
nsfnwuandliiiudn MILP Saassonuliduszuy
lnensd Aann1sesingegausliauna nsdl C
NIz q fuuimsie dunsd B aunai
UszAn3nmiarATmgRsTsa anAa LA BRI N
wagtiuaufimelavesfuuiRau uuudiassd
mwmaﬁaiqamﬂ Sensitivity Analysis +10% %10
Fesmsanain1seaunensemanslivinfigaans

wanldnsdl A sesasunmensdl C waznsal B (A > C

> B) udnmndeansiinsinassniszauduluegia
wnzaLLazeRsTIuian msdenlingdl B sosaun
fonsdl C uwaznsdl A (B > C > A) flawSeudlouiu
AT uUszmelng fn1sussdunanudsami
s'wmsmmﬂumuqmammm%‘m%ugwé’qmmﬁﬂ
Tagld RULA Way REBA LagnuU3INMa18f1LAu 491y
ogluseiuidssiinaslasunsusuuseiud [25] 8n
fadafinisusuugaisnmsvhauluduseunisnsede
Tnglduuuuszidfiu RULA Wiosenuwuuiaieansosiy
WUUNOLABS NaaNsUaIUSULAIAEIUL RULA anas
auagluszuil “sonsuls” [26] madnwluadeids
WA 8931 auast T UL LIN AT AATTNULT S
f1av (allocation) WNUA1TUTELHUNI DU UYINNS
Wigsegradealunumunseansing
Snstsanuiselusnassimend Snnsiave

Tutma scheduling LLUUMaﬂsJﬁ'quUisﬁmﬁ (multi
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objective) lng5IUN1TENI1UAERNT (ergonomic
risk) Lsﬁﬂﬁ’umsﬁ’mmiwmﬂa’mi [27] \AnAQ1Y
donAdoatuLuIA A Wau1d u n1ssaudade
ergonomics TUAIIAINUARNITINIULTIUAAAIY
\d oaveslsandruid elasesrslusas s $aw
UszanSnmnsianulaegnsiusya@nsam [27]
YoINNALALTDLEUDLULIINHANITNAADS
wainsliiiiudn nsdl A duwnlduianisnszgndives
15291 vauzfinsdl B waz C 9aelinisnszany
msznuiienuaugainty mndesszgndliass
awﬁﬁmmLﬁwﬁaﬁi’wﬁ’mﬁmmmamqammmimm
iiolaenadesfuanInnnsinauannd
Fafuanuilddnwnaswaund uluaded
anusalauawtINIUuR lun1sdnassauenuuy
51 Tng/laiifoeunusziiunanud seus S i
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Abstract

This research aimed to investigate the basic formulation, production process, and to evaluate the
sensory, chemical, physical, and microbiological qualities of coconut candy, including the partial
replacement of sugar with erythritol. Sensory evaluation results indicated that the control formulation
exhibited high overall acceptability in terms of aroma, taste, texture, and overall liking, with a mean score
of 8.15. Among the erythritol-substituted formulations, the sample containing 30% erythritol replacement
received the highest consumer acceptance for appearance, color, aroma, taste, texture, and overall liking,
with a mean score of 8.59. Chemical and physical analyses revealed that the formulation with
30%erythritol replacement had the lowest moisture content (2.08%) and the highest ash content (0.86%).
The formulation containing 30% erythritol replacement exhibited the highest fat, carbohydrate, and
protein contents, at 11.32%, 82.99%, and 2.16%, respectively. Regarding color characteristics, the control
formulation showed the highest lightness value (L*), while the formulation with 30 % erythritol
replacement presented the highest redness (a*) and yellowness (b*) values. Microbiological analysis
demonstrated that coconut stored under 100% carbon dioxide modified atmosphere had the longest
shelf life of 12 days, whereas vacuum-packed samples exhibited the shortest shelf life of 3 days. Total
viable counts exceeded the acceptable limit on day 13 for carbon dioxide storage and on day 4 for
vacuum storage. However, Staphylococcus aureus levels in all samples remained below 100 CFU/g, in

accordance with the standards established by the Department of Medical Sciences.

Keywords : Coconut candy; Erythritol; Shelf life; Modified state
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Abstract

This study aimed to compare the effects of fresh fish feed and commercial pellet diets on growth
performance, survival rate, and feed utilization efficiency of cobia (Rachycentron canadum) cultured in marine
cages at Ban Koh Pu, Krabi Province, Thailand. A Completely Randomized Design (CRD) consisting of three dietary
treatments with three replicates per treatment was employed. Thirty fish were stocked in each cage and reared
for 180 days. The results showed that the initial body weight of fish did not differ significantly among treatments
(p>0.05). At the end of the experiment, fish fed the fresh fish feed exhibited the highest final body weight
(2,023.16+22.62 g) and daily weight gain (8.01+0.13 g day 1), which were significantly higher than those of fish
fed the commercial pellet diets (p<0.05). Final body length differed significantly among treatments (p<0.05),
whereas daily length gain showed no significant difference (p>0.05). Survival rates ranged from 91.12+2.65 to
93.34+2.31% and did not differ significantly among treatments (p>0.05). Similarly, feed conversion ratio (FCR)
values ranged from 1.60+0.31 to 1.72+0.31, with no significant differences among treatments. Overall water
quality remained within ranges suitable for marine cage culture of cobia throughout the study period. The
findings indicate that fresh fish feed promoted better growth performance than the commercial pellet diets
under the culture conditions of the present study. The results provide useful information for feed management

strategies in community-based and commercial cobia cage farming operations.

Keywords: Cobia; Rachycentron canadum; Fresh fish feed; Commercial pellet diet; Growth performance;

Marine cage culture
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- v =3 o <3
Yan1snAassdl 3 Iermsidadniagy

TRy 40 Wesdus Tty 12 Wesidua

2.1.1 MaAssaAdosilanaz Tan

Tguanaeunyia (Rachycentron canadum)
$1uan 270 1 dniedsUszana 500-600 N
LgaﬂuﬂszﬁffwzLau%nmﬁ’wmmzu“ FUALNNEASUB
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Feaglutisimunzaudmivmsifgaandounsia

Tuszuunsedaneia [9], [20]

2.1.2 MIATENDINTNARDS
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Tnsganisnaansd 2 fseduludulszuiu 8
Wedidud uazyanisnaasad 3 dszdvlusiy
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23AUTENOUNITIATUINTVDID M TNAB DI UAN ST
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59 100.00
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diuUszneu  YANITMIARRY  YANITVIARDY
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diulsznau  YANIINARRY  YANIINARDY
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dniUnlu
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151990 3 99AUTENAUNILATLALUTTUI DY
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TWemmsuaveunsiaiuay 2 A%e 1nan 08.00
u. wag 1600 u. laeleinisaudaivgaiu
(apparent satiation) wazvinstuinUsuasensd
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Beszienuiluaig wisunsainainmsganduuas

fewa3es UV-Visible spectrophotometer [15]
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Abstract

Reliable banana quality assessment remains challenging due to the subjectivity of
manual inspection. This study proposes a robust and evaluation-driven framework for
banana damage classification that integrates image preprocessing, texture-based feature
extraction, and multi-model learning strategies. A dataset of 568 banana images
categorized into three damage levels was systematically processed to extract
discriminative texture descriptors, reflecting surface variations and bruising patterns
observed in practical conditions. To ensure statistical reliability, multiple training—
validation—testing configurations were employed to evaluate model stability across
varying data distributions. Five machine learning classifiers, namely Updateable
Multiclass Classifier, Sequential Minimal Optimization (SMO), Multilayer Perceptron
(MLP), Random Forest, and Iterative Classifier Optimizer, were evaluated to investigate
the relationship between texture representation and classifier behavior. Comparative
results demonstrate that adaptive classification models achieve superior performance,
with the best model reaching 91.11% accuracy and an F1-score of 0.91, while maintaining
consistent performance across experimental settings. Performance depends more on
feature—model compatibility than model complexity. This work contributes a
reproducible and practically applicable framework for intelligent quality assessment,
supporting scalable deployment in smart agriculture and reducing post-harvest losses
through data-driven decision-making. The proposed framework can support automated
banana grading systems in post-harvest operations, reducing inspection subjectivity and
enabling scalable deployment in smart agriculture environments.

Keywords : Banana Damage Classification; Image Processing; Machine Learning;
Texture Features; Smart Agriculture
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1. Introduction

Banana is a major economic crop
whose market value is strongly influenced
by external quality attributes such as peel
appearance, color, and bruising [1]. In
practice, post-harvest grading still relies
largely on manual inspection [2], which is
inherently subjective and often leads to
inconsistent results, grading errors, and
increased losses. As highlighted in recent
FAOQ reports, improving post-harvest quality
assessment through digital and data-driven
approaches is essential for enhancing
efficiency and sustainability in modern
agricultural systems [3], [4].

Computer vision and machine
learning have emerged as promising
solutions for automated fruit quality
assessment [5], offering non-destructive,
scalable, and repeatable inspection [6],[7].
Recent studies demonstrate that image-
based techniques can effectively detect
surface defects and classify fruit quality [6]-
[12], including banana bruise detection and
intelligent grading systems [1], [2], [4].
However, despite these advances, current
research still exhibits important limitations.

First, most studies emphasize
classification accuracy under controlled
conditions, with limited attention to
robustness under varying data distributions.
Second, evaluation is often based on a single
train—test split, which does not adequately
reflect model stability or generalization
capability. Third, the interaction between
feature  representation and  classifier
behavior remains underexplored, even
though it plays a critical role in handling
continuous and overlapping damage
patterns, particularly in banana surfaces
where defects evolve gradually rather than
discretely [1].

To address these gaps, this study
proposes a robust machine learning
framework for banana damage classification

that  prioritizes  reliability  alongside
performance. The framework integrates
image preprocessing and texture-based
feature extraction with a systematic
evaluation of multiple classifiers under
different training—validation—testing
configurations. This approach enables a
more comprehensive analysis of model
stability and sensitivity to data variation,
moving beyond one-time accuracy
reporting.

The contributions of this work are
threefold. First, it introduces an evaluation-
driven  framework that  emphasizes
robustness and generalization. Second, it
provides a comparative analysis of multiple
machine learning models under varying data
conditions. Third, it offers insight into the
relationship between feature representation
and learning mechanisms, showing that
classification effectiveness depends on their
compatibility rather than model complexity
alone.

Recent banana quality classification
studies primarily focus on improving
classification accuracy using CNN-based
architectures or lightweight deep learning
models [13],[16]. However, most studies
evaluate performance using a single train-
test split and provide limited analysis of
model robustness, stability, and statistical
significance. Unlike previous studies, the
proposed framework emphasizes
robustness-oriented  evaluation through
multi-split  validation, repeated cross-
validation, and statistical testing, providing
stronger evidence of model reliability under
varying data distributions.

The novelty of this study lies in
reframing banana damage classification as a
robustness-oriented problem rather than a
purely accuracy-driven task. By integrating
feature design, model diversity, and
evaluation strategy into a unified
framework, this work provides a more
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reliable foundation for intelligent quality
assessment systems in smart agriculture.

2. Research Methodology

This study presents a rigorously
designed experimental framework for
banana  damage  classification  that
emphasizes not only predictive performance
but also statistical validity, robustness, and
reproducibility. The methodology integrates
structured data processing, texture-based
feature representation, multi-model
learning, and advanced validation strategies
to ensure reliable and generalizable results.

ocossincs (s i ey [l s’ |
-

&)
) updateatio Qsaiter

7 Resienp o=
s GLOM Features ol o=

Fig. 1 illustrates the overall workflow of
the proposed banana damage
classification framework, consisting of
five main stages: data acquisition, image
preprocessing, feature extraction, model
training, and evaluation.

As in Fig. 1 the first stage, banana
images representing different levels of
damage (good, medium, and poor) are
collected under controlled conditions to
ensure consistency and reliability of the
dataset. These images serve as the input
for the entire classification pipeline.

The second stage involves image
preprocessing, where all images are
resized to a standardized resolution,
converted to grayscale, and enhanced
through noise reduction techniques. This
step aims to minimize irrelevant variations
such as lighting conditions while

preserving essential structural and texture
information.

In the feature extraction stage,
texture-based descriptors are computed to
represent surface characteristics
associated with  banana  damage.
Specifically, Gray-Level Co-occurrence
Matrix  (GLCM)  features  capture
statistical texture properties, while Local
Binary Patterns (LBP) encode fine-
grained local texture variations.

The extracted features are then used
as inputs for multiple machine learning
models in the model training stage. Five
classifiers  with  different learning
mechanisms are evaluated, including an
updateable multiclass classifier,
Sequential Minimal Optimization (SMO),
Multilayer Perceptron (MLP), Iterative
Classifier Optimizer, and Random Forest.

Finally, the evaluation stage assesses
model performance using cross-validation
and standard classification metrics such as
accuracy, precision, recall, and F1-score.
The results are aggregated and analyzed to
determine model effectiveness, stability,
and generalization capability.

2.1 Dataset and Problem Formulation

Images were captured using a Nikon
D750 digital camera equipped with a 50
mm lens. The camera settings were fixed
at ISO 800, shutter speed 1/200 s, and
aperture f/4.0 to maintain image
consistency.

All images were collected under
controlled indoor lighting conditions with
illumination levels ranging between
1000-1500 lux. Bananas were positioned
on a uniform white background at an
approximate distance of 50 cm from the
camera. Images were acquired from a
frontal perspective to ensure consistency
in texture appearance and bruise visibility.
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The final dataset consisted of 568 images
with a resolution of 615 x 440 pixels.

A total of 568 banana images were
collected and categorized into three
damage levels: good (203), medium (218),
and poor (147) as show in Fig. 2.

(a) (b) (©)

Fig. 2 illustrates examples of banana
photographs (a) good, (b) medium, and
(c) poor used in this work.

Table 1 Banana Damage Classification
Criteria

. Surface
Class Description
Damage
Good Fresh  peel, no g0,
visible bruises
Medium Merrate brglsmg 5.20%
or discoloration
Severe  bruising
Poor and visible >20%

deterioration

Image labeling was independently
performed by three agricultural experts
with  experience in fruit quality
assessment. Disagreements were resolved
through discussion and consensus. Inter-
rater agreement was assessed using
Cohen’s Kappa coefficient, yielding x =
0.87, indicating strong agreement.

The classification criteria were
adapted from post-harvest banana quality
assessment studies and agricultural
grading guidelines.

The banana damage classification
task is defined as a multi-class
classification problem as equation (1):1q

fiR*>Y
Y e(1,23) )

where R? = feature space with d dimensions
Y =set of class labels

1 = Good
2 = Medium
3 = Poor

f = learned classification function
Let

X ={x,%5, .., 2,5, 2; ERY (2

Y={yv 42 ¥l €Y (3)
where X = feature matrix

Y= label vector
n= number of samples (568 images)

2.2 Image Preprocessing

A standardized preprocessing pipeline
was applied to ensure consistency and
reduce irrelevant variability:

e Resizing: I € R61>%440

e Grayscale transformation:
Reduces  dimensionality and
lighting sensitivity.

e Noise reduction and

enhancement: Improves edge and
texture visibility.

Original Image Final Processed Image

L |
i — i \

k g’
[ Resizing |

Grayscale Image

[ Grayscale Conversion

Noise Reduction
& Enhancement

Image Preprocessing Pipeline ‘J

Fig. 3 Image preprocessing pipeline
applied to banana images, including
resizing, grayscale conversion, and noise
reduction and enhancement for
improving texture representation.
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2.3 Feature Extraction

Texture features are extracted from I,,
to form feature vector x;. The GLCM
descriptor generated 16 texture features
derived from four statistical measures
(contrast,  correlation, energy, and
homogeneity) computed across four
orientations (0°, 45°, 90°, and 135°). The
LBP descriptor generated a 256-bin
histogram. Consequently, the final feature
vector consisted of 272 dimensions.

2.3.1 Gray-Level Co-occurrence Matrix
(GLCM)
GLCM is defined as equation (4):

. .\ __ number of occurrences of (i,j)
P(l']) -

(4)

Xijoccurrences

where i, j= gray-level intensities
P(i, j)= normalized co-occurrence
probability
From P(i,j), the following features are
computed:
e Contrast
Contrast =Y, ; P(i,/)(i — j)* (5)
e Correlation
(- G-wP(.j) (6)

Correlation = };; ; g

e Energy
Energy = ¥;,; P(i,)* (7)
¢ Homogeneity
o P(i,))
Homogeneity = Zi'jm (8)
where u = mean intensity
0?2 = variance

2.3.2 Local Binary Patterns (LBP)

LBP(x¢, %) = S;és(gp - gc) - 2P (8)

where (x. y.)= center pixel
g.= intensity of center pixel

gp= intensity of neighboring pixel
P= number of neighbors

(1, x=0
s@=1{y =0

Algorithm 1: Feature Extraction Pipeline
Input:

| = Input RGB image

d = distance parameter for GLCM

0 = set of angles for GLCM (e.g., {0°, 45°, 90°, 135°})

P = number of neighbors for LBP

R = radius for LBP

Output:
x = Feature vector (GLCM + LBP)

Begin
1: Resize image I — I_r
2: Convert I_r to grayscale > [_g

/I --- GLCM Feature Extraction ---

3: Initialize GLCM matrix P(i,j) = 0

4: For each angle 6_k in 6 do

5:  Compute co-occurrence matrix P_k(i,j) using distance d and
angle 6_k

6:  Normalize P_K(i,j)

7:  Extract features:

8: Contrast k=X P_k(i,j) * (i-j)*2

9: Correlation_k =X ((i - w)( - p) * P_k(i,j)) / 6”2

10: Energy_k =3 (P_k(i,j))"2

11: Homogeneity k=% P k(i,j)/ (1 +[i-]j|)

12: End For

13: Aggregate GLCM features over all angles — F_glem

/I --- LBP Feature Extraction ---

14: For each pixel (x_c, y_c) in 1_g do

15: Forp=0toP-1do

16: Compare neighbor intensity g_p with center g_c

17: Ifg p>g cthens p=1lelses p=0
18:  End For

19:  Compute LBP(x_c,y_c)=Xs p*2"p
20: End For

21: Compute histogram of LBP values — F_Ibp

/I --- Feature Vector ---
22: Concatenate F_glem and F_lbp — x

Return x
End

Fig. 4 Pseudo Code texture-based feature
using GLCM and LBP for representing
banana surface damage patterns.

2.4 Model Learning
Each classifier learns a mapping:

4 =f(x0) (9)

where x = feature vector
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6 = model parameters
y = predicted label

Table 2 Hyperparameter Settings

Model Parameters
Random 100 trees, max depth =
Forest unlimited
SMO Polynomial Kernel (degree =

2)

MLP Hidden layers = 100-50
Upda‘Fe_a ble Default Weka parameters
Classifier
Iterative
Classifier | Iteration = 100
Optimizer

Hyperparameters were determined

through preliminary  experiments and
validation performance to ensure fair
comparison among classifiers. The selected
classifiers  represent diverse learning
paradigms. SMO represents margin-based

learning, Random Forest represents
ensemble tree learning, MLP represents
neural  network-based learning, the

Updateable Classifier supports incremental
learning, and the Iterative Classifier
Optimizer represents iterative optimization-
based classification. This diversity enables a
comprehensive investigation of feature-
model compatibility.

2.5 Performance Evaluation
2.5.1 Confusion Matrix Components
e TP=True Positive
o FP=False Positive
e TN= True Negative
e FN= False Negative

2.5.2 Metrics
e Accuracy

TP+TN

Accuracy = ———
Y = TP+TN+FP+FN

(10)

e Precision

TP
TP+FP

Precision =

e Recall

TP
TP+FN

Recall =
e [F1-score

Precision-Recall
F1l=2——
Precision+Recall

2.6 Cross-Validation
Repeated Stratified k -Fold:

k=5, r=3
Total runs =k Xr

where k = number of folds
r = number of repetitions

2.7 Statistical Analysis
e Mean and Standard Deviation:

1¢n

= X
u n Li=14i

1
o= \/;Z?ﬂ(xi — u)?
where ¢ = mean performance
o = standard deviation

¢ ANOVA

F =

variance between groups

variance within groups

Used to test statistical significance.

(11)

(12)

(13)

(14)

(15)

(16)

(17)

Algorithm  2:  Model Training
Evaluation Framework

and

Input:
X = Feature matrix (n x d)
Y = Label vector (n x 1)
M = Set of models {M1, M2, M3, M4, M5}
S = Set of data split configurations
{(50/10/40), (60/10/30), (70/10/20), (80/10/10)}
k = number of folds (k = 5)
r = number of repetitions (r = 3)
Output:
Performance metrics for each model:
Accuracy, Precision, Recall, F1-score (mean + SD)
Begin
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Algorithm  2:  Model

Evaluation Framework

/I --- Multi-Split Evaluation ---
1: For each split configuration s € S do
2:  Partition dataset (X, Y) — Train_s, Val_s, Test_s

Training and

3:  For each model Mj € M do

4: Train model Mj on Train_s

5: Tune hyperparameters using Val_s
6 Predict labels ¥ on Test s

7 Compute metrics:
8: Accuracy_sj

9: Precision_sj
10: Recall_sj

11: F1_sj

12:  End For

13: End For

/I --- Cross-Validation ---
14: For each model Mj € M do
15:  Initialize results list R_j = @

16:  For repetitiont=1tor do
17: Perform stratified k-fold split on (X, Y)

18: For fold i = 1 to k do

19: Train Mj on training folds
20: Test Mj on validation fold
21: Compute metrics:

22: Acc_i, Prec_i, Rec_i, F1_i
23: Append results to R_j

24: End For

25:  End For

26: Compute mean and standard deviation:
27: p_j =mean(R_j)

28: o_j=std(R_j)

29: End For

=

| --- Statistical Testing ---

30: Perform ANOVA on model performances {u_j}
31: If significant (p < 0.05) then

32:  Perform Tukey HSD post-hoc test

33: End If

Return all metrics and statistical results

End

Fig. 5 Pseudo Code model training and
evaluation framework.

3. Results and Discussion

3.1 Performance Overview and
Theoretical Interpretation

The comparative performance of all
models under different data split
configurations is summarized in Table 3.

The results are reported in terms of
Accuracy and Fl1-score, reflecting both
overall correctness and class balance.

Table 3 Performance comparison across

different data split configurations

Model 50/10/40 60/10/30 70/10/20 80/10/10
Updateable 87.45/ 89.12/ 90.35/ 91.11/
Classifier 0.86 0.88 0.90 0.91

SMO 8522/ 87.10/ 88.75/ 89.30/
(SVM) 084 086 088  0.89
MLP 83.90/ 8640/ 88.10/ 89.00/

0.82 0.85 0.87 0.88
Random 82.75/ 83.90/ 84.60/ 8520/
Forest 0.81 0.83 0.84 0.85
Iterative 80.40/ 8210/ 83.30/ 84.00/
Optimizer 0.79 0.81 0.83 0.84

Performance improves consistently
with increasing training data size,
confirming the theoretical relationship:

1
Egen X \/_E
where n is the number of training samples.
The updateable classifier shows the most
significant  gain,  indicating  strong
adaptability to richer feature distributions.

3.2 Cross-Validation and Stability
Analysis

To ensure robustness, repeated
stratified k-fold cross-validation was
applied. The results are summarized in
Table 4.

Table 4 Cross-validation results (mean £
standard deviation)

Model Accuracy F1-score
(%)
Updateable 90.72+0.85 0.90+0.01
Classifier
SMO 88.95+1.10 0.88+0.02
(SVM)
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Model Accuracy F1-score
(%)
MLP 88.40+1.85 0.87+0.03
Random 84.90+1.25 0.84+0.02
Forest
Iterative 83.70+1.40 0.83+0.02
Optimizer

The updateable classifier exhibits the
lowest variance (o), indicating superior
stability. In contrast, MLP shows higher

variability, suggesting sensitivity to
training data distribution and
initialization.

3.3 Statistical Significance Analysis

To validate whether performance
differences are statistically meaningful,
ANOVA and Tukey HSD tests were
conducted.

Table 5 ANOVA results
Source

F-value
12.87

p-value
<0.001

Model Comparison

Since p < 0.05, differences between
models are statistically significant.

Table 6 Tukey HSD (pairwise
comparison)
Comparison p-value Result
Updateable < 0.001 Significant
vs RF
Updateable < 0.001 Significant
vs lterative
Updateable  0.041 Significant
vs SMO
SMO vs 0.231 Not
MLP significant

The top-performing model is not only
better numerically but also statistically
superior.

3.4 Confusion Matrix and Error
Analysis
The normalized confusion matrix for
the best-performing model is shown in
Fig. 6.
Predicted Class

Good

Medium T Poor

Good 5% 0%
a
i}
2 Medium 6% 6%
3
<
Poor 2% 7%
Total | 100% 100% 100%
Normalized % of Predictions
| |
100% 100%

Fig. 6 Confusion matrix of the best-
performing model (normalized %).

Most misclassifications
between Medium and Poor classes:

occur

3x;,x; such that ¢, #4; but ||xl-—
xj]| # 0 .This confirms that feature
overlap exists in the high-dimensional
space. The confusion matrix indicates that
the Good class achieved the highest
classification reliability, with 95%
correctly classified samples. The largest
confusion occurred between Medium and
Poor classes, where 6-7% of samples
were incorrectly assigned. This behavior
suggests that texture descriptors extracted
from transitional damage stages share
similar statistical properties, resulting in
overlapping feature distributions.
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Medium — Poor (Predicted as Poor, Actually Medium)

Eample2 | Eample £l Bampled  Exmples

Fig. 7 Examples of Misclassified Samples

Most misclassified samples exhibited
mixed texture characteristics, where
bruised regions occupied only a partial
area of the banana surface. Such cases
create feature overlap between Medium
and Poor categories, making class
separation more challenging.

3.5 Feature—Model
Analysis
From GLCM:

Contrast = z P@i, )i —j)?
From LBP:

LBP = Z s(gp—9c)- 2P

These produce:

Compatibility

xeR? with continuous variation

Thus, the classification function must
satisfy:
f(x) is smooth and continuous

Table 7 Model Characteristics and
Computational Efficiency

Avg.
Model Type B?)zcr:fjlznry Performance Pr(_)rcifrs]selng
(sfimage)

Updateable  Smooth High 0.008
/ SVM
MLP Non-linear Medium 0.015

(data

dependent)

Avg.
Model Type Decision Performance Processing
Boundary Time
(s/image)
Random Piecewise Lower 0.006
Forest constant

In  addition to classification
performance, computational efficiency
was evaluated to assess practical
deployment feasibility. Experimental
results showed that the average feature
extraction time using GLCM and LBP
was approximately 0.12 s per image.
Classification times for the Updateable
Classifier, MLP, and Random Forest were
below 0.02 s per image. These results
indicate that the proposed framework can
support near real-time banana quality
assessment in  smart  agricultural
environments.

3.6 Theoretical Interpretation of Model
Behavior

Random Forest:

1
FO) =2 h(®)

where h;(x) are discontinuous
functions mismatch with feature space.

Updateable Model:
f(x) = continuous mapping

Better alignment with  feature

structure to higher performance.

3.7 Key Findings and Contributions

This study demonstrates that: Model
performance is governed by feature model
compatibility.

rather than: model complexity
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3.8 Practical Implications

e Suitable for automated grading

systems

e Robust under varying data
conditions

« Scalable for smart agriculture
deployment

3.9 Comparison with Related Studies

Study Method Accuracy
Al-Dairietal.  Fractal-

(2024) based 85.6
Chaowalittawin  Lightweight 89.2

et al. (2025) CNN '
Proposed GLCM + 9111
Framework LBP + ML

The proposed framework achieved
higher classification accuracy than several
recent banana quality assessment studies
while requiring substantially lower
computational  resources than deep
learning approaches.

5. Conclusion

This study proposed a robust machine
learning framework for banana damage
classification based on image
preprocessing and texture-based feature
extraction. The framework integrates
Gray-Level Co-occurrence Matrix
(GLCM) and Local Binary Pattern (LBP)
descriptors  with  multiple  machine
learning classifiers and a comprehensive
evaluation strategy, including multi-split
validation, repeated cross-validation, and
statistical significance testing. This design
provides a reliable approach for assessing

banana quality beyond conventional
accuracy-oriented evaluations.

The experimental results
demonstrated that the Updateable
Multiclass Classifier achieved the best
performance among all evaluated models,
reaching an accuracy of 91.11% and an
F1-score of 0.91. The model consistently
outperformed the other classifiers across
different data split configurations while
maintaining stable performance under
repeated validation experiments.

This work contributes a reproducible
and evaluation-driven  framework for
intelligent agricultural quality assessment.
By systematically investigating the
relationship between texture-based feature
representation and classifier behavior, the
findings indicate that model effectiveness
depends  more on  feature—-model
compatibility than model complexity. The
proposed framework therefore provides a
practical and computationally efficient
solution for automated banana grading and
post-harvest quality inspection in smart
agriculture environments.

Future research will focus on
expanding the dataset with more diverse
samples  collected under real-world

agricultural conditions. In addition, deep
learning-based feature extraction techniques
and hybrid learning frameworks will be
investigated to further improve
classification performance, robustness, and
adaptability. The integration of the proposed
approach into real-time smart agriculture
systems will also be explored to support
large-scale automated quality assessment
applications.
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Abstract

Presently, there is an escalating research trend focused on renewable energy exploration and
energy efficiency optimization. Rapid advancements in industrial technologies have concurrently led
to a substantial increase in global energy consumption. Consequently, enhancing the performance of
heat exchangers represents a viable strategy to mitigate energy consumption while simultaneously
minimizing the physical size, weight, and installation footprint of the equipment. This study
investigates the heat transfer characteristics and fluid flow behavior of hot water within twisted tubes
configured at distinct angles. Experiments were conducted under a constant wall heat flux condition.
The specific thermal transport characteristics were evaluated by adjusting the twist angles to 30, 60,
and 90 degrees, utilizing volumetric flow rates of 20, 40, and 60 liters per minute at a constant
temperature of 50 degrees Celsius. The experimental results indicate that turbulent flow occurs within
the tubes when the Reynolds number exceeds 4,000 (Re > 4,000). Comparatively, the 30-degree
twisted tube exhibited the highest heat transfer coefficient among all tested configurations, including
the conventional smooth tube. Specifically, at flow rates of 20, 40, and 60 liters per minute the 30-
degree twisted tube enhanced the convective heat transfer coefficient by 18.89%, 18.30 %, and

18.83%, respectively, relative to the smooth tube.

Keywords : Heat transfer; Constant flux; Characteristics of Flow; Spiral pipe; Heat transfer coefficient
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Abstract

The primary objective of this study is to establish a standardized safety framework
by evaluating behavioral intent and semantic transparency through a mixed-methods
approach. Structuring the study into three systematic phases, a target sample was selected
via purposive sampling from the national population of 391,371 registered deaf
individuals. The experimental sample comprised 20 participants, bifurcated into two
distinct groups: licensed deaf drivers (n = 10) and general motorists (n = 10). Empirical
testing was executed using semi-structured interviews in conjunction with a Virtual
Reality (VR) driving simulation experiment under dynamic environmental conditions to
rigorously measure participants' cognitive latency and reaction times. Crucially, empirical
findings reveal that current disability stickers fail as "active safety signals” due to poor
chromatic contrast and a lack of ergonomic semiotic linkage. General motorists
consistently fail to decode their meaning often perceiving outdated materials as visually
obstructive while qualitative insights indicate that a subset of deaf drivers (80.0%, n =8
out of 10) exhibit a profound psychological reluctance to display static identifiers due to
fears of harassment and criminal targeting once their status is publicly marked. To address
these systemic failures, the study proposes a standardized visual signaling framework
based on ISO 7010 and Universal Design principles. By optimizing chromatic contrast
and utilizing situational LED activation, this proposed active system aims to minimize
perceptual latency, ensuring critical traffic safety information is decoded instantaneously
without compromising the user’s anonymity.

Keywords : Visual Communication Engineering; Media Psychology; Cognitive
Decoding; Traffic Signage Standards; Perceptual Latency
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1. Introduction

In the framework of national
infrastructure, the transportation industry
and road safety serve as fundamental
pillars driving economic mobility and
enhancing the quality of life in Thailand
[1]. As Thai society embraces diversity and
social equity, transportation policies have
evolved to uphold the dignity of
marginalized groups. A  significant
paradigm shift occurred in 2005 when the
Ministry  of  Transport  amended
regulations, granting hearing-impaired
individuals the legal right to obtain
personal driver’s licenses [1]. This policy
formally recognizes their cognitive driving
capabilities, aligning with international
social inclusion principles [2]. Current
statistics reveal that over 50,000 hearing-
impaired individuals hold driving licenses
nationwide, a trend accelerated by the “Gig
Economy” where deaf drivers increasingly
participate in public transport and delivery
services. However, a critical inter-driver
communication gap persists; traditional
road communication relies heavily on
auditory cues, creating a high-risk
environment for deaf drivers and leading to
a significant information asymmetry [3].

From a Visual Communication
Engineering  perspective,  Thailand
currently operates within a technical
semiotic vacuum [4], [5]. While basic
industrial stickers exist, the system lacks
effective signage aligned with
communication engineering principles.
Roadways instead feature self-produced

stickers or the misapplication of the
International Symbol for Deafness (the
crossed-ear icon). It functions by
converting critical safety data into
optimized visual signals matching human
cognitive limits, ensuring that signs are
immediately detected and processed under
dynamic, high-speed driving conditions.

Currently, Thailand  operates
within a semiotic vacuum lacking
standardized, official traffic signage for
deaf drivers [4]-[6]. The road environment
relies on self-produced stickers or the
misapplication of the architectural
“International Symbol for Deafness” (the
crossed-ear icon). Placed in high-speed
traffic, this symbol functions as
“Miscontextualized Encoding”. The use
of blue psychologically associated with
information rather than hazard fails to
trigger the necessary cautionary response
on the road, inducing “Semantic Blur”
where other motorists decode critical
safety alerts as mere decorative stickers
[6].

This semantic blur and
interpretation  failure catalyze road
accidents involving deaf drivers, leading
to rising localized rear-end collisions and
sideswipes. When critical auditory alerts
like emergency honking go
unacknowledged, the lack of “Semantic
Transparency” in current stickers prevents
trailing motorists from transitioning to
visual alternatives or maintaining safe
braking distances [3]. Consequently,
surrounding drivers fail to timely
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recognize vehicle communication
constraints, triggering abrupt braking and
multi-vehicle crashes. Per Stuart Hall’s
model [3], [7], [8], non-transparent signals
fail to elicit a rapid “Dominant Reading”.
Furthermore, deviating from 1SO 7010
warning schemas by substituting yellow-
black with blue introduces severe
“Semantic Noise” [9].

Despite global advancements in
external  Human-Machine  Interfaces
(eHMI) [4], there remains a research gap in
Thailand concerning the media psychology
of driver stimuli, particularly for those
operating within the high-speed gig
economy [5].

To mitigate these hazards, human
factors literature  demonstrates  that
standardized, mathematically optimized
symbols significantly eliminate cognitive
processing  delays.  Traffic  sighage
engineering research reveals that signs
utilizing precise stroke widths and high-
contrast,  yellow-and-black  triangular
geometries according to international safety
standards drastically optimize driver
comprehension. Empirical studies indicate
that such engineering configurations
successfully reduce a motorist's perception-
reaction time (Tr) well below the critical
2.0-second safety threshold, providing
trailing drivers with sufficient braking
margins to prevent rear-end collisions.

Despite global advancements in
external Human-Machine Interfaces
(eHMI) [4], Thailand’s media psychology
regarding driver stimuli remains under-

researched [5]. To eliminate these
communication blind spots, this study
analyzes the sender-to-receiver cognitive
process to transition informal stickers into a
policy-backed  “Signage  Engineering
System”. The research targets three
systematic phases: investigating decoding
barriers and perceptual noise, analyzing
design element encoding and connotative
meanings, and proposing optimized
information transmission guidelines to
minimize communication failures,
ultimately enhancing road safety and social
equity in Thailand.

2. Research Methodology

The research methodology is
designed as a pilot study employing a
stimulus-based  research  approach,
focusing on improving visual
communication efficiency for deaf
drivers. It employs a Multidisciplinary
Approach, integrating Visual
Engineering, Behavioral Science, and
Communication Arts to address the
limitations of existing traffic symbols.
To fully operationalize this framework,
the study extensively expands upon the
concept of Active Visual Light,
specifically focusing on the mechanism of
Situational LED  Activation.  This
mechanism serves as the primary
technical tool, engineered to deliver
dynamic, real-time visual stimuli that
adapt to critical road scenarios. By
embedding this situational activation
within the design, the methodology
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directly bridges engineering controls with
behavioral science, thereby maximizing
cognitive conspicuity and optimizing the
behavioral responses of deaf drivers under
high-stakes conditions.

Population and Target Sample

The target population encompasses
registered deaf individuals in Thailand (N
=391,371) and licensed general motorists.
Given the laboratory-controlled nature of
this human factors experiment, a total
sample of 20 participants was selected via
purposive sampling, equally bifurcated
into deaf drivers (n = 10) and general
motorists (n = 10). To ensure internal
validity, all subjects met strict inclusion
criteria, including a minimum of 2 years
of driving experience and normal or
corrected 20/20 visual acuity.

Regarding statistical representation
in human factors engineering, this study
adopts a Quasi-Experimental Laboratory
Design (Human-in-the-loop simulation)
rather than a broad social survey.
According to established ergonomic
testing paradigms, a sample size of n = 10
per distinct experimental cohort (10
licensed deaf drivers and 10 general
motorists) provides sufficient data
saturation to ensure high Internal Validity.
This localized cohort size allows for

rigorous, repeated-measures validation
under stringently controlled
environmental variables, making it

mathematically valid for evaluating

mechanical reaction times and cognitive
sensory limits.

2.1 Research Processes

This study employed a mixed-
methods approach combining a quasi-
experimental laboratory design with
qualitative  research  methods. The
research was executed through three
systematic phases as follows:

Phase 1: Planning and Problem
Identification (Planning)

The primary objective  was
established to mitigate road-based
information asymmetry. Via purposive
sampling from Thailand's population of
391,371 registered deaf individuals
(Department  for Empowerment  of
Persons with Disabilities, 2022), the
experimental sample was bifurcated into
licensed deaf drivers and general
motorists, supplemented by traffic
signage experts and graphic designers.
Questionnaires and structured interviews
elicited in-depth perceptual challenges to
prioritize critical issues.

Phase 2: Documentary Research and
Framework Development
(Documentary Research)

A comprehensive  review of
academic literature, international
standards specifically 1SO 7010 and I1SO
7001 (International Organization for
Standardization, 2011, 2023) and traffic
accident statistics was conducted. This
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phase analyzed design components and
cultural connotations using the semiotic
frameworks of Roland Barthes (1972) and
Stuart Hall (1980). These paradigms were
integrated with Ware’s (2020) Mental
Imagery Theory to establish empirical
design criteria and visual engineering
proportions capable of rapidly stimulating
driver risk imagery.

Phase 3: In-depth Interviews and
Simulation Testing (In-depth Interview
and Simulation)

Based on the derived design criteria,
ten prototype signage variations were
developed and evaluated using semi-
structured interviews [9] alongside
experimental manipulation. Visual stimuli
were introduced within a dynamic Virtual
Reality (VR) driving simulation to
rigorously measure participants'
behavioral intentions and perceptual
delay. To perform quantitative latency
analysis, each participant completed three
designated trial blocks across different
simulated road configurations, yielding 15
dynamic trials per participant to establish
statistical reliability for percentage
metrics and empirical reaction times.

Data Analysis

Qualitative interview data were
transcribed verbatim via professional sign
language interpreters. Content analysis
utilized systematic coding to extract core
themes. Ultimately, documentary data,
interview insights, and empirical responses

from the VR simulation system were cross-
examined through data triangulation to
formulate effective standardization
guidelines for safety signage.

2.2 Visual Communication
This phase compares the efficacy of

current “Information” symbols
(Blue/Square) against the proposed
“Warning” model (Yellow/Triangle)

based on ISO 7010 [4], [9], [10]. This
transition in “Categorical Signaling” is
engineered to maximize visibility,
evaluating the signaling performance via
the Conspicuity Index (ClI) as formalized
in equation (1) [10].
A

Cl = f/—b (1)
When
CI = Conspicuity Index
C = Contrast ratio between symbol and
background
A = Surface area of the symbol (cm?)
Vb = Visual background clutter factor

Where Cl represents  the
Conspicuity Index, C denotes the
chromatic  contrast  coefficient, A

represents the visual surface area of the
physical signage, and Vy indicates the
background visual noise.
Mathematically, CI exhibits a direct
variation (proportionality) with
contrast (C) and sign area (A), while
exhibiting an inverse variation with
background clutter (Vb). > To
standardize the engineering calculation
across all simulated scenarios, the
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physical surface area (A) was fixed as a
numerical constant of 80 x 10 cm?, which
serves as the minimum structural
requirement for long-range detection
distances exceeding 20 meters. In traffic
engineering and vision science, the safe
engineering threshold criteria for a
highly effective traffic sign requires a
CI value of no less than the industry
standard threshold, ensuring that the
target sign can instantaneously arrest
driver attention amid dynamic visual
disruptions.

Regarding the Engineering
Communication ratio, this research
strictly adheres to Visual Acuity

Standards and Unity Scale Metrics (1
Meter) to optimize the Conspicuity Index
(CI). Our proposed models are engineered
using a calculated height-to-distance ratio
of 2.5-3 cm per 10 meters to ensure
maximum legibility, aligning  with
international ergonomics for accessibility
[22] (1SO, 2023). For long-range detection
(>20 m), we standardized the symbol area
(A) at 80 x 10 cm? to mitigate background
clutter (Vb). By transitioning to a
Yellow/Triangle (Warning) configuration,
we intentionally maximize the contrast
ratio (C), following global safety color
protocols [21] (ISO, 2011) and
accessibility standards for non-auditory
cues [20]. TISI [24] addressed that in the
Thai context, this design integrates the
Thai Industrial Standard for safety colors.
Furthermore, the placement and visibility
parameters comply with the Ministry of
Social Development and Human Security
guidelines [23], ensuring that visual
information effectively compensates for
auditory limitations within Thailand's
public infrastructure.

2.3 Behavioral Media Psychology and
Semiotic Perception Decoding

We adopting a  'Proactive
Communication Strategy’ to measure
Glance Legibility and reaction time (Ty)
[11] against the 2.0-second safety
threshold, this research demonstrates that
despite the legal frameworks of the
Empowerment  of  Persons  with
Disabilities Quality of Life Act and
Universal Design, current DLT stickers
suffer from a significant perception gap
and semantic failure where the general
public fails to decode their meaning, while
many disabled drivers concurrently face a
psychological barrier fearing that such
symbols act as a mark of vulnerability that
invites criminal targeting and social
exploitation rather than enhancing safety
[11], [13], [16] a multifaceted obstacle
that necessitates a transition toward
Active Visual Light Signals (Photonic
Signaling) which utilize situational LED
activation to  ensure  high-stakes
communication during maneuvers while
maintaining driver anonymity to mitigate
security risks [12], [14], [19].

FAAUYUHIN  TONUYHNID  AOAWRRWIN

Fig. 1 Orange signage for deaf drivers in
Thailand analyzed in this study.

20}

nIoAsnAUNNIS

Fig. 2 The Department of Land Transport
(DLT) 'Disabled Driver' stickers on a
vehicle.
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Transitioning to dynamic Virtual
Reality (VR) Simulation, this study
evaluates the behavioral intent and
semantic miscommunication of five
selected stickers, identifying how visual
noise and cognitive load affect decoding.
Results indicate that while designs must
adhere to the Empowerment of Persons
with Disabilities Quality of Life Act and
Universal Design principles, specifically
“Equitable Use” and “Perceptible
Information” current DLT stickers suffer
from a severe perception gap and a
psychological barrier regarding criminal
targeting. This multifaceted obstacle
necessitates a transition toward Active
Visual Light Signals (Photonic Signaling)
to ensure high-stakes communication
while maintaining driver anonymity [11],
[13], [16], [20].

3. Results and Discussion

The core concept of this study
transitions from traditional static testing to
a dynamic Virtual Reality (VR)
Simulation to evaluate the Behavioral
Intent and Semantic Transparency of five
selected prototypes where Prototype 3
emerged as the superior design by
achieving the lowest Mean Reaction Time
(1.32s) demonstrating that while designs
must adhere to the Empowerment of
Persons with Disabilities Quality of Life
Act, Universal Design (UD), and Visual
Acuity Standards (2.5-3 cm height per 10
m), current DLT stickers suffer from a
significant perception gap where the

general public fails to decode their
meaning, while many disabled drivers
concurrently face a psychological barrier
regarding  criminal  targeting, a
multifaceted obstacle that necessitates a
transition toward Active Visual Light
Signals (Photonic Signaling) to ensure
high-stakes communication while
maintaining driver anonymity [11], [13],
[16], [20], [22].

Table 1 Evaluation criteria for five
prototype symbols in a virtual reality (VR)
simulation

Sticker ID Design Concept

Prototype 1 ISO 7010 Triangle
‘;; (YYellow)

Prototype 2 Circular Regulatory

Style

High-Contrast
Pictogram

Prototype 4

Prototype 5
A

A,
h-—

Abstract Ear Symbol

Hybrid Text-Graphic

While Prototypes 1, 2, 4, and 5
failed to achieve rapid decoding due to
high visual density, confusing regulatory
shapes, and low-arousal color schemes,
Prototype 3 emerged as the superior
design by utilizing a high-contrast
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triangular frame that maximizes semantic
transparency, effectively reducing the
mean reaction time to 1.32s and ensuring
an instinctive safety response from
general drivers [12], [15].

Fig. 3 VR Driving Simulation
environment layout. (Note: The user
interface indicators “Enter Car’” and “Exit
Car” serve as interactive Ul hotspots
within the virtual laboratory environment,
designed for participants to manually initiate
or terminate the simulated traffic blocks
before moving onto the open virtual road)

Fig. 4 First-person perspective of a driver
encountering the ear-identity sticker.

The  experimental procedure
involves 20 participants navigating a
standardized urban route within the VR
environment. The five selected stickers
optimized for Color Coding (Yellow-
Black) and Geometric Coding (Triangle)
were randomly placed on lead vehicles.
The evaluation tools measured “Glance
Legibility”  (reaction  within  1.5-2

seconds) and the distance recognition of
each design under varying weather and
light conditions.

Fig. 5 The experiments were conducted
with the assistance of a sign language
interpreter to ensure clear communication
and accurate participant feedback.

3.1 Experimental Conditions

The simulation-based experiment is
conducted under the following technical
and procedural conditions:

Spatial Scaling and Visibility: All
digital assets are calibrated to a 1:1 Unity
Scale (1 Unit = 1 Meter). Symbol
dimensions adhere to Visual Acuity
Standards, ensuring a character height of
2.5-3 cm per 10 meters of viewing distance
to maintain consistent legibility across all
test phases.

Variable Distances: Participants are
tested at three controlled longitudinal
intervals: 1 meter, 5 meters, and 10 meters,
simulating stationary, slow-moving, and
following-distance traffic scenarios.

Visual Fidelity: To ensure high-quality
data  collection, prototypes utilize
TextMeshPro for font clarity and
Anisotropic  Filtering to stabilize the
Contrast Ratio (C) and Conspicuity Index
(CI) at various viewing angles.
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The simulation followed a structured
five-stage protocol: Preparation, involving
the development of 5 digital prototypes and
virtual road environments; Introduction, to
brief participants on visual cues and
decoding rules;  Simulation  Action,
providing real-time exposure to traffic
scenarios to measure perception and
response; Debriefing, to gather qualitative
feedback on communication barriers; and
Evaluation, a quantitative assessment of
interpretation accuracy used to synthesize a
national signage standard for deaf drivers.

3.2 Summary of Research Findings of
Visual Communication and Perception

Given the restricted sample size per
experimental cohort (n; = 10, n2 = 10), a
parametric One-Way ANOVA would
violate  the  underlying  normality
assumptions of the data. Therefore, this
study implemented the non-parametric
Mann-Whitney U Test to accurately
evaluate the statistical variance in
perception-reaction times and decoding
accuracy between licensed deaf drivers and
general motorists.

The empirical results revealed severe
visual communication barriers within the
existing Department of Land Transport
(DLT) safety signage (the traditional blue
crossed-ear baseline). Under dynamic
conditions, the baseline sign yielded a Mean
Reaction Time (T) of 2.45 seconds, which
significantly exceeds the recognized critical
safety threshold of 2.0 seconds.
Furthermore, its accuracy rate defined as the

percentage coefficient of correct semantic
decoding that aligns with the intended
safety warning was critically deficient at
42.5%. This low performance is directly
attributed to its poor chromatic contrast and
low semantic transparency; the blue-and-
orange palette fails to trigger a cognitive
cautionary schema, forcing motorists to rely
on visual guesswork or misinterpret the
signal as a non-critical decorative element.

Conversely, Prototype 3 engineered
with a high-contrast yellow-and-black
triangular geometry in accordance with ISO
7010 international standards demonstrated
superior cognitive performance. The Mann-
Whitney U test confirmed that Prototype 3
significantly ~ optimized information
transmission, drastically reducing the Mean
Reaction Time (T;) to 1.32 seconds, which
is well within the safe breaking margin.
Additionally, Prototype 3 achieved an
accuracy rate of 92.5% among general
motorists. This substantial improvement
mathematically validates that integrating
optimal visual stroke widths with
universally recognized hazard geometries
effectively eliminates semantic noise and
accelerates cognitive imagery on the road,
establishing the statistical justification for
national signage standardization.

3.2.1 Limited Perception and Decoding
Gaps Research

By  adopting a  Proactive
Communication Strategy to measure
Glance Legibility and reaction time (Ty)
against the 2.0 seconds safety threshold
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derived from AASHTO standards for
collision  avoidance this
demonstrates that despite the legal
frameworks of the Empowerment of
Persons with Disabilities Quality of Life
Act and Universal Design, current DLT
stickers suffer from a significant
perception gap where the general public
fails to decode their meaning, while many
disabled drivers concurrently face a
psychological barrier fearing that such
symbols act as a mark of vulnerability that
invites criminal targeting and social
exploitation rather than enhancing safety
[11]-[13], [16], [20], [22].

research

3.2.2 Psychological Dilemma: Safety vs.

Vulnerability
A primary barrier to symbol adoption
is the “Mark of Vulnerability”

phenomenon. Deaf drivers face a
psychological dilemma between complying
with Department of Land Transport safety
regulations and the risk of targeted crime.
Interviews reveal that many avoid the
symbol, fearing it signals an inability to
communicate or call for help during
emergencies, thus choosing anonymity over
the safety benefits of visibility. Expressing
this profound dilemma, a licensed deaf
driver noted that while the sticker on the
back of the car informs others of our hearing
impairment when the car is parked in
isolated areas or at night, we feel incredibly
unsafe. The participant further elaborated

on this heightened vulnerability, stating, it
feels like shouting to criminals that the
driver of this vehicle is deaf. If an
emergency occurs, it is much harder for us
to report it or call for help compared to
others. It turns us into a target for attack
rather than enhancing our safety.

3.2.3 Contextual Noise and Accessibility
Barriers

Communication efficacy is further
hindered by  Accessibility
Inconsistent distribution of standardized
stickers forces drivers to rely on non-
standardized third-party versions, leading
to variations in visual quality and clarity.
In the modern ride-hailing context, while
digital communication is prevalent, the
physical sticker remains the last mile of
visual signaling; its failure due to poor
scaling or visibility frequently results in
interpersonal conflict on the road.

Perception Gap and

Engineering Analysis Stimulate Base
Research evaluation of the official orange-
ear symbol reveals a significant limited
perception among all road users,
characterized by a rapid degradation in
visibility beyond 5 meters. At a distance of
10 meters, perception by both deaf and
general drivers drops to 0, directly violating
the Engineering Visual Acuity Standard
which requires objects to be legible at a
height of 2.5-3 cm per 10 meters. For high-
speed traffic situations (>20m), this

Noise.

Visual
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symbol's total lack of visibility (Cl = 0)
results in severe Accessibility Noise,
increasing road risks. The failure is
attributed to poor scaling and low visual
Contrast Ratio (C) in the orange palette,
which general drivers often misinterpret as
context-based “Do Not Entry” cues rather
than a “Warning” alert.

Table 2 Analysis of Design Elements,

Perception Decoding, and Proposed
Guidelines for Hearing-Impaired Driver
Identity Symbols.
Observation  Deaf General  Visual
Distance Drivers Drivers  Communication
(n=10) (n=10)  Barriers &
Engineering
Analysis
1 Meter 10 10 High chromatic
(100%) (100%) glare; requires
close proximity
for legibility.
5 Meters 10 10 Perceptual
(100%) (100%) threshold; edge
contrast begins
to degrade.
10 Meters 0(0%) 0(0%)  Total Visibility
Failure. Does
not meet the
Visual Acuity
Standard (2.5-3
cm
height/10m).

5 wng (5 Meters) 10 was (10 Meters)

1 win3 (1 Meter)

Fig. 6 Demonstration of the simulation
environment featuring the Department of
Land Transport (DLT) Hearing-Impaired

Driver stickers applied to the vehicle.

3.2.4 Visualizing Perception Data: DLT
Deaf Driver Symbol Efficacy.

The provided graph visually
represents the rapid decline in perception
for the official Department of Land
Transport (DLT) deaf driver symbol. This
reinforces a key engineering failure in the
symbol's design.

Table 3 Perception Performance

(Percentage)
Viewing Deaf General  Combined
Distance Drivers Drivers  (n=20)
(n=10) (n=10)

1 Meter 100% 100% 100%
5 Meters 100% 100% 100%
10 Meters 0% 0% 0%

1 a3 (1 Meter) 5 1IR3 (5 Meters) 10 w3 (10 Meters)

M
™

-
— '- B |
&

Fig. 7 Simulation demonstrating the
application of DLT Hearing-Impaired
Driver stickers on a vehicle.

3.25 Synthesis of Qualitative and
Engineering Findings

The study identifies a significant
gap between deaf driver’s communication
intent and the public’s
capability. While deaf drivers utilize
symbols to mitigate road conflict, the
primary barrier remains Semantic Failure,
where other road users lack the awareness
to interpret the official orange-ear icon,

resulting in heightened safety risks. From

decoding
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a design engineering perspective, this lack
of clarity induces Psychological Noise,
delaying the response time of surrounding
drivers. To rectify this, symbols must be
re-engineered to achieve a higher
Conspicuity Index (ClI), ensuring they are
not only detectable but also immediately
intuitive to the general public.

Furthermore, physical and visual
limitations, such as insufficient scaling
and poor visibility against vehicle window
films, necessitate a transition toward high-
performance materials. Current stickers
fail to meet Visual Acuity Standards at
long ranges, requiring a redesign that
adheres to the TIS 635-2554 (Thai
Industrial ~ Standard) for  reflective
materials to optimize the Contrast Ratio
(C). By adopting a Universal Design
framework, the proposed symbol shifts
the narrative from a warning sign that
marks vulnerability to an information sign
that fosters inclusive understanding,
effectively bridging the gap between
engineering functionality and social
acceptance.

3.3 Engineering Communication and
Perception Design

The efficacy of ear-identity stickers
as an engineering communication tool
depends on precise signal transmission
between the sticker and motorists. To
ensure rapid semantic decoding, the
design must integrate Universal Design
principles specifically perceptible
information and comply with the

Empowerment  of  Persons  with
Disabilities Quality of Life Act's mandate
for equitable use. Furthermore, adherence
to ISO 7010 and Thai Industrial Standard
(TIS 635) standards ensures that
chromatic contrast and geometric cues
effectively reduce perceptual latency,
transforming a passive identifier into an
active safety signal that triggers
instantaneous driver responses [12], [20],
[23].

3.3.1 VR Spatial Design and Symbol
Scaling

To optimize the Conspicuity Index
(CI), the spatial design within the Virtual
Reality (VR) environment followed strict
mathematical ratios. We utilized Unity
Scale Metrics (1 Unit = 1m), the research
established a standardized height-to-
distance ratio of 2.5-3 cm per 10 meters.
For detection at distances exceeding 20
meters, a symbol area (A) of 80 x 10 cm
was utilized to mitigate background
clutter (Vb). This engineering approach
ensures that the visual noise inherent in
driving environments does not overwhelm
the signal, allowing for stable visual
acuity even during high-speed movement
in the simulation.

3.3.2 Comparative Analysis: Real-World
vs. VR Observations

The research identified key correlations
and distinctions between the VR
environment and physical driving
conditions. VR allowed for the precise
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control of variables such as lighting and
“Visual Noise” that are difficult to isolate
in real-world testing. It was noted that
while VR provides high edge sharpness
through anisotropic filtering, real-world
atmospheric conditions (glare, rain, or
heat haze) might slightly degrade the
Contrast Ratio (C) compared to the digital
model. Despite these variations, the VR
simulation effectively mirrored the
Cognitive Load of real-world driving,
making the Mean Reaction Time data a
reliable predictor for physical road safety.

3.3.3 Chromatic Engineering and Color
Design

The choice of color is not merely
aesthetic but a functional engineering
decision. Adhering to ISO 3864-1 and TIS
635, the yellow background provides the
highest luminance contrast against common
asphalt and urban backgrounds.
Besides, the yellow chromaticity triggers an
immediate caution response in the human
perceptual system, reducing the time
required for behavioral intent recognition
compared to blue or neutral tones.

3.3.4 Results and Technical Limitations
Prototype 3 (High-Contrast Triangle)
outperformed all other models, achieving a
Legibility score of 4.9 and the lowest mean
reaction time (1.32s). This confirms that
triangular geometry combined with high-
contrast chromaticity provides the most
efficient engineering communication.
However, the resolution of VR headsets

(Pixel Density) can limit the visual data
integrity of very small text or intricate
symbols at extreme distances (>50m).
Current VR simulations focus heavily on
visual perception but may not fully account
for the vibrational or auditory stressors
present in a physical vehicle, which can
further impact a driver's cognitive
processing speed.

The cognitive testing mathematically
demonstrated why the baseline stickers
failed to achieve rapid semantic decoding.
Empirical evaluation showed that the mean
reaction time for the baseline sign reached
2.45 seconds, which significantly violates
the safe breaking threshold of 2.0 seconds.
Signs exceeding this 2.0-second critical
latency marker are classified as
engineering failures, as they fail to provide
following motorists with the required
safety margins to prevent rear-end impacts.

3.4 Engineering Specifications for the
Proposed Active LED Signaling System
Based on the empirical feedback
and the performance limitations of passive
materials, this study establishes the
technical engineering specifications for
the recommended Active Visual Signaling
System (Situational LED Activation):
Luminous Intensity, the active LED
array must emit a minimum luminous
intensity of > 400 cd under clear daylight
conditions to overcome environmental
luminance noise. Flash Rate / Pulse
Modulation, the situational hazard
warning must operate at an optimal flash
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rate frequency of 1 to 2 Hz, matching
human visual attention cycles. Ergonomic
Vehicle Placement, the active photonic
unit must be mounted securely at the
vehicle's upper rear chassis center-line,
optimizing the line-of-sight for trailing
motorists. The system interfaces directly
with the vehicle's telemetry, activating
exclusively during rapid deceleration or
lane-change indicators to preserve the
deaf driver’s
stationary.

total anonymity when

4. Conclusion

This research establishes an empirical
baseline for standardizing traffic safety
signage for deaf drivers in Thailand.
Utilizing a Virtual Reality (VR) driving
simulation, the quantitative  results
demonstrate that the current non-
standardized signage system fails as an
effective safety signal. The experimental
data confirms that Prototype 3, designed
with a high-contrast yellow-and-black
triangular geometry, achieves the highest
communication efficiency. This optimized
engineering  configuration  successfully
reduces the Mean Reaction Time (T,) of
general motorists to 1.32 seconds, which is
well below the critical human factors safety
threshold of 2.0 seconds. Consequently, the
primary empirical contribution of this study
is a validated design framework rooted in
ISO 7010 and Universal Design principles
that quantitatively minimizes cognitive
latency  during  high-stakes traffic
maneuvers.

In discussing these outcomes, the low
semantic  transparency  of  existing
Department of Land Transport (DLT)
stickers is systematically attributed to a
violation of established driver cognitive
schemas. The traditional crossed-ear icon,
paired with a blue or orange palette,
contradicts ~ universal psychological
expectations of motorists who associate
road hazards exclusively with triangular
layouts and yellow-black chromatic contrast
specified by international safety standards.
This deviation introduces severe semantic
noise, forcing general motorists to rely on
visual guesswork or perceive the sign as a
non-critical decorative element.
Furthermore, qualitative data from
semi-structured interviews provide crucial
psychological context supplementing the
empirical simulator data. Deaf participants
expressed a profound reluctance to display
permanent vehicle identifiers, raising
collective concerns that non-situational
signage acts as a mark of vulnerability that
invites criminal targeting, harassment, or
social exploitation when stationary. To
resolve both empirical communication
delays and qualitative security concerns,
this research proposes a conceptual
roadmap transitioning from passive stickers
to an active photonic signaling system
(Situational LED Visual Communication).
By activating only during dynamic traffic
maneuvers,  this  system  satisfies
engineering safety requirements while
preserving  driver  anonymity  and
psychological security when stationary.
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Abstract

This research aims to design, develop, and evaluate the performance of a hybrid solar-electric
dryer for drying local avocado varieties. The developed drying system operates by combining solar
energy during the daytime with electrical energy when solar radiation is insufficient, enabling
continuous drying for 24 hours. The experiment was conducted using 5 kg of avocados with an initial
moisture content of approximately 84.7% (wet basis), under controlled drying temperatures of 60,
65, and 70 °C. The results showed that the drying system was able to maintain stable temperatures
and achieve uniform heat distribution, resulting in a reduction of moisture content to approximately
10% (wet basis), with drying times of 24.1,22.8, and 21.9 hours, respectively. Furthermore, the
thermal efficiency of the system increased with higher drying temperatures, with values of 4.55%,
5.31% wag 5.65%, respectively, indicating that the temperature of 70 °C provided the highest
efficiency. In conclusion, the developed hybrid solar-electric dryer effectively enhances drying
performance, reduces drying time, and extends the shelf life of avocados and helps reduce post-

harvest losses.

Keywords : Drying; Solar Energy; Avocado; Clean Energy; Sustainable Production
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Abstract

Ultra-high molecular weight polyethylene (UHMWPE) is widely recognized for its
excellent wear resistance, impact toughness, and chemical stability; however, its
relatively low stiffness and thermal conductivity restrict its application in advanced
engineering components. This study investigates the influence of micron-sized B-grade
aluminum oxide (Al;O3) particles on the mechanical, thermal, chemical, and
microstructural properties of UHMWPE composites. Composites containing 0-25 wt.%
AlbO3 were fabricated through ultrasonic particle dispersion, high-speed powder
homogenization, and hot compression molding. The materials were subsequently
characterized using mechanical, thermal, spectroscopic, and microstructural analyses.
The results demonstrated that Al,O3 reinforcement effectively enhanced the stiffness,
hardness, breaking strength, and thermal conductivity of UHMWPE composites, while
reducing elongation at break and impact resistance because the rigid ceramic particles
restricted polymer-chain mobility. FTIR analysis confirmed that the molecular structure
of UHMWPE remained unchanged after reinforcement, indicating that the improvement
in properties originated primarily from physical interactions between the polymer matrix
and ceramic particles. SEM observations further revealed effective particle dispersion and
improved interfacial bonding at moderate filler contents, whereas localized particle
agglomeration became more evident at higher loadings. The incorporation of ceramic
particles significantly improved the thermal conductivity of the composites,
demonstrating the effectiveness of ceramic reinforcement in enhancing heat-transfer
capability. Overall, the findings confirm that controlled incorporation of Al,O3 particles
provides a practical and efficient strategy for simultaneously enhancing the mechanical
rigidity, thermal performance, and structural reliability of UHMWPE composites.

Keywords : UHMWPE Composites; Aluminum Oxide Reinforcement; Mechanical
Properties; Thermal Conductivity; Polymer Composite Materials
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1. Introduction

Ultra-high molecular weight
polyethylene (UHMWPE) is a high-
performance engineering polymer with
excellent wear resistance, low friction,
chemical stability, and high impact
strength. However, its relatively low
stiffness, limited thermal stability, and
creep susceptibility restrict its structural
applications.  Consequently, ceramic
particle reinforcement has been widely
employed to enhance its mechanical and
thermal performance.

Among
reinforcements, aluminum oxide (Al>O3)

various ceramic
particles have attracted considerable
attention because of their high hardness,
high elastic modulus, excellent thermal
stability, and good chemical compatibility
with polymer matrices. The incorporation
of ALOj; particles into UHMWPE has
been widely recognized as an effective
approach to improve the structural
integrity, stiffness, and wear resistance of
polymer composites. Recent studies have
reported that the reinforcing efficiency of
ceramic particles depends strongly on
their dispersion within the UHMWPE
matrix and the quality of the particle—
matrix interface. A homogeneous particle
distribution facilitates efficient stress
transfer, improves resistance to plastic
deformation, and enhances tribological
performance, whereas particle
agglomeration may introduce localized
stress concentrations that reduce the
effectiveness of reinforcement. These
findings highlight that both filler content
and particle dispersion are critical factors
governing the overall mechanical and

tribological performance of UHMWPE
/Al,0O3 composites [1].

Recent investigations into
UHMWPE-based  composites  have
emphasized enhancing friction and wear
performance by incorporating hard
inorganic fillers under lubricated sliding
conditions. According to Gangwani et al.,
the addition of nano-TiO: together with
selected micro-fillers can improve
tribological behavior in water-lubricated
environments, leading to reduced friction
and wear. These improvements are
generally associated with better load-
bearing capability, decreased material
removal, and the development of a more
stable transfer layer at the contact
interface [2]. Although AlbO3 was not
specifically examined in that study, the
results are consistent with the broader
understanding that rigid inorganic
influence  interfacial
interactions and contribute to improved
wear resistance and tribological stability
in UHMWPE-based composites.

Okhlopkova et al. reported that the
incorporation of inorganic fillers into
UHMWPE can effectively improve its
mechanical and tribological performance.
The study demonstrated that the
mechanical

particles  can

properties are  strongly
governed by the uniform dispersion of
fillers and the quality of the polymer—filler
interfacial bonding. A refined and
homogeneous microstructure reduced
structural defects and stress concentration,
thereby enhancing load transfer and
improving the overall performance of
UHMWPE composites. These findings
provide  important  guidelines  for
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developing high-performance UHMWPE-
based engineering composites. [3]

Radhakrishnan et al. [4] investigated
the effect of alumina (ALLO3)
microparticles (04 wt.%) incorporated
into the epoxy matrix of carbon fiber
reinforced polymer (CFRP) composites
fabricated by the hand lay-up process. The
SEM observations confirmed a uniform
dispersion of Al>,O3 particles with minimal
agglomeration, leading to increased
density and reduced porosity. The
incorporation of AlO; significantly
improved hardness, tensile strength,
flexural strength, and interlaminar shear
strength through enhanced interfacial
bonding and load transfer between the
fiber and matrix. However, the impact
strength decreased as the alumina content
increased due to the higher brittleness
introduced by the ceramic particles.

The effects of ceramic reinforcement
on UHMWPE have been widely
investigated. Duraccio et al. [5] reported
that alumina—zirconia particles
significantly improved the stiffness and
strength of UHMWPE while maintaining
good biocompatibility, highlighting their
potential for orthopedic applications.
Bensaada et al. [6] demonstrated that
alumina coatings deposited on UHMWPE
provided strong interfacial bonding and
enhanced  surface  hardness  and
mechanical durability.

Similarly, Mohammed [7] showed
that AlOs nanoparticle reinforcement
improved wear resistance and reduced
friction under sliding conditions. Alil et al.
[8] reported that UHMWPE exhibited
high tensile strength and elastic modulus

while maintaining stable mechanical
behavior over a wide range of quasi-static
strain rates. The material showed
predominantly elastoplastic deformation
with  limited sensitivity,
indicating its load-bearing
capability and structural stability for
engineering applications, while Latief et
al. [9] reported that incorporating Al,O3
particles significantly improved the
tensile strength, elastic modulus, and
hardness of polymer composites when the

strain-rate
excellent

were
excessive

particles uniformly  dispersed.
However, AlO3 loading
promoted particle agglomeration and void
formation, leading to deterioration in
mechanical performance. These findings
indicate that optimizing filler content and
achieving homogeneous particle
dispersion are essential for maximizing
the reinforcing efficiency of AlLO; in
polymer composites.
In  addition,
polyethylene composites have been
investigated to understand the general
strengthening mechanism of polymer
composites. Di Maro et al. [10] reported
that high-density polyethylene reinforced
with alumina-toughened zirconia particles
exhibited improved mechanical strength

ceramic-reinforced

and wear resistance, confirming the
effectiveness  of particle
enhancing  the
polyethylene-based

ceramic
reinforcement  in
performance  of
materials.
Although previous studies have
demonstrated that Al> Oz reinforcement
improves the mechanical, tribological,
and thermal properties of UHMWPE

composites, challenges remain in
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achieving uniform particle dispersion and
optimizing filler characteristics. Hussain
et al. [11] emphasized that enhancing the
mechanical  rigidity and  thermal
performance of UHMWPE remains a
major research challenge for advanced
engineering and biomedical applications.
Therefore, further investigation is
required to clarify the effects of Al,O3
particle loading on the mechanical,
thermal, and microstructural properties of
UHMWPE composites.

Recent developments in UHMWPE-
based composites
incorporating
nanoparticles to enhance mechanical and
thermal performance. Lei Li et al. [12]
reviewed recent advances in high-
performance UHMWPE materials and
reported that ceramic and nano-scale
reinforcements  significantly

focused on
fillers and

have
ceramic

improve
structural rigidity, thermal stability, and
long-term  durability.  The  study
highlighted the growing importance of
multifunctional polymer composites that
simultaneously enhance mechanical and

thermal properties for engineering
applications.
Among the various ceramic

reinforcements investigated, aluminum
oxide (Al2O3) has attracted considerable
attention because of its high hardness,
high elastic modulus, excellent thermal
stability, and good compatibility with
polymer matrices. Hussain et al. [13]
investigated biomedical-grade UHMWPE
reinforced with nano- Al,O3 particles and
reported substantial improvements in
tribological behavior and wear resistance.
The authors concluded that ceramic

particles effectively enhance load-bearing
capability  and reduce material
degradation under mechanical loading

conditions.
The incorporation of AlOs as a
ceramic reinforcement effectively

improves the stiffness and elastic modulus
of polyethylene-based composites while
maintaining excellent thermal stability.
Uniform particle dispersion enhances
interfacial bonding and load transfer
efficiency, whereas optimized AlLO;
content contributes to superior mechanical
performance and structural reliability for
engineering applications [14].

More recently, Liu et al. [15] reported
that ceramic-filled UHMWPE composites
exhibit improved friction and wear
behavior due to the synergistic interaction
between the polymer matrix and rigid
ceramic particles. The incorporation of
ceramic fillers was found to reduce
surface damage, improve load transfer
mechanisms, and enhance the overall
durability of UHMWPE under severe
operating conditions.

Efficient interfacial bonding and
optimized Al,O; distribution enhance
stress transfer and suppress crack
propagation within UHMWPE
composites, improved
structural and mechanical

resulting  in
integrity
performance. These findings support the
effectiveness of ceramic reinforcement for
high-performance polymer composites
used in engineering applications [16].
Although Al>O3 has been widely used
to reinforce UHMWPE composites,
comprehensive studies on micron-sized
B-grade Al2O3 over a broad filler-content
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range remain limited. Therefore, this
study investigates the
effects of Al,O3; loading on the tensile
properties, hardness, impact strength,
thermal conductivity, and microstructural
characteristics of UHMWPE composites
fabricated by hot compression molding.

systematically

2. Research Methodology

2.1 Materials
UHMWPE was selected as the

polymer matrix due to its excellent wear
resistance, high  impact strength,
exceptional ductility, low density, and
good toughness, making it suitable for
lightweight engineering and tribological
applications. However, its relatively low
stiffness and thermal stability limit its use
in certain structural applications. To
overcome these limitations, aluminum
oxide (Al>O3) was introduced as a ceramic
reinforcement. Al,O; exhibits excellent
mechanical properties, including a high
elastic high
strength, and outstanding thermal stability
with a melting temperature above 2,000
°C, making it an effective reinforcement

modulus, compressive

for improving the stiffness, strength, and
thermal resistance of polymer composites.
The fundamental physical and mechanical
properties of the constituent materials are
summarized in Tables 1 and 2.

Therefore, the combination of
UHMWPE as a ductile polymer matrix
and ADLOs3; as a rigid
reinforcement creates a complementary

ceramic

composite system. The polymer matrix
provides flexibility and impact resistance,
while the ceramic particles enhance
stiffness, strength, and thermal stability,

Table 1 Properties of UHMWPE [17]

Properties Value Unit
Density 093 g/em?
Bulk density >040 g/em?
Intrinsic viscosity [n] 2,300 ml/g

Average molecular weight  5.5x10% g/mol

(cal.)

Average particle size, X50 150 pm
Tensile strength at yield 22 MPa
Tensile strength at break 35 MPa
Ultimate elongation >300 %
Izod impact strength NB J/m
Hardness 63  Shore D
Melting temperature 130-135 °C
(10°C/min)

Vicat softening point 125-128  °C
(Ikg)

Table 2 Properties of Aluminum Oxide
(AL2O3) [17]

Properties AL O;
Molecular weight (106 g/mol)  101.96
Melting temperature (°C) 2,072
Poisson’s ratio 0.22
Specific gravity (g/cm?) 3.96
Tensile modulus of elasticity* 370
(GPa)

Compressive Strength (MPa) 2,600
Tensile ultimate strength* 260
(MPa)

Fracture Toughness MPa-mY: 4
Density (g/cc) 3.9

thereby improving the overall mechanical
and thermal performance of the
UHMWPE/ALO3 composites investigated
in this study.

2.2 Materials and Composite Preparation
UHMWPE powder was used as the
polymer matrix because of its excellent
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wear resistance and impact properties.
AlOs particles (average size: 5 pm) were
incorporated into the UHMWPE matrix at
5,8,10, 12,15, 20, and 25 wt% to evaluate
the effects of filler loading on the
mechanical and thermal properties of the
composites.

The composite materials
prepared by mechanical mixing followed
by hot compression molding. The blended
UHMWPE and AlLO; powders were
placed in a steel mold and consolidated

wEere

under controlled temperature and pressure
to produce composite After
molding, the sheets were cooled to room
temperature and machined into standard
specimens for mechanical, thermal, and
microstructural characterization.

The equipment and characterization
methods employed in this study are
summarized as follows:

1. Material ~ preparation:  The
constituent materials were weighed using
a high-precision analytical balance
(ATX224R, Shimadzu, Japan) with a
resolution of 0.0001 g (0.1 mg). A hot-air
drying oven (Binder FD 53L, Germany)

sheets.

was used to dry and thermally condition
the powders prior to processing.

2. Powder dispersion and
composite fabrication: A high-speed
homogenizer and an ultrasonic disperser
were used to achieve homogeneous
dispersion of Al,O3 particles within the
UHMWPE powder. Composite sheets
were then fabricated using a specially
designed steel mold and a hot
compression press.

3. Specimen preparation:  After
molding, the composite sheets were

machined to the required dimensions
using a band saw, milling machine, and
abrasive sandpaper in accordance with the
relevant testing standards.

4. Mechanical
Tensile tests were performed according to
ASTM D638 using a universal testing
machine, while Shore D hardness was
measured in accordance with ASTM

characterization:

D2240.
5. Microstructural and  thermal
characterization: Optical microscopy

(OM) was employed for preliminary
microstructural observation, and scanning
electron microscopy (SEM, JEOL JSM-
IT300) was used for detailed
morphological Differential
scanning  calorimetry (DSC)  was
conducted to evaluate thermal behavior,
whereas Fourier transform infrared
spectroscopy (FTIR, Bruker Tensor 27)

analysis.

was used to investigate the chemical
structure and molecular bonding of the
composites.

UHMWPE powder was used as the
polymer matrix and blended with
aluminum oxide (Al>O3) particles with an
average particle size of 5 pm (calcined B-
grade) as the reinforcing filler. Prior to the
mixing process, the Al,O3 particles were
subjected to a de-agglomeration treatment
to reduce particle clustering and improve
dispersion within the polymer matrix.
This step was performed using an
ultrasonic disperser for 10 min, with
methanol employed as the dispersion
medium. The treatment
facilitated the separation of agglomerated

ultrasonic

particles and promoted a more uniform
distribution of the filler.
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Following the dispersion process, the
ALO; particles were mixed with
UHMWPE powder using a high-speed
homogenizer operating at 32,000 rpm for
10 min. used as a
processing during the
homogenization step to assist in achieving
a more homogeneous mixture of the
polymer and ceramic particles. The use of
methanol also enhanced particle mobility
and improved the mixing efficiency
between UHMWPE and Al;Os.

Moreover, methanol was selected
because it can be readily removed through
natural evaporation after the mixing

Methanol was
medium

process, leaving a uniformly
UHMWPE/AL,O3  composite powder
suitable for subsequent composite

fabrication and processing.

After the powder mixing process, the
blended UHMWPE/AL,O; composite
powders were consolidated using a hot
compression molding technique. The
prepared powder mixture was placed into
a steel compression mold with dimensions
of 160x80x50 mm. The molding process
was carried out at a temperature of 140 °C
under a pressure of 10 MPa using a
hydraulic compression press. The material
was maintained under these conditions for
a holding time of 30 min to ensure
complete melting and consolidation of the
UHMWPE matrix as well as adequate
distribution of the Al,O3 particles within
the polymer structure.

After the holding stage, the mold was
gradually cooled to room temperature
while maintaining pressure in order to
minimize internal residual stresses and
ensure dimensional stability of the

composite plate. The cooling process was
performed at an approximate cooling rate
of 5 °C/min until the mold temperature
reached approximately 40 °C, after which
the molded composite plate was removed
from the mold. The resulting plates
exhibited dimensions corresponding to the
mold cavity with an
thickness of 10 mm.
Subsequently, the molded composite
plates were machined into tensile test
specimens using a milling machine to

approximate

achieve the
dimensional

required geometry and
accuracy. The
specimens were prepared according to the
ASTM D638 standard (Type I) for
polymer materials. The specimen
geometry, including the gauge length,

tensile

width, and thickness, complied with the
specified ASTM requirements to ensure
reliable mechanical testing.

2.3 Specimen Conditioning
Prior to all mechanical and thermal

characterization, the prepared
UHMWPE/AL,O3 composite specimens
were conditioned under controlled

laboratory conditions in order to minimize
the influence of environmental factors on
the measured properties. All specimens
were stored at 23 £ 2 °C and 50 = 5%
relative humidity for at least 40 h before
testing. This conditioning procedure
ensured that the specimens reached
equilibrium  with  the  surrounding
environment and improved the reliability
and repeatability of the experimental
results. Unless otherwise stated, all
experimental results reported in this study
are expressed as mean + standard deviation.
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2.4 Tensile Testing

The tensile properties of the
UHMWPE/ALO3 composites were
evaluated according to ASTM D638 using
Type 1 specimens machined from the
compression-molded plates. Tensile tests
were performed at room temperature
using a universal testing machine with a
crosshead speed of 5 mm/min. The
engineering stress—strain curves were
used to determine the yield strength,
ultimate tensile strength (UTS), elastic
modulus, and elongation at break. For
each composition, five specimens were
tested, and the results are reported as mean
+ standard deviation. The engineering
stress and strain were calculated using:

o =— (1)

where o 1is the tensile stress (MPa), F' is
the applied load (N), and A is the cross-
sectional area of the specimen (mm?).
The  engineering  strain  was
determined from the change in gauge
length:
— L_Lo
L

0

&

2)

where ¢ 1s the engineering strain
(dimensionless), Lo is the original gauge
length (mm), and L is the final length
under load (mm).

The elastic modulus was determined
from the initial linear region of the stress—

strain curve according to Hooke's law.

2.5 Thermal Conductivity Measurement
The thermal conductivity of the

UHMWPE/ALOs  composites  was

measured using a Hot Disk Thermal
Constants  Analyzer based on the
Transient Plane Source (TPS) method. For
each composite composition,
specimens were tested, and the reported
values represent the mean = standard
deviation. The thermal conductivity was
evaluated according to Fourier's law:

three

¢ = -kt 3)

where ¢ is the heat transfer rate (W), k is

the thermal conductivity (W-m™-K™!), 4
is the cross-sectional area normal to heat
flow (m?), and dT/dx is the temperature
gradient across the material (K- m™).

2.6 Hardness Measurement

The surface hardness of the
UHMWPE/ALLO3 composites ~ was
determined using a Shore D durometer in
accordance with ASTM D2240. For each
composite formulation, three specimens
were tested. On each specimen, hardness
measurements were taken at five different
locations distributed across the specimen
surface to minimize the influence of local
material heterogeneity.

Consequently, a total of 15 hardness
readings were obtained for each composite
composition. The reported Shore D
hardness value represents the average of
these 15 measurements, and the results are
expressed as mean + standard deviation.

2.7 Impact Strength Test

The impact resistance of the
composites was evaluated using the
notched Izod impact test according to



204 91381539I015UaL T AN WITUAT A1Y1INeImansuazmalulad Ui 20 atuil 1 (2569)

ASTM D256. The specimens
prepared with approximate dimensions of
12.7 mm in width and 10 mm in thickness,
with a V-notch depth of 2.54 mm
introduced at the center of the specimen.
The notch was designed to create a
controlled stress concentration region and
to promote consistent fracture behavior
during impact loading.

Impact testing was performed using a
notched 1zod pendulum impact tester. For
each composite composition, five

weEre

specimens were tested, and the absorbed
impact energy was recorded for each
specimen. The impact strength was
calculated and reported in J/m,
representing the energy absorbed by the
material before fracture.

2.8 Statistical Analysis and Reliability

of Measurements

To ensure the reliability and
reproducibility of the experimental data,
multiple specimens were tested for each
characterization technique. Mechanical
and impact tests were conducted using at
least five specimens for each composition,
while thermal conductivity measurements
were performed on three specimens for
each composition. Hardness measurements
were obtained from 15 readings per
composition. All experimental results
presented in this study are therefore
reported in the form of mean + standard
deviation, providing a statistically reliable
basis for comparing the properties of the
different UHMWPE/ALLOs  composite
formulations. In addition, statistical
analysis was performed to evaluate the
significance of the differences among the

composite formulations. One-way analysis
of variance (ANOVA) was employed to
compare the mean values of tensile
strength, elastic modulus, hardness, impact
strength, and thermal conductivity for the
different Al,Os contents. A significance
level of 95% confidence (p < 0.05) was
adopted throughout the study.

When significant differences were
identified by ANOVA, Tukey’s Honestly
Significant Difference (HSD) post-hoc
test was conducted to determine which
composite formulations differed
significantly from each other. Statistical
calculations were performed using SPSS
software.

3. Research results
3.1 FTIR Analysis
The Fourier

Spectroscopy (FTIR) spectra of pristine
UHMWPE powder, compression-molded
UHMWPE processed at 140 °C under a
pressure of 10 MPa, and UHMWPE/ALOs
composites containing 5-25 wt% AlO3
are presented in Figure 1. All samples
exhibited the characteristic absorption
bands of UHMWPE, indicating that the
primary chemical structure of the polymer
was preserved after the molding process
and the incorporation of ceramic particles.

Figure 1 presents the FTIR spectra of
pristine UHMWPE powder, compression-
molded UHMWPE, and
UHMWPE/ALO3 composites containing
5-25 wt% AlL,Os particles with an average

Transform Infrared

particle size of 5 pm. The spectra reveal
that all composite specimens retain the
characteristic  absorption bands of
UHMWPE, indicating that the hot
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compression molding process at 140 °C
and 10 MPa, together with the
incorporation of Al,Os3 particles, did not
alter the fundamental molecular structure
of the polymer matrix. The two prominent
absorption bands located at 2915 cm™ and
2848 cm™ correspond to the asymmetric
and symmetric stretching vibrations of the
methylene (CH:) groups, respectively.

2015

CH: asymmetric stretching
l 2848

CH: symmetric stretching

These characteristic peaks remain at the
same positions for all composite
compositions, although a slight reduction
in absorbance intensity is observed as the
AlOs content increases. The absence of
any noticeable peak shift demonstrates
that the polyethylene backbone remains
chemically  stable  after  particle
incorporation and compression molding.

0.35 — - UHMWPE
i .'l — 5 wt% ALO, (5 um)
i 8 wi% ALO, (5 um)
0.30 I‘ — 10 wt% ALO, (5 um)
: 12 wt% AL O, (5 um)
Iy ) o —— 15 wt% ALO, (5 um)
CH-: bending / scissoring 20 wi% Ali() 5
0.25 - 1461 20 wi% ALO, (5 um)
a — 25 wt% ALO; (5 um)
2 K ¢ CH: rocking 140 °C 10 MPa
g ey 720
ﬁ 0.20 — i
= LU 3 R UHMWPE Powder
= AN
0.15 < T S /
AT 3 A, T
PN ' L VST L S P | 140 °C 10 MPa
5 | ey i /
0.10 — f il
0.05 —
0.00 v v r : . . ]
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Figure 1 FTIR spectra of pristine UHMWPE powder, compression-molded UHMWPE,
and UHMWPE/AL,O; composites containing 5-25 wt% Al>0s.

Another characteristic absorption
band is observed at 1461 cm™, which is
assigned to the CH: bending (scissoring)
vibration. This peak is clearly preserved in
every composite formulation without any
measurable displacement, indicating that
the  local environment
surrounding the polyethylene chains is

molecular

essentially unchanged. This observation
further confirms that AlbO; particles do
not chemically modify the UHMWPE
molecular structure.

The characteristic crystalline
polyethylene band at 720 cm™,
corresponding to the CH: rocking

vibration, is also retained in all specimens.
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The persistence of this absorption band
indicates that the crystalline structure of
UHMWPE remains intact after the
addition of ceramic particles. Although
the absorbance intensity gradually
decreases with increasing Al>O3 loading,
the peak position remains unchanged,
suggesting that the reduction originates
primarily from the dilution effect caused
by the increasing ceramic fraction rather
than from structural degradation of the
polymer.

Overall, the FTIR spectra show no
new absorption bands, no significant peak
shifts, and no disappearance of the
characteristic  UHMWPE  absorption
bands after the incorporation of Al,Os
particles. These findings demonstrate that
the  reinforcement mechanism is
predominantly physical rather than
chemical, where Al)O3 particles are
mechanically dispersed within  the
UHMWPE matrix without forming new
chemical bonds. Consequently, the
improvements in the mechanical and
thermal properties observed in this study
are primarily attributed to enhanced
interfacial stress transfer between the
ceramic particles and the polymer matrix
while preserving the intrinsic molecular
structure of UHMWPE.

3.2 Microstructural Observation
Microstructural —analysis of the
composites revealed the dispersion
behavior of AlOs3 particles within the
UHMWPE matrix. The microstructure
images are presented in Figure 2 and 3.
The microstructure of the UHMWPE
powder exhibits agglomerated spheroidal

Figure 2 UHMWPE

1 7}
\41 ’

< i gnng 130718
Tt | » y

ol e

Figure 3 Calcined Al2O3; B grade x1000

particles distributed randomly throughout
the observed region without any preferred
orientation. Based on the 300 um scale
bar, the agglomerate size is estimated to
range from approximately 50 to 200 pm.
Such clustered morphology is commonly
observed in UHMWPE powders produced
by polymerization and is
attributed to van der Waals attraction
together with mechanical interlocking
between neighboring polymer particles.
The particle surfaces exhibit a relatively

primarily

rough and granular texture with numerous
micro-scale irregularities. This rough
morphology increases the effective
surface area available for interaction with
reinforcing particles and is expected to
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promote stronger interfacial adhesion
between the UHMWPE matrix and Al2O3
particles. During hot compression
molding, these irregular surface features
also facilitate mechanical interlocking,
leading to improved consolidation and a
more cohesive composite  structure.
Consequently, the observed powder
morphology provides favorable conditions
for efficient load transfer across the
particle-matrix interface and plays an
important role in determining the
mechanical and thermal performance of the
resulting UHMWPE/ALLO; composites.
Figure 4 shows SEM micrographs of
fracture surfaces of UHMWPE reinforced
with 0-25 wt.% AlOs, where the
morphology evolves with increasing filler
content, indicating that ceramic particles
significantly influence crack propagation,
particle—matrix interaction, and overall
fracture behavior, consistent with the
mechanical results from tensile, hardness,
and impact tests. Neat UHMWPE (0 wt.%
Al,O3) exhibits a smooth, layered
morphology with elongated lamellae and
fibrillar deformation, reflecting ductile
fracture dominated by plastic flow and
molecular chain stretching, while the
absence of particles confirms a
homogeneous matrix with high ductility.
With the addition of 5 wt.% Al>QO3, the
fracture surface becomes rougher with
uniformly dispersed particles and no
evident agglomeration, and the tortuous
crack path suggests effective crack
interruption and increased fracture energy,
supported by good interfacial adhesion
indicated by minimal particle pull-out. At
8 wt.% Al»03, the surface becomes denser

with oriented micro-ridges and fewer
voids, where well-dispersed particles
enable efficient stress transfer, reducing
stress concentration and enhancing
strength and modulus. Increasing the
content to 10 wt.% Al,Os results in greater
irregularity and crack deflection, with
crack branching indicating repeated
interruption by  particles, thereby
increasing fracture energy and confirming
effective particle-matrix bonding. At 12
wt.% AlOs;, the morphology remains
compact with uniformly distributed
particles  and clustering,
maintaining effective load transfer and

limited

stress redistribution and leading to
balanced mechanical properties.
However, at 15 wt.% AlOs, initial

particle agglomeration appears, and these
clusters act as stress concentration sites
that promote microcrack initiation and
reduce ductility despite increased stiffness
and hardness. At 20 wt.% Al>Os, larger
agglomerates and voids create a
heterogeneous structure that disrupts
matrix facilitates crack
initiation, and reduces fracture toughness.
At 25 wt.% Al>Os, severe agglomeration
and numerous microvoids are observed,
and crack propagation occurs along

continuity,

particle-rich indicating a
transition from ductile to brittle fracture
and explaining the reduced elongation at
break. Overall, the SEM results
demonstrate that low Al,O3; contents (5—

regions,

12 wt.%) enhance particle dispersion,
stress transfer, and crack resistance,
thereby improving mechanical
performance, whereas high contents (15—
25 wt.%) lead to agglomeration, stress
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Figure 4. SEM micrographs of the fracture surfaces of UHMWPE/AI,O3 composites
reinforced with 5 pum Al>Os particles: (a) neat UHMWPE, (b) 5 wt.%, (c) 8 wt.%,
(d) 10 wt.%, (e) 12 wt.%, (f) 15 wt.%, (g) 20 wt.%, and (h) 25 wt.% ALOs
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concentration, and reduced ductility,
confirming that particle dispersion is a
critical factor governing the performance

of UHMWPE/AL,O3; composites.

3.3 Tensile Properties of UHMWPE

/Al203 Composites

Table 3 summarizes the tensile
mechanical properties of UHMWPE/
AlO3 composites with different Al,O3
contents. The evaluated parameters
include yield strength, ultimate tensile
strength  (UTS), breaking strength,
elongation at break, and elastic modulus.
The results demonstrate that the
incorporation of AlbO3 B-grade particles
significantly influences the mechanical
behavior of the UHMWPE matrix.

A clear trend can be observed in the
elastic modulus of the composites. As the
AL O; content increases from 5 wt% to 25
wt%, the modulus of elasticity increases
steadily from 796.62 MPa to 1229.64
MPa. This increase indicates that the
stiffness of the composite material
improves with the addition of ceramic
reinforcement. The improvement can be
attributed to the inherently high stiffness
of Al,Os; particles compared with the
UHMWPE matrix. When these rigid
particles are dispersed within the polymer
matrix, they act as load-bearing
components that resist deformation under
applied stress. Consequently, the overall
rigidity of the composite increases as the
filler content increases.

In contrast to the elastic modulus,
the vyield strength shows a gradual
decrease with increasing Al>O; content.
The yield strength decreases from 12.41

Table 3 Experimental tensile properties of
UHMWPE  reinforced with ADLOs3
particles at different compositions.

Composition Yield UTS Breaking Elongation Modulus

Strength Strength at of
UHMWPE Break Elasticity
+ALO;  (MPa) (MPa) (MPa) (%) (MPa)
0,
Alz[?;]s & 1241 2920 2601 25424  796.62
0,
Alz[?;]M 1221 29.16 2852 25642  847.66
0,
AIZB%M 10.88 29.57 2895 23952  907.99
Al
205 10.59 29.60 3046 23856  945.48
12%
ALO;
’ . 29. 22 230. 1011.
150, 9.73 29.80 32.28 30.60  1011.05
A1203
8.63 30.06 3477 21939  1120.34
20%
ALOs 7.54 3033 3727  208.19  1229.64

25%

MPa at 5 wt% Al,O3 to 7.54 MPa at 25
wt% Al>Os. This reduction suggests that
although the composite becomes stiffer,
its resistance to the onset of plastic
deformation is reduced. One possible
explanation is the presence of stress
concentration around the rigid ceramic
particles. At higher filler contents, the
particle—matrix interface may act as
localized stress concentration sites, which
can initiate micro-damage or
yielding within the polymer matrix.
The ultimate tensile strength (UTS)
remains relatively stable across all
compositions, ranging from
approximately 29.16 MPa to 30.33 MPa.
This result indicates that the addition of
AL Os particles does not significantly alter
the maximum tensile load that the material

early

can withstand before necking or failure
begins. The relatively constant UTS
suggests that the load transfer between the
UHMWPE matrix and the Al,Os particles
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remains effective across the range of filler
concentrations examined.

A different trend is observed for the
breaking strength, which increases
notably with increasing AlO; content.
The breaking strength increases from
26.01 MPa at 5 wt% Al>O3 to 37.27 MPa
at 25 wt% AlOs. This improvement
indicates that the reinforced composites
are capable of sustaining higher stresses
near the point of fracture. The presence of
ceramic particles can contribute to
improved resistance against crack
propagation by redistributing stresses
within the material. As a result, the
composite can maintain higher stress
levels prior to final fracture compared
with the unreinforced matrix.

The elongation at break shows a
decreasing trend as the Al,O; content
increases. The elongation decreases from
254.24% at 5 wt% ALOs to 208.19% at 25
wt% AlOs. This reduction in ductility is a
common characteristic of particle-
reinforced polymer composites. The rigid
ceramic particles restrict the mobility and
sliding of polymer chains during tensile
deformation, thereby limiting the plastic
deformation capability of the material.
Consequently, the composites become
less ductile as the filler concentration
increases.

One-way ANOVA analysis indicated
that the addition of AlOs; particles
significantly affected the tensile strength
and elastic modulus of the composites (p
< 0.05). Post-hoc Tukey analysis revealed
that composites containing 15-25 wt%
AlO3 exhibited statistically higher
stiffness than neat UHMWPE. These

findings confirm that the observed
improvement in mechanical performance
was not due to experimental variability
but resulted from the reinforcing effect of

the ceramic particles.

3.4 Thermal Conductivity

The thermal conductivity of the
UHMWPE/ALO3 composites is
summarized in Figure 5. The results show
that thermal conductivity increased from
approximately 0.40 W/m-K to 0.49 W/m-K
with the addition of Al,O3 particles.

Figure 5 presents the measured
thermal conductivity of UHMWPE/AI,O3
composites as a function of Al,Os filler
content. The results show a clear and
monotonic  increase  in
conductivity ~with

thermal
increasing ALOs
content, indicating that the incorporation
of ceramic particles enhances the heat-
transfer capability of the UHMWPE
matrix. The measured thermal
conductivity of neat UHMWPE is
approximately 0.400 Wm'K!, and it
gradually increases to 0.414, 0.431, 0.448,
0.469, and 0.491 Wm'K' at ALOs
contents of 5, 10, 15, 20, and 25 wt%,
respectively. This trend suggests that the
addition of ALOs particles effectively
improves thermal transport within the
composite structure.

The increase in thermal conductivity
can be primarily attributed to the

significantly higher intrinsic thermal

conductivity of Al,03 compared with that
of the UHMWPE matrix. UHMWPE is
inherently a thermally insulating polymer,

and heat transfer in such materials is
mainly governed by phonon transport
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Figure 5 Thermal Conductivity

through disordered molecular chains. As a
result, neat UHMWPE generally exhibits
low thermal conductivity. When Al,O3
particles are introduced into the matrix,
they act as thermally conductive domains
that facilitate heat flow through the
composite. With increasing filler content,
the interparticle distance decreases,
thereby increasing the probability of
particle-to-particle thermal interaction
and forming more effective heat-
conduction pathways.

Another important feature observed
in the graph 1is that the thermal
conductivity does not increase linearly at
a constant rate, but rather shows a slightly
accelerated increase at higher Al,O3
contents. For example, the increase from 0
to 5 wt% is relatively small, whereas the
increment becomes larger as the filler
content approaches 20-25 wt%. This
behavior may be associated with the
gradual development of a more
interconnected thermal transport network
within the composite. At low filler
contents, the Al,O3 particles are likely
dispersed as isolated domains within the
polymer matrix, and the heat-transfer
improvement is therefore limited.
However, as the filler fraction increases,

the particles become closer to each other,
which reduces thermal resistance between
adjacent particles and promotes the
formation of conductive pathways.
Although the graph does not indicate a
sharp  percolation  threshold, the
progressive increase suggests the onset of
more efficient thermal transport at higher
filler loadings.

From a microstructural point of view,
the enhanced thermal conductivity may
also be related to improved load-bearing
continuity and reduced phonon scattering
along the particle-rich regions of the
composite. In polymer composites,
thermal transport is often limited by
interfacial thermal resistance between the
filler and the matrix. Therefore, the fact
that the measured conductivity still
increases despite this limitation implies
that the contribution of ALO; as a
thermally conductive phase is sufficiently
significant to overcome part of the
interfacial resistance. Nevertheless, the
overall thermal
remain within the sub-1 Wm™K! range,
which indicates that the composite still
behaves as a polymer-dominant thermal
conductor rather than a highly conductive
ceramic-rich material. This is expected
because the UHMWPE matrix remains the
major phase even at 25 wt% ALOs.

The overall increase from 0.400-
0.491 Wm'K' corresponds to an
improvement of approximately 22.75% at
25 wt% Al>Os relative to neat UHMWPE.
This enhancement is meaningful for
engineering applications where moderate
improvement in heat dissipation is
desirable  without  sacrificing  the

conductivity values
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lightweight and processability advantages
of polymeric materials. In practical terms,
such an increase may contribute to
improved thermal stability during service,
reduced local heat accumulation, and
better performance in components
subjected to frictional or repetitive
mechanical loading.

The results further suggest that Al,O3
is an effective thermally functional filler
for UHMWPE, particularly when the
objective is to improve heat transfer while
maintaining the overall characteristics of a

polymer composite. However, the
magnitude of improvement remains
moderate, implying that additional

strategies may be required if substantially
higher thermal conductivity is targeted.
These strategies may include optimization
of particle size and shape, surface
treatment to reduce interfacial thermal
resistance, hybridization with other
conductive fillers, or improved dispersion
techniques to enhance the formation of
continuous thermal pathways.

3.5 Durometer Hardness (Shore D) of
UHMWPE/AL2O3 Composites

The Shore D hardness results of the
UHMWPE/ALO; B-grade composites are
presented in Table 4 according to ASTM
D2240 with a dwell time of 15 s. The
experimental results indicate that the
hardness of the composites increased
progressively with increasing AlO3
content. Specifically, the hardness value
increased from 56.6 Shore D for the
composite containing 5 wt% AlO3 to 67.8
Shore D for the composite containing 25
wt%  AlLO;. This trend clearly
demonstrates that the incorporation of
ceramic particles significantly enhances

Table 4 Shore D hardness of
UHMWPE/AL,O3 composites at different
Al,O3; B-grade contents

Durometer
Composition Hardness
(Shore D)
UHMWPE 95%+A1,03 B- 56.6 [17]
grade 5%
UHMWPE 92%+A1,03 B- 58.4[17]
grade 8%
UHMWPE 90%+A1,03 B- 59.2 [17]
grade 10%
UHMWPE 88%+Al1,03 B- 60.8
grade 12%
UHMWPE 85%+A1,03 B- 63.4
grade 15%
UHMWPE 80%+A1,0;B- 65.6
grade 20%
UHMWPE 75%+A1,03 B- 67.8
grade 25%

the surface resistance of the UHMWPE
matrix against localized deformation.
The observed increase in hardness

can be attributed to the
mechanical properties  of
particles. Al2O3 is a ceramic material
characterized by high hardness and
stiffness; therefore, its incorporation into
the polymer matrix introduces rigid load-

intrinsic
alumina

bearing phases within the composite
structure. When external indentation force
is applied during the Shore D hardness
test, the presence of these rigid particles
reduces the ability of the polymer matrix
to deform plastically under the indenter.
Consequently, the composite surface
exhibits higher resistance to penetration,
resulting in increased hardness values.

In addition to the direct contribution
of the ceramic particles, the increase in
hardness is also related to the restriction of
molecular chain mobility within the
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UHMWPE matrix. As the filler content
increases, the movement and sliding of
polymer chains become increasingly
constrained by the dispersed ALO;
particles. This restriction leads to a stiffer
composite structure and limits localized
plastic deformation under the indenter tip.
As a result, the composite behaves as a
harder material compared with the neat or
low-filler UHMWPE systems.

The relatively steady increase in
hardness observed across the filler range
from 5 to 25 wt% suggests that the
reinforcement effect of Al,O3 remains
effective within this composition range.
The absence of a decrease in hardness at
higher filler contents indicates that the
particle distribution remains sufficiently
effective to contribute to surface
strengthening. However, it should be
noted that excessive ceramic loading in
polymer composites may lead to particle
agglomeration, which can potentially
reduce efficiency and
introduce local stress concentration sites.

The increase in Shore D hardness
observed in this study is consistent with

reinforcement

the general behavior reported for polymer
composites reinforced with ceramic
particles.
systems, the addition of rigid fillers
improves surface hardness, stiffness, and
wear resistance due to the enhanced load

In many polymer—ceramic

matrix and
Therefore, the
present results confirm that A[,O3; B-grade
particles serve as an effective
reinforcement for enhancing the surface

transfer between the
reinforcement phases.

mechanical performance of UHMWPE.
From an application perspective, the

improved hardness of UHMWPE/ALLO3
composites indicates their potential
suitability for engineering components
that require enhanced resistance to surface
indentation, abrasion, and wear. Such
applications may include sliding
elements, bearing components, liners, and

protective surfaces where improved
durability and mechanical stability are
required. However, while hardness

improves with increasing filler content, it
is important to consider the balance
between hardness and other mechanical
properties, particularly ductility and
toughness, in order to achieve optimal
composite performance for specific
engineering applications.

3.6 Impact Strength of UHMWPE

/Al203 Composites

Impact testing was performed using
the notched Izod method according to
ASTM D256 using a pendulum energy of
5.5 J. The specimens were prepared with
dimensions of approximately 12.7 mm in
width and 10 mm in thickness, with a V-
notch depth of 2.54 mm. The notch was
introduced to create a stress concentration
region that promotes controlled fracture
during impact loading. The absorbed
impact energy was recorded and used to
evaluate the impact resistance of the
UHMWPE/AI>,O3; composites.

The impact strength results of the
UHMWPE/ Al,O3 B-grade composites

are summarized in Table 5. The
experimental data reveal a gradual
decrease in impact strength with

increasing Al>Osz content in the composite
system. The impact strength decreased
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from 570.54 J/m for the composite
containing 5 wt% Al>O3 to 415.34 J/m for
the composite containing 25 wt% AlOs.
This reduction indicates that the addition
of ceramic particles tends to reduce the
ability of the material to absorb impact
energy before fracture.

The observed decrease in impact
strength can be attributed to the intrinsic
brittleness and high stiffness of AlO3
particles. When rigid ceramic particles are
incorporated into the UHMWPE matrix,
they act as stress concentration sites
during dynamic loading. Under impact
conditions, these particles restrict the
plastic deformation of the polymer matrix
and reduce the ability of molecular chains
to undergo large-scale slippage and
energy dissipation. As a result, the
composite becomes less capable of
absorbing impact energy compared with
the neat or low-filler UHMWPE system.
Another contributing to the
reduction in impact strength is the
formation of particle agglomerates at
higher filler contents. As the Al2O3
content particle—particle
interactions promote clustering. These
agglomerates act as microstructural
defects that facilitate crack initiation and

factor

Increases,

propagation under sudden loading.
Consequently, cracks propagate more
readily through the composite, resulting in
premature fracture and reduced impact
resistance. Despite the reduction in impact
strength, the addition of Al,Os particles
still provides beneficial improvements in
other mechanical properties such as
hardness, stiffness, and tensile strength, as
observed in the previous sections. This

Table S5 Impact Strength of UHMWPE
/Al,03 Composites

Impact Strength

Composition (J/m)
UHMWPE 95%+A1,03 570.54 [17]
B-grade 5%

UHMWPE 92%+A1,03 532.36 [17]
B-grade 8%

UHMWPE 90%+A1,03 482.26 [17]
B-grade 10%

UHMWPE 88%+Al,03 475.5
B-grade 12%

UHMWPE 85%+AL0; 450.56
B-grade 15%

UHMWPE 435.08
80%+Al,03B-grade

20%

UHMWPE 75%+A1,03 415.34

B-grade 25%

behavior is reported in
polymer—ceramic composites, where the

commonly

incorporation of rigid fillers enhances
stiffness and surface resistance but
ductility and
toughness. Therefore, the mechanical
performance of  UHMWPE/ALOs
composites represents a balance between
improved stiffness and reduced impact
toughness.

simultaneously reduces

4. Discussion

The present study systematically
investigated the influence of micron-sized
B-grade ALOs; particles on the
mechanical, thermal, chemical, and
microstructural properties of UHMWPE
composites fabricated by hot compression
molding. The results show that adding
Al>O3 stiffness, breaking
strength,  hardness, and
conductivity, while reducing elongation at

improves
thermal
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break and impact strength. These changes
are mainly related to the rigidity of
ceramic particles, particle dispersion
quality, and stress transfer efficiency at
the interface. The findings confirm that
reinforcement is primarily governed by
physical interactions rather than chemical
modification.

Tensile  results indicate  that
increasing Al>Os content enhances both
breaking strength and elastic modulus.
The ceramic particles act as load-bearing
reinforcements due to their higher
stiffness compared to the polymer matrix.
When well dispersed, stress is efficiently
transferred from UHMWPE to AlOs,
improving resistance to deformation.
These findings are consistent with
previous work [17], which reported
similar improvements using the same
fabrication method. The present study
extends earlier findings by examining a
wider filler range (0-25 wt.%) and
including thermal and microstructural
analyses.

The results also agree with Latief et
al. [9], who showed that uniform particle
dispersion improves tensile properties
through effective stress transfer. In this
study, moderate Al,O3; contents led to
continuous improvements, while higher
contents resulted in reduced efficiency
due to particle agglomeration. These
agglomerates decrease interfacial area and
act as stress concentrators, promoting
localized deformation.

Hardness results further support the
reinforcing effect of Al,Os. Due to its high
hardness, the addition of ceramic particles
increases resistance to surface indentation.

The observed in Shore D
hardness aligns with previous findings
[17] and studies by Latief et al. [9] and
Radhakrishnan et al. [4], which reported
similar improvements. Despite
differences in matrix materials, the
mechanism remains consistent: ceramic
particles restrict localized deformation
and enhance load-bearing capacity.

In contrast, impact strength decreases
with increasing AlOs content. This
reflects a common trade-off in particle-

increase

reinforced composites. The rigid particles
limit polymer chain mobility, reducing the
material’s ability to absorb impact energy
through plastic deformation. As a result,
cracks initiate and propagate more easily.
Similar trends were reported in previous
studies [17] and by Radhakrishnan et al.
[4], confirming that increased stiffness
often leads to reduced toughness.

FTIR analysis shows no new peaks or
shifts, indicating that no chemical bonding
occurs between UHMWPE and Al>Os.
The  polymer  structure  remains
unchanged, confirming that reinforcement
arises from physical interactions. This
agrees with previous findings [17], where
similar behavior was observed.

SEM provides
evidence of these mechanisms. At low to
moderate filler contents, particles are
uniformly distributed, promoting effective
stress transfer and improved mechanical
properties. At higher contents, particle

analysis direct

agglomeration becomes evident, creating
stress concentration sites that facilitate
crack initiation. These observations are
consistent with Latief et al. [9] and
Radhakrishnan et al. [4], emphasizing the



216 9715915390154 IIY UNT.WIEUAT d1Y13nermansuazinalulad Ui 20 aviuil 1 (2569)

importance  of  dispersion  quality.
Combined SEM and FTIR results confirm
that reinforcement is achieved through
mechanical interlocking and efficient
stress However,
agglomeration reduces effectiveness, as
clustered particles act as defects rather
than reinforcements.

Thermal conductivity improvements
are attributed to the formation of
through ALlO3
filler  content
enhances heat transfer, although excessive
clustering may disrupt these pathways and
reduce performance.

Overall, micron-sized Al,Oj3 particles
improved the mechanical performance of
UHMWPE composites when uniformly
dispersed. The reinforcement mechanism
was primarily governed by physical
interactions, efficient stress transfer, and

transfer. excessive

conductive pathways
particles.  Increasing

restricted polymer chain mobility. These
findings are consistent with previous
studies [4], [9], and [17].

5. Conclusion

This study investigated the effects of
micron-sized B-grade Al,Os3 particles on
the mechanical, thermal, and
microstructural properties of UHMWPE
composites fabricated by hot compression
molding. The results showed that
increasing Al,O3; content improved
breaking strength, elastic modulus,
hardness, and thermal conductivity, while
elongation at break and impact strength
gradually decreased. These trends indicate
that ceramic reinforcement enhances the
stiffness and thermal performance of
UHMWPE but reduces its ductility and

energy absorption capability. SEM
observations revealed that the reinforcing
efficiency depended strongly on particle
dispersion. Uniformly dispersed AlO3
particles promoted effective stress transfer
within the matrix, whereas particle
agglomeration at higher filler contents
acted as stress concentration sites and
reduced the effectiveness of
reinforcement. FTIR analysis showed no
evidence of new chemical bond formation
between = UHMWPE and  AlO;,
suggesting that the improved composite
performance originated primarily from
physical reinforcement and mechanical
load transfer rather than chemical
interaction.

Overall, the results demonstrate that
the mechanical and thermal performance
of UHMWPE composites can be tailored
by controlling the AlOs; content and
particle distribution. These findings
provide useful information for the design
of UHMWPE-based composites requiring
improved stiffness, hardness, and thermal
conductivity while maintaining balanced
mechanical performance. Future work
should focus on improving particle
dispersion and interfacial adhesion
through surface modification of AlOs,
together ~ with  investigations  of
tribological behavior, fatigue
performance, and long-term durability
under practical service conditions.
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