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Carbon-Egg Cycle: An Engineering Framework toward Carbon Neutrality
through Eggshell Valorization and Waste Heat Utilization from Local Industries
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Abstract

This article presents the Carbon-Egg Cycle framework, aiming to establish a circular carbon
system by integrating local waste management with the utilization of surplus energy from industries,
thereby advancing environmental engineering and circular economy approaches. The process converts
eggshells, primarily composed of calcium carbonate (CaCOs3), through calcination using surplus industrial
heat, producing calcium oxide (CaO) for further applications while capturing and storing the released
carbon dioxide (CO,) for subsequent use. The resulting CaO is formed into CO2 capture materials for
community-scale activities, and through carbonation, it reverts to CaCO3, which can re-enter the
calcination process, forming a continuous carbon cycle that reduces both waste and greenhouse gas
emissions. Simultaneously, captured CO, can be utilized in various sectors, and CaCO3 obtained from
carbonation can serve as a soil amendment to reduce acidity and enhance productivity. The value of
the Carbon-Egg Cycle lies in its integration of biowaste with energy reuse, minimizing resource loss and
providing community- and small-industry-scale CO, management solutions. This framework

demonstrates a pathway toward carbon neutrality and offers scalability for broader applications.

Keywords: Carbon-Egg Cycle, Eggshell Valorization, Waste Heat Utilization, Carbon Dioxide
Management, Circular Economy
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AT LLAUR O IUINE BUNT BNTZUIUNIIWER
nan [7]

iAdenanetuszyin geamnssuiiliania
Touad LU MIENYI1dnLALd s Tngaide
WFUANTBUTIWINLINEaN b [8] N5
aufeuduiinUssgndlddmiunisudsanin
CaCo; 31ntldenlaaiunsavinle laglusuniu
NILUIUNTHAANGN AADATIITAINITAAIUAY
pampiiuaznalunsmiiiednuaaauAn
Mo mkaziuTiReNIzves CaO Feilnalasnss
neUsEAnSAMNSInIu CO,

UDNITNY BWUIAANITLT WA I9T1UT 109
AOAAR BINUNANNIT 8AAMNITTUA T EILAY
LA AN U8 (Green Industry & Circular

o & v W Ao v
Economy) tilasa1nidunisldningnsiilaguar
inUselevdaan annsidiwenasinl wazan
A5UaREAYITOUNTLAN NSNUNMIUITIUNTIUTU
v v A v & Y ! & Ao
PUDUY AU AT WA U ULLININD
) & A a & '
Anennnazgedu Tun1swan CaO annwaenle
1AA1UNTOUTENTANG U aAAUNUY kagINY
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AUAMYDY Ca0 dwmsunisthlulduseleviau
duandenuazanavnssusely

2.4 auviuldldvsenszurunisuaadiudy
(Calcination) $aunussUUanIUBaLTgUsylewl
Awarsuaulaoanlas

N3¥UIUNITLARTG LUTU (Calcination) UD4
LAALTELANSUBLUA (CaCOs) wiiaztduisn1snan
waardeusanled (Ca0) AflUszdnsainuay
annsarh Ca0 wldilutandndu CO, el usina
nUFATed faglaes CO, panuy Uiy
mnUdesfelnenssgduusseinmaedaudsty
Wanungni1sann1sUua een 19l aunsean
fedu eliAnusyansnmgegalumssiiunis
W BINUINNTLUIUNSTLABTLUTUINAUTZUUAN
Jurazlduszlevdann CO, (Carbon Capture
and Utilization: CCU) wiglsf CO, ﬁLﬁ@%ﬂQﬂLLUﬂ
ezt lunnduduwnunnsUdesiia (9]

ATedumnldiiausiisatu Calcum
Looping (Cal) § 991/ 87995n1588 Ui usena 19
A1SUBLUTU (Carbonation) uazuAaTLuty tagly
Ca0 tHudnansdindu CO, udh CaCos fiLfn
JuunsilviitelWld Ca0 warudos O, oglu
angfiirienisinifu [10] mssndunisly
Snwnurilvagliannsodniiu o, léluguuuy
Fudu wienitssnuntan Cao Wldaulduane
50U Y A Teduianmansduauonis
UFuussandives Cao 1w n1sAuANlATIasng

1%
=1

BUAALALTUNETY LBLLAINENETLAZAANTS
goydeUszdvSnimiloduseu [11]

MstEUselevdain CO, NlAannTEUIUNIg
LAATLUTUY 9N1UATENANBT UGN CO, @1U15D
YT uaued T ululs s o UL 9159015
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duAsizinawesiiy vsoldlugnainnssueInis
wazla3efuiifeanisfine CO, u3aws [12] [13]
nseanuuuszuuludnuned Tadunisadie
AaAIRI8N15U CO, lUnelviAnyseleviigagn
LLazim"Ua'aagj%”'umimmﬂé’uaqumaaiaﬁﬂqmmq
Aawndon

9INNTAUNIUITTUNTSUT T d 1IN
AIHAUNTZUIUNSLAATLUTUINAUTZUUANTU
warlduszlond o, Wunumnsiifidnaninwluida
AANTTUE WIAE DULATNE U TpBanTaan
N15UABYAULTOUNTEIN ATUANUNITAT
Usglevlduasvgionardany Jadugudeya
drfnfianusailudesenlunisesnuuussuy
UszgnaluseAugnavnIsukasyuyusaly

3. NTOULUIAALALYBLEUD IUNITOBNLUULT
AAINTSY

3.1 nanAAN Y lUNISBDNLUU

1%

a & Ao d
NSEULLIAAUUASITEN U WAL RN

o«

lunisaanisuaesingisounseanaIuAAuUNIg

(%
a

afayariinINianmaeis lngmnuananns

o w v a

dAgysiail

1) NS B uUSUAWINGDN NTTUIUNITUAS
FLutureuAaldaun1sualum (CaCos) uilagla
Hunpadeuesnled (Ca0) fiarunsaunluld
Usglesuilunseurunisaniu CO, la windaes
CO, 8nUNTUNTTUIUNITHREINUY NITBBNLUY
3wuﬁaﬁaq€?ﬂaqﬂuwé’ﬂmﬁwﬁ]@ (Closed-
Loop) Taesislsi CO, MAnTugninifuuazainluld
ﬂizimﬁt,mumiﬂa'asaj%uusimmﬁ

2) nsldvendedunsneins wWaenlyain
ASISeuLavgnamnssiamsiluveAwde el
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USnauganasiloadusenauves CaCos iusauay
90 FsanunsaldiduingAundnlunisndn Cao 19
uuAni Ssagioundnnisvesasughanyuiou
(Circular Economy) ﬁ'Lﬂﬁlﬂui’aqmﬁa‘LiﬂﬁLﬁu
n3nensfiTlyan

3) soENE U Weswnnsuradiudy
JuuFAzengamnuiouiidesldommgiiss (800-
900 °C) N150BNWUUTYUUTIAT 9D 9n151Y
Usgleguannnasanuainusausiulunssuiunis
gnavnsIuiidey W aewsdin dan1sld
WA INS I UME AN s ANl aINES
ImamﬁLLasLﬁmmmﬁmmmaLﬂi@gﬁ%aﬁzw

4) Arudaenseuarainuu g of o1
AINTTU NIVNNUVBITFUUABITBIT UMM
A159ANANY CO, AAAURUUINTIT Wazn1S
dostunissaluafionansemusedujianunas
AIRdDY NENNNTOINKUUIIHeITINEWINTANT
muqmLLammmUaamﬁ’aﬁmmzammmmgm
NANNTTH

na1lagasy nannisesnwuudinaliu
fugiuddey dmsunisadiansevuwfa il
digaddlefeusgansnmmanaie uwidudonles
Autdvanefudswanden eswsia wagady
mnzaudedany Jsazhlugnsivualassaiig

syuukaraunIsAiaUasnulududaly

3.2 1A398519353UU (System Architecture)

Tassadsszuuidnaueifiugiuainvdnnis
sonuuuiildimualy Tassjsairsnszuiunisuuy
1939509 (Closed-Loop Process) farusandn
whaeueanlyd (Ca0) Mnwdenly amuaiunis
anduazlduszlosdaisvaulasanlad (CO,)
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1Reg19iUs2ANT AN 99AUIENBUNENVDITZUU
Usenaumie

1) vurguUsanindna iy (Raw Material
Preparation & Calcination Unit) wWaenlyain
AT OUNTDRAAINNTTUBINITILTA DINIATIY
azo1n Mindwulou worouuaiioniunu
anuduliftionndn 5% lnsina susoutiagaael
I Tngaui dauanddniaaiuaznionin
wiangauson1sii taelun1siinagaidunis
neldnannisnistindausau lngaziden
pnavnssuludl uii 7 dosldarudoulusedy
\Aeatuiiazifianssuiunsuaadiudulaeill
sununszvaunslugaannssudy Tuuiund
wueliidenldgnamnssmmissin lnofnks
anuwnauadmsuldidenliun Tudndiu
Uszana 4-5% vesUTunaan iielinsenusie
A lussninansifingamaiives
191 (100-150 °C/aa1.) azldnan 6-9 Halusauds
seU 800-900 °C Faidutrsiunaldeuasuoiun
(CaC0y) lurvdenliiAnnszuiumsunadiudy
MINALNTT: CaCO; — Ca0 + CO, lngagdisly
1-2 dalus itelinsamedauysal anduasi
TanuusgUeeniiudesi oonuuulilanie
iletlesfunsidennmnimues CaO 9ngmumy
figuAuld Taglisuniunszuaumsimniesiin
nanfazienselunuseunaIve I SN YT
Hagnse Ala Cao Whlunaniandndu CO, lny
nslfmeeninifegud Yawanaisznsld
Foundeneadanasdunudundsaulaglsl
NIENUABNINANYINENVANVBIYUYU

2) mineanIukaz LA Ui (Gas Capture

and Storage Unit) A19n@uyl Uaauaanu1an
£ = ! = <

WL Usgneundy CO, Fedruntadunann

N3¥UIUNITUAATLLTY uanInidaillouiuaziu
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avens Memaniiazgnasiiuvielavenuanudon
g sruUIAnN1Tng Imm‘%ummmwm’luﬁw
aﬂﬂsmﬂlﬂﬂau (Cyclone Separator) Wieannis
ﬂuLUaumaaaumqu INYURIUTY uugAgu
mwmummamLﬁ]al,waﬂiuamﬂ’mmwuaamsa
aumswwu@mammmmsaummumsamﬂu
Fudau1don1sen CO, A28LAS 09 nR 1
(Gas Booster) 3uf 9A214A W 10-20 bar Lag
Fafulufausefugadisesiuanudu 25-30 bar
Fadadananasfindegunanisde Wy inafn
L39AU 21878508 wazandInIuAy WiaA1
Uasadslunisufuians co, fgainiivly
suuvuiiannsnihluldvsslodlufanssusing
W Msiinaududu Co, TulsuSewnunsiiie
Fasun1sdUAsITV LasveIn Y nioldly
5T UIUNISNANDIMITHAZLAT BIALTIADINI TR
O, Namnmasiiae

3) viigndniananduaisuaulaneanlan
(Sorbent Production Unit) CaO 71l#ia1nn15t1
gnintusufuukudndu Co, Tnefimanauiy
Faguszaulusnsduivangauiomuay
udansadanauazanumumusienisldau wiud
ﬁugﬂazgﬂﬁﬂﬂauﬁqmmﬁ 60-80 °C tduLaan
6-8 s ilelidaudusiuasndonldon ns
V91UV UANT VR BUATE1A5 DL UTY
(Ca0 + CO, — CaCOs) lagilmuganiugsan
WWangufUszuias 0.785 n3u CO, onsu Cao
[14] wiusananiearunsadrludsse nalely
Aanssudifinsdaesfwaifuouluseduguuy
AU ieutu uagdsanusoldeuglduany
seunouNUsEAVS N WazAnas
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I CARBUONCEGE GYCLE I
wWasnldanaaiseu ‘

UAZRAEINNTTUDINT
il CaO Uszanai 95%
ualazidun virauareiauazanui
‘ weanariu Wiloundn 5% Tassna
21duAusaudIwiY

ooy { S . . -
A uRefiavinld o

Waenluiansyuiuns

-

uAagiutu (Calcination)
|
£ “
@
5.3 vid g .
andunazdanuarsusulaeanlan
\‘ fivdesananufisenluguuuud

WlUszlomilufanssusing 9 la

Wy mMsiaedudu o, lu
TsaSouinunsiiedasy

msduniiasosiis |

- ./4 AN

nandandnduarivaulasanles

16 Ca0 0.53 kg : wWaanla 1 kg

1h Ca0 vhduwiudndu o,
Tan1snauIBILRUingy
wafeufisenasueiuty
Tasanusadndudszanu
0.785 n3u CO, BN Cal

e

co. cO: CO:
co,

co: co:

~=?

16 caco, anansathlulfifuen pH vesiu anrnuliunsa
a v ' - - a &
wndymauies dwafidemsinzdgnituasusialuiui

gﬂﬁ 1 lassa1958UU Carbon-Egg Cycle

4) wiren1slduselevinygudsu (Circular
Utilization Unit) CaCO5 AbAa1nnsia Ui u@n
FULADILUINIINITIANITUAN UINILTA AD
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msinduiingnszurunisuaadiuty (ilendn
Ca0 wagdmufiu CO, totluldUsslonisnads
Feaenadasiunuifn Calcium Looping wawaae
anmsflsmingAudenlian uumeiiasafie
maih Ul dutaguiuuseiu Ing CaCos awnse
Wfinen pH ve9Ay anaudunsa wazUiulse
AaNdANINIEN NYRIAY danalvilinzause
nswgUgniimasugialuiuil Seisaosiuamis
ausasndunisaugiuld laeiiarsuiniy
AUALZANYDIANILNITHANRAL AU DINT
Tuslonilufiug

na13laeasy lasaaseseuu Carbon-Egg
Cycle & uansliiiudanis YIUINIINTEUIUNS
Mﬁﬂﬁsﬂ%ﬂiimﬁﬂiaUﬂqué’jﬂLLGfﬂ’]’iﬁ']Jﬂﬂ’liij(?lan
NSNS 191U N1senIunazAniiuiieg U
auﬁqmia%ﬁqyjaﬁ%ﬁu syuUiasasToudnenn
YaInsiIkIAAATegiavyuguinlgluseiu
yuru valusunsaanisUdesfnsdeunszan
LaENITAS NAMAIMINATEEAALAHIALDE
By annsoaguld Fanmselud

athalsAn Tnssadraszuuinauslusitord
WJuuuudiaeaBwuiAn (Conceptual System
Architecture) 1t auansnalnuazdnenInnis
Feulgaminenssenitaniadausing q Tuguwy
é’ﬂﬁlﬁasﬂu%wmaaamﬂau’]w‘%aa%’wiswﬁa
Jeonaidodiianaraunfgiuuiasznisifes
asvdeuininluATeszezdaly

3.3 ANSANUIATIIANTTUUBIAUY

nstudunnudululsvesiundn Carbon-Egg
Cycle ndusaalinsiasigiidausunaniosnu
Al Y @ I o a vall ¥ a 4
Wowansliiuitasnsa U odlaaseniels
Woulvauuiauaswasenu lnen1sussidudl
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[

9198409YaMNANNTLATNUFIULALAINTIB U
Tilwassaunssuinnis

1) aunaui)isen (Reaction Balance) 484113
WwAaTLUTU (Calcination) @u1snesulalanae
aun13 CaCOs (5 —> Ca0 () + CO, (g Tnefinane
ildlavemaademIUBim (CaCOy) fif 100 g/mol
uwpatdeneeanles (CaO) A1 56 ¢/mol Lag
Asuaulneanles (CO,) fiAn 44 ¢/mol Lisuain
grudeyaninsgiu daiu wienly 1 Alandy
FelneiaasUsynaudie CaCos Usvanal 95% lag
178 zausalinanan CaO lausyauu 0.53
Alansy waznelminnisuanlasy CO, Usyuna
0.42 Alansu

2) nFsruanudeudideldlunssuiuns
(Energy Requirement) UATEMAETUS B9
AauSouiigodlddmiunisaans CaCos agjﬁ
Uszanas 178 Alagasielua [6] 3 sfedusuny
WU AR eInsEUIunITE fedu el
syuuliandululaludaasugamans naasu
A5IWE991UTIN (Waste Heat Utilization) 34
anudniu ausfdngnamnssuesiinuianiad
nslfmuR1vuIa 5 anuianiuns Ingdnisly
NAINUTINUTZUI 50 LNZIAABTOU Wazdinis
gadeanusouiuiedeUseanaiesar 15-20
yEowhfundsnuiisUssnn 10 wnggareseu
Aadeudiudmnldfunszuiunisunadiudiu
ALAIUITOTRISUNITARIUA VDY CaCOs5 bAS?
5-6 Alansusieseu Fadleuwintunisliudents
smnunnlaglidesiiondomameadadiudy

3) @us50ULNIIANI U CO, (CO, Capture
Capacity of CaO) lols CaO udm anunsaululy
lugnugdananduaisvoulaeenledlngende

aaa s

Ujn381A15uBlutY (Carbonation) AUENN1T
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Ca0 (g + CO, (p — CaCOs g %*'qmnmijudﬁ
ANANINTOFNERYEY CaO Tunsdindu CO, ogil
0.785 n¥usiansu Cao [14] FsnuraauImn
167 Ca0 0.53 Alansudildandents 1 Alansuy
EIANTU CO, nUszanu 416 n5u

3.4 AMUANIZAUYIUSUNLAZNISVYUNE

N3 AUITEUU Carbon-Egg Cycle A2
wngaLegeBatensUsrndlufiufinlasads
LTI AR IAUNAUNAIUTENINRAAINNTTY
9115 gRATMNITINIHARTIIdNSanuanuTou
a4 uazmanwAsnssy Instanzegedsluuum
Ausaznadiuaiunsoadieninmd enlesly
Snuarrsasmuisuvominensiususssy
nanfe TapAumdeiainaianisanusous
anmduniwensdumaliiudnniemis uazua
waeglannnszuunsandualnsatnauuly
UstlowilufanssumaaswgRaivdoaglufiui

Tusziugmamnssuetms Auiifidnisldle
TuUSnasnn Wy gramnssuluineIwasyivu
v agneliiAnTanndefslssinniudents
$ruaunn Yaguardannsafununuuandig
nszvIuNIINanLAaLdeueenled (Ca0) n1eld
nsldwdanuswangnamnssud uldogedl
UszAniaw v ilufiRvesgnavnssunisiu
Aldmmdougs 19y granvnssueiin ndaay
mwfoudruiuiiagidsluainnisniaianse
Uanldlunszuiunisueadiutuvesdienly
Tnen1seenuuuszuuludnuuedlinsznuse
AN MBI WERSuslesfinndn 1Tlesann
mawnUdenlisuiunisluniaamedifasadiy
lagdinuiuinsianluiiuiesas 4-5 vaq
UFunsm il @nansaandunisevuiuluiu

Funsssul lnItnenana uazay, Carbon—E£gg Cycle: NSoUKUIANTIIMINTIUGAINTUNA 1M 19AITUEY
N sTganwUAoN L YIng l9Wa19IU5 I8 INONTINNTIUYITU ITOFT NTLUUNLUTGUN INTNE N TUALLATYINTG

AIIUGIETUYIYUYY



. &

d Joural of Engineering

and Industrial Technology

UNAIUIBINS (Academic Article)

nszuIuMsHIgs1dntaglilsuniuaunanIy
SAUVDLAN

nanaesldTAnTuINNsEUINNISRINGN A
fwensusulasenlad (CO,) fignudssesnunly
sgwhenaueadiuduazlignudesfisguseania
Taonss usigndaingszuudanmsieiiensdndu
Fauivu wazlduselevdsely Co, Agniniiy
annsathlulfifisanududululssSoumzuan
Woduaiunsdaanziuasesiiviasugia 3o
THlugramnssuewnsuaziaiesmudideans CO,
AU ANE e vauziAeaty wiudnduindnain
Ca0 anansairlldlufianssunisdniu CO,
TEAUYLYY LU LANDUTUL 13 DUNEINTINAT
Udesfwiounszan Wonunorgmsldan usiu
fnfumdriagnduiuganmuaaidouaiveiun
(CaCOs) Faanansaindugnszuiunisunadiudy
g vFodonihlUlfidutanuuussAuiiean
anuifunsavosiunaziiiudnenmansnzUgn
slatinnsidenuuamnenislduselosidutuay
FoansuazuIunnITNanTe s

WININTUNTINUN FDe1NFLNOUFNININ
28458 UV Carbon-Egg Cycle laagatautnfe
Jarinmesyiniesrusenauasuiiuluysannis
seuvludnuaeil nd1fe N1ARRAINNTIUDINNT
YDITINIALT BLELIATUNITYNVUNAITUN D9 U
VU UL BN NBINTU NoINYn hazkaunos
Falglaluusunaunn Fearusadnddenlaivie
P9TUULNTULA AL TU VeuzLAgIN Wl UN U9l
gaamnIsuleslinandunisuegeseii e
LALALAA 11 A0S0 UM IWA991UT U
c{' o U QI 1 = 1 Y &
1/1mmzammmumuwuyjaﬂnﬂaaﬂlﬂuLUu
Ca0 warlulfnAnynINTsd JanInNYsyIHll
n1sUgnitviMsegna wazn1smizUanlulsasou
a v & P | o &
NanInsalUTElerLN CO, MIBLSINTEAATIZITLE
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wagld CaCos; udanusuusafuiioiunanan
NNNTNYAT

fathy nsdlveadaviamysyiuandiifiuds
pudululigsssdnduasnsussyndldssuy
Carbon-Egg Cycle Tusgauguyu lnaidunsd
feeefitlmifiuin sesvnuisuremingns
31NQAAINNTTURIMITIUE anaIMNTTUNITHER
LAaENFUAUG NIALNYATNTTUANTUNITIARTY
wardidnenmlunsadieianmanisdundes
WATLATYIND “UmgLaﬁlﬁﬁugﬂLLUUﬁgﬁﬁ’WﬁWUEI’]EI
wadsi ufl 3 ui dlassairaasugiauazdeay
adeedaity ileenszdunsianisvends nsan
msUdesfineFeunszan waznsaiiennudsdy
Weszuulussuze

4. mMsuszfiuanudulula

nsuseiiuanudululavessyuy Carbon-
Fog Cycle sndudosfiansanluauiiandn Wil
defuduinszuvaunsasniunisiaasduuium
oy wazddnuninlunisvengnalusyau
N9

4.1 a2 dululan193aanssy (Technical
Feasibility)

o dy % dy Y & | = 1

NN TR U AL Wasnluan
1 Alansu F9Usznaume CaCOs Useanasaeay
95 lpeuia @1u1saNan CaO bauszunes 0.53
Alansy wazlassy CO, 577 0.42 Alansy wWasau
neasldlunsaangdiegiuszanu 178 flagase
lua CaCOs 3oUszuna 1.8 wngyananlaniy
S A | a A ~ ) P P =
Fafodldguiuluidaifivuiuauieuiiayde
TUlunszurunsE@sIan
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aunAnsalssnuesfingrudldinumnuug
5 gNUIANLIAT Tnefindsaufiaads 10 WNg3a
ROV @1N1TTRISUNSIAATILTUYaLUdenla
1os17 5-6 Alansumesau MNULYIIRNEUANA
a¥ 4 50U azanunsaLuyarwUdonly 20-24
Alansurodunsf wieUszana 1 dusel el
Uanassisnamanunsasiisduldmniinnslainm
summimﬁw’%aﬁmﬂﬁuﬁwmuiaUmiLm

AUTIAULAIIANTU CO, 183 Ca0 Tinanliann
L‘Uﬁaﬂim'é’qaq'iuizﬁ’uﬁ'mwaiﬁl 1agannIs
Aurndangud Ca0 053 Alansu Aldain
Waenla 1 Alansy ddneainlunisandu CO,
Ifseann 416 n3u Jaileanesronsuszgndld
TUAANTIUNSHIVUIALEN LYY LAIDUIUN 1150
mswnlupfadeu vilvsvuudansasesiunis
Tgulaassluusunseiuyavy

4.2 anrudululdnnaasegia (Economic
Feasibility)

Y o a Y - = 18
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Abstract

Water hyacinth is a fast-growing invasive plant that disrupts water management in tropical
regions. This study presents the design and capability analysis of a solar-powered conveyor system for
large-scale water hyacinth removal, demonstrated at the Wiang Kham Sluice Gate, Kumphawapi District,
Udon Thani, Thailand. The prototype incorporates conveyor belts, picker wheels, and a photovoltaic
power supply sized for off-grid operation. Motor drive requirements were calculated from friction, load,
and torque data, while process capability indices (Cp) were applied to assess the stability of motor
efficiency and removal rate. Experimental results indicated that a 1.5 kW motor was sufficient for both
conveyor and picker wheel assemblies, maintaining efficiency above 76%. The machine achieved an
average removal capacity of 60 t/h with Cp = 1.17, demonstrating acceptable yet further-optimizable
process stability, suggesting potential for performance refinement through parameter adjustment.
Economic analysis indicated that the proposed system has an estimated operating cost of around USD
2,700 per 58 ha per cycle, corresponding to a 3—6x cost reduction compared with conventional methods.
These findings highlight the feasibility of integrating renewable energy with mechanical design for

sustainable aquatic weed management.

Keywords: Water Hyacinth, Process Capability, Machinery Design, Conveyor System
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1. Introduction

The government currently has a policy for
managing water hyacinth, including activities
to maintain cleanliness and eliminate aquatic
weeds, dredging canals, rivers, and drainage
channels, particularly in densely populated
areas. This persistent problem has prevented
effective water use. Furthermore, canals and
rivers are becoming shallow due to the
accumulation of water hyacinth, water lettuce,
duckweed, and various types of waste. This
results in insufficient drainage during the rainy
season, leading to flooding in the area, causing
damage to communities and homes along the
canals [1]. Furthermore, it has damaged the
scenic beauty of riverbanks and impacted

local livelihoods [2].

Water hyacinth is an invasive species that
has infested Thailand's ecosystems [3]. It
spreads rapidly. In one month, a single water
hyacinth can multiply into as many as 1,000
plants [4]. Even if the water dries up and the
plant dies, its seeds can survive for up to 15
years. Once the seed receives sufficient water,
it will sprout new plants. This has become a
serious and national problem, requiring the
government to spend a significant amount of
money on water hyacinth eradication. This
problem is not limited to Thailand but is also

present in over 50 countries worldwide [5].

Contemporary management strategies
encompass human extraction, mechanized
harvesting, herbicide treatment, and biological

control. Each technique, meanwhile, exhibits
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significant disadvantages. Manual collection is

cost-effective  regarding equipment  but
requires significant work and is inefficient in
[6]. Mechanical

enhance efficiency but incur

high biomass scenarios
harvesters
substantial capital and maintenance expenses
and are inappropriate for shallow or narrow
streams [5]. Herbicides offer swift suppression
but may jeopardize water quality and

ecosystem integrity [71. Biological

management is ecologically sustainable;
however, it progresses slowly in achieving
substantial reductions and is contingent upon
species-specific limitations [7]. Moreover, the
collected  biomass

disposal  of poses

challenges: inadequate management or
valorization of decomposing plant material
can emit greenhouse gases, resulting in further
environmental and economic liabilities [8].
This expenditure underscores the necessity
for integrated strategies that amalgamate the
advantages of current methodologies, reduce
energy expenditure, and augment the value or

secure disposal of harvested biomass.

To solve these issues, this work proposes
the design and development of a semi-
automatic water hyacinth eradication device
powered by solar energy. The prototype
features a conveyor-belt system built from
corrosion-resistant steel to carry biomass from
the sea surface to the bank. The belt is
supported by rollers and fitted with drainage
channels to minimize water weight prior to
release. Power requirements were derived

from plant load, belt velocity, friction, and

Suwapat Kosasaeng et al., Design and Capability Analysis of a Solar-Powered Conveyor for Water Hyacinth
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torque, with motor specifications set to
withstand peak loads and integrate an
acceptable safety factor. The structure was
intended for ease of assembly, transport, and
maintenance. Solar photovoltaic panels and
batteries were sized according to the
machine’s daily energy need and the region’s
solar irradiance, enabling off-grid operation
and alignment with clean energy and green

technology principles [9].

Following construction, the prototype
conducted performance testing and process
capability evaluation (Cp) to measure
operational stability and consistency. Key
performance parameters included
conveyance rate, biomass loss, and mean
Economic  analysis

electricity  usage.

contrasted  investment and  operating
expenses with those of standard removal
procedures [6]. Unit cost and payback time
calculations were undertaken to establish the
financial  sustainability = and  potential
scalability of the system for community or

agency-level implementation.

2. Theoretical Background and Literature

Review

This section discusses the theoretical
foundations and research for designing and
assessing a solar-powered conveyor system
for water hyacinth management. It covers
literature reviews on equipment design
[10,11], energy efficiency [12,13], and process
capability [14,15].
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2.1 Motor Power Calculation in Belt

Conveyors

Accurate estimation of the motor drive
power is essential for designing conveyor belt
systems that operate efficiently and reliably
[16,17].

The total power requirement is obtained
by summing the components needed to
overcome belt friction, to transport the
material horizontally, to lift the load vertically,

and to supply any auxiliary devices [18].

P= P1+P2+P3+Pt (1)

Where:
P = total required drive power (kW)
P, = horizontal power without load (kW)
P, = horizontal power under load (kW)
P; = vertical lifting power under load (kW)
Pt = power of auxiliary equipment (kW)

Component Power Formulas

2.1.1 Horizontal power (no load)

Py =[flt +129) - W-v]/ 6120 (2)

2.1.2 Horizontal power — with load

P, = [f(t + 2g) - Qt] / 367 or
[f¢ + 29) - Wm - v] / 6120 (3)

Suwapat Kosasaeng et al., Design and Capability Analysis of a Solar-Powered Conveyor for Water Hyacinth

Removal: A Case Study at Kumphawapi Flood Gate



. &

d Joural of Engineering

and Industrial Technology

UNAUIY (Research Article)

2.1.3 Vertical lifting power

Ps =[H-Qt] /367 or

[H-Wm-v]/6120 (4)
Auxiliary Calculations
2.1.4 Total weight of moving parts
W = (Wc / pc) + (Wr/ pr) + 2W, (5)
2.1.5 Horizontal power - with load
H=t-tan(a) (6)
2.1.6 Vertical lifting power
Wm = Qt /(0.06 - v) (7)
Where:
f = Coefficient of friction of carrying
rollers
t = Horizontal length of the conveyor
(m)

to = Equivalent length for return side or
tensioning (m)

H = Vertical lift (m)

v = Belt speed (m/min)

W = Weight of moving parts (kg/m)

Wm = Weight of conveyed material per

metre of belt (kg/m)

Qt = Capacity of material conveyed

(ton/hr)

Pt = Power for auxiliary equipment (kW)
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Employing  such  techniques allows
researchers to establish the ideal motor rating,
pick an appropriate safety factor, and analyze
energy consumption for conveyor systems
used in water hyacinth removal or other bulk-

handling applications.

2.2 Photovoltaic

calculations

(PV) System sizing

The sizing of a photovoltaic system is
crucial for its energy generation to meet the
load demand of an electromechanical device,
based on daily energy consumption, solar

irradiance, and system losses [19].
2.2.1 Effective Output of a PV Module
(8)

Pmodule,eff = (Prate/looo) x EF

2.2.2 Total Array Capacity and Number of
Modules

Parray = Pmodule,eff x N (9)
2.2.3 Daily Energy Production
Epv,day = ParrayX PSH (10)

Where:

Prate = Rated peak power of a single PV
module (Wp)

EF

P.ray = Total effective array power (kW)

= Energy yield derating facto

N = Number of PV modules
PSH = Peak Sun Hours (h/day)

Suwapat Kosasaeng et al., Design and Capability Analysis of a Solar-Powered Conveyor for Water Hyacinth
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2.3 Motor Power Calculation for the Picker
Wheel Assembly

The picker wheel assembly is crucial for
lifting water hyacinth onto a conveyor system
as shown in Figure 1, requiring accurate torque

estimation for reliability and ensuring smooth

operation under varying load conditions.

Figure 1. Picker wheel and accelerator drive

of the water-hyacinth conveyor belt.

The motor power required to drive the
picker wheel assembly was determined based
on the torque generated by the combined
weight of the wheel structure and the
[20,21]. The

mechanical power (P) was calculated using

harvested water hyacinth

the standard relationship:

P=2xTtxNxT)/60 (11)

The torque necessary to rotate a single

wheel was obtained from:

T=Wxgxr (12)
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Where:

P = the motor power (W)

N = the rotational speed (rpm)

T = the torque (Nm)

W = the total mass of the wheel (kg)

¢ = the acceleration due to gravity

(9.81 m/s?)

r = the wheel radius (m)

In  literature review the effective
eradication of invasive aquatic plants requires
not only practical harvesting equipment but
also a good theoretical basis and a thorough
evaluation of the effectiveness of the process.
Previous research on water hyacinth
(Eichhornia crassipes) control has shown that
harvesting  equipment  must  consider
mechanical design principles [21], proper
material selection, and operational factors to
ensure durability and efficiency. Successful
systems must account for the plant’s high
biomass density, buoyancy, and fluctuating
moisture content while being versatile for use
in shallow or narrow streams. Researchers
have proposed several alternatives, including
lishtweight but corrosion-resistant designs,
improved delivery mechanisms, and energy-
efficient power sources to ensure sustainable
operation. Building on these findings, this
study investigates a semi-automated, solar-
powered conveyor system that enables
continuous removal of water hyacinths as
shown in  Figure 2, reduces energy
requirements for operation, and addresses

environmental concerns.
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Another important component covered in
the literature is the investigation of process
stability using process capacity analysis [22]. In
modern  manufacturing  and  machine
performance research, quality outcomes are
determined by 3 phases: design, production,
and inspection. Product specifications are set
during design, production ensures these
standards are met, and inspection verifies
compliance. Process capacity analysis, often
expressed by indices such as Cj, or Cy [23, 24],
evaluates the variability of a process in
relation to its design tolerances. This approach
provides insight into the consistency and
adequacy of operational systems. Applying
process capability methods to water hyacinth
removal machines provides an objective
framework for analyzing throughput, accuracy,
and energy efficiency under typical working
conditions, while providing guidance for
revising design parameters and maintenance

procedures.

Figure 2. Water hyacinth removal concept

using a trapping system with conveyor floats

and conveyor belts.

3. Result

3.1 Machinery Design

The conveyor was designed to transport
water hyacinth at a belt speed of 60 m/min.
A friction coefficient of 0.035 was assumed for
the belt and rollers. The average material
weight per meter of belt was taken as 75 kg/m,
giving a volumetric capacity of approximately
14.4 ton/h.

3.1.1 Stainless Steel Conveyor (Length = 3 m,
Width = 1.5 m)
The total weight of the moving parts

(excluding material) was calculated as:

W = (8/1) + (6/1) + 2 x (10 x 1.5) = 44 kg/m

Vertical lift from the conveyor incline:

H=1{xtan(a) = 3 x tan (21°) = 1.1516 m

Power components:

P, =1(0.035x (3+3) x 44 x 60)/6120
= 0.0906 kW

P, =1(0.035x (3+3) x 75 x 60)/6120
= 0.1544 kw

P; =(1.1516 x 75 x 60)/6120
= 0.8468 kW

Total required power:

Ptotal = P1+P2+P3 = 1.0918 kW
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Considering the motor efficiency (n=76.54%):

Prated = 1.0918/0.7654 = 1.426 kW
3.1.2 UPVC Conveyor (Length = 10 m, Width =
1m)

Weight of moving parts (excluding material,

Figure 3):

W = (8/1) + (6/1) + 2 x (5 x 1.0) = 44 kg/m
Vertical lift from the conveyor incline:

H =1 x tan(a) = 10 x tan (21°) = 3.8386 m

Power components:

P, =(0.035x (10+10) x 24 x 20)/6120

= 0.0549 kw

P, =(0.035x (10+10) x 50 x 20)/6120
= 0.1144 kw

P; =(3.8386 x 50 x 20)/6120
= 0.6272 kW

Total required power:

Ptotat = P1+P2+P3 = 0.7965 kW

Considering the motor efficiency (n=76.54%):

Prated = 0.7965/0.7654 = 1.046 kW
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Figure 3. Belt set with width 1.5 m,
length 10 m, made from UPVC material.

Both calculations indicate that a 1.5 kW
drive motor is appropriate for stainless steel
and UPVC conveyors. The selected rating
provides sufficient margin for transient loads,
prevents over-temperature, and enhances the
motor’s operational lifespan. Furthermore,
running below the rated power improves
efficiency and tolerance to shock loads or
accidental overloads.

3.1.3 Picker Wheel

The weight of one wheel was calculated
from its components: a 1-mm stainless-steel
plate (7.72 kg), a 1-inch stainless-steel tube
(0.71 kg), and a 4d-inch stainless-steel shaft
(5.01 kg), giving 13.43 kg. Including the biomass
mass of approximately 25 kg, the total load

per wheel was:

Tuheel= (13.43+25) x (9.81) x (0.5)
~188.5 Nm

For a set of 12 wheels, the overall torque was:

Tiotal = 188.5 x 12=2262 Nm
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Motor Power Requirement Using a nominal

rotational speed of N=4 rpm, the

corresponding motor power was:
P=(2xTUx4x2262)/60 = 0.947 kW

Considering the motor efficiency (n=76.54%):

Prated = 0.947/0.7654 = 1.24 kW

A 1.5 kW motor was chosen for its reserve
capacity, ensuring adequate temperature

even under rated load conditions.

3.1.4 Motor Efficiency Test Results

The efficiency of the drive motor was
verify its

continuous operation in the water hyacinth

evaluated to suitability  for

removal system.

Figure 4. The motor efficiency test.

Tests were conducted under

representative loading conditions, with input
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power and shaft output measured to
determine overall performance as shown in

Figure 4.

The results indicated that the standard-

efficiency motor delivered an average
efficiency of 76.54%, while a high-efficiency
model of the same power rating achieved an
average of 82.56%. These findings confirm that
both  options meet the operational
requirements of the conveyor and picker

wheel assemblies.

In Figure 5, the normality test results of
the motor efficiency data, the P-value, was
found to be greater than 0.05, indicating that
the data did not deviate significantly from a
normal distribution. Therefore, the efficiency
measurements can be regarded as normally
distributed, and

analyses, such as the calculation of mean

subsequent  statistical

efficiency and process capability indices, can

be appropriately applied.

Probability Plot of Standard Efficiency Motor
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Figure 5. Normality Test for (a) Standard
Efficiency Motor (b) High Efficiency Motor.

3.1.5 The Photovoltaic (PV) System

The sizing of a photovoltaic system is
crucial for its energy generation to meet the
load demand of an electromechanical device,
based on daily energy consumption, solar
irradiance, and system losses. The design data,
the PV system specifications include a rated
module power of 645 W, an energy vyield
derating factor of 0.70, a peak sun hour value
of 5.23 h/day, and a required load power of
approximately 5 kW.

Effective power per module:

Produteeff = (645 W/1,000) x 0.7
= 0.4515 kW

Number of modules:
N = 5/0.4515 = 12 modules

Select 12 modules, giving:

Paray = 12x0.4515=4.515 kW
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Daily energy:

Epvay = 4.515%5.23 = 23.6 kWh/day

This capacity satisfies the energy
requirements of the 1.5 kW conveyor motor

with adequate margin.

3.2 Process Capability

Performance testing of the solar-powered

conveyor prototype was conducted at
Kumphawapi Flood Gate. Each test was
performed under similar ambient conditions
(temperature 31-34 °C, humidity 65-70 %)
using naturally floating water hyacinth with an

average biomass density of about 80 kg/m?2.

The machine operated continuously for
10 minutes per run, and the collected
biomass was drained for 2 minutes before
weighing with a 0.1 kg-precision digital scale.
The throughput rate (Q = m/t) was computed
and converted to tons per hour (t/h). Thirty
repetitions n = 30 (Table 1) were performed
to ensure measurement consistency and

reproducibility.

The throughput data were analyzed using
Minitab 21. Normality was verified by the
Anderson-Darling test. The specification limits
were set at USL = 67 t/h and LSL = 53 t/h,
symmetrically centered around the design
target of 60 t/h. Since the process mean was
located at the center of the tolerance range,
only the process capability index (Cp) was

calculated as
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Cp = (USL-LSL)/60
(13)

Bootstrapped 95 % confidence intervals
were generated to evaluate statistical stability.
A Cp = 1.33 was considered indicative of

adequate process capability.

Following the performance testing of the
water hyacinth removal process, the process
tolerance limits were set at 60 + 0.4764 t/h.
Process capability research done in Minitab
produced a capacity index of C, =1.17 (Figure
6). Although this number may be provisionally
acceptable for a recently built process, it
shows large variability and stays below the

typically recommended requirement of C, >

capacity (con).
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Table 1. The machine achieved a removal

Run Capacity (t/h) Standard deviation (t/h)
Set 1 Set 2 Set 3 Set 1 Set 2 Set 3
17 60.7 60.9 60.1 0.25 0.5 0.35
18 59.6 60.3 60.0 0.55 0.45 0.28
19 60.4 59.8 59.9 0.33 0.22 0.48
20 60.2 59.7 60.5 0.4 0.65 0.5
21 60.0 60.3 59.5 0.58 0.47 0.37
22 60.5 60.8 60.2 0.72 0.53 0.48
23 60.3 59.9 60 0.5 0.44 0.36
24 60.1 60.2 59.8 0.35 0.55 0.25
25 60.6 60.4 60.3 0.65 0.7 0.6
26 60.2 59.6 60.0 0.28 0.4 0.38
27 59.9 60.1 59.7 0.33 0.45 0.29
28 60.4 60.2 60.6 0.6 0.42 0.47
29 60.5 60.8 60.3 0.38 0.55 0.4
30 59.8 60.0 60.4 0.41 0.49 0.31

LsL
Target
usL

Process

Process Capability Report

Data
53

67

LsL

Overall
== Within

1.33. Further variance-reduction measures are

advised to boost capability.

Table 1. The machine achieved a removal

Overall Capability
Pp 490
PPL 450
PPU 490
ppk 490

cpm *
Potential (Within) Capability

Sample Mean # 60

Sample 0
StDev(Overall) 0476416
StDev(Within) #

cpPU 117
<pk 117

CapaC|ty- -“;;1”” 56 58 60 62 64 ""E'é---
. Capacity (t/h) Standard deviation (t/h) g Peormance
un i Oy Bt Ovenl Eepeced Wit
Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 PP > Usl o o0 e
1 604 | 598 | 607 | 067 | 033 | 117
2 593 | 601 | 589 | 095 | 015 | 1.02
3 60.5 61.2 59.7 0.33 0.83 05 Figure 6: Process Capablllty Of water
5 613 | 609 | 605 11 0.85 0.6
6 59.5 60 592 | 075 | 045 0.6
7 601 | 603 | 59.7 0.5 0.8 03 . .
3.3 Economic Analysis
8 60.6 60 608 | 033 | 017 | 058
o 294 | 589 | 601 | 105 | 075 | 055 The survey encompassed 58 ha (360 rai)
10 607 | 610 | 602 | 045 0.6 0.35 . .
" 05 | 608 | 599 | 038 | 052 | 04z of water surface, which contained an
12 603 | 598 | 601 03 | 065 | 055 estimated 28,800 tons of water hyacinth
13 600 | 597 | 602 | 062 | 048 0.4
(about 80 tons). Table 2 offers a cost
14 598 | 606 | 599 1.0 07 0.9
15 | 612 | 604 | 601 | 045 | 033 | 067 comparison between known water hyacinth
16 | 605 | 602 | 596 | 03 | 04 | 055 control technologies, namely a small-scale
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collecting boat and a typical motorized
harvester, and the suggested prototype
system. The results suggest that the proposed
innovation delivers the lowest operational
cost, at an estimated operating cost of around
USD 2,700 per 58 ha per cycle, corresponding
to a 3-6x cost reduction compared with

conventional methods.

These findings imply that the solar-
powered conveyor-based removal equipment
offers a highly cost-effective alternative for
large-scale water hyacinth management,
particularly in rivers with similar biomass

density and access restrictions.

Table 2: Comparison of economic data

ltem Small- Mechanical | Proposed
Scale Harvester Prototype
Collection Set
Boat
1. Removal capacity 10 50 60
(t/h)
2. Total cost of 58 ha 8,091 17,633 2,700
per cycle (USD)

4. Discussion

The prototype successfully operated with
a mean throughput of 60 t/h (n = 30),
corresponding with the design aim.  All
throughput data were converted to tons per
hour (t/h) to ensure unit consistency across
analyses. The torque values for the picker
wheels  were collected from  direct
measurements of 12 wheels, each sustaining
roughly 25 kg of wet biomass under field

moisture conditions (= 75 % water content).
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The observed torque-speed (T-rpm) profile
verified sufficient driving margin for stable
operation at 4 rpm, needing = 1.2 kW of

mechanical power.

The photovoltaic subsystem, rated at 4.52
kW, was designed to supply the 1.5 kW motor
load in intermittent operation mode, where
the conveyor and picker assemblies’ function
alternately rather than simultaneously. The
12-module array, paired with a 48 V — 200 Ah
battery bank, supplied > 4 hours of backup on
cloudy days, assuring

enough  energy

availability during low irradiance periods.

Process capability analysis yielded Cp =
1.17, reflecting moderate variability within the
tolerance range of 60 = 7 t/h. Since the
process was centered, Cpk = Cp. The
standard deviation (O) produced from
capability analysis was then used to construct
95 % confidence intervals (Cl) for operational
costs. The total cost of USD 2,700 + 190 per
58 ha per cycle represents a 3-6x cost
reduction  compared to  conventional
mechanical or manual removal systems,
confirming the statistical and economic

feasibility of the design.

5. Conclusion

This research successfully designed, built,

and tested a solar-powered conveyor

machine for water hyacinth removal.

Calculations of motor power, photovoltaic
sizing,

and picker wheel torque were

consistent with field measurements, ensuring
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that a 1.5 kW motor provides adequate
capacity and thermal margin. The process
capability index confirmed acceptable
stability for biomass removal, while economic
evaluation highlighted significant cost savings

compared with conventional technologies.

Future work should focus on refining
process parameters to reduce variability,
improving durability of structural components
continuous load, and

under exploring

valorization of harvested biomass.
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Abstract

This study develops an automated document management system for HVAC (Heating, Ventilation,
and Air Conditioning) products using Excel VBA to solve problems with the current manual processes.
The Manufacturing Engineering department handles over 5,000 documents for ten different product
types. Each product needs five types of documents: Engineering Technical Standard (ETS), Working
Standard (WS), Process Flow Chart (PFC), Failure Mode and Effects Analysis (FMEA), and Control Plan
(QPCQ). The current manual system causes many problems such as taking a long time to process
documents, making mistakes when entering data, and having trouble finding documents when needed.
The objectives of this research are to develop a document management system for the master list of
HVAC products using Excel VBA and to reduce data processing time, minimize errors, and prevent data
loss in the manufacturing engineering department. The research applied the ADDIE model (Analysis,
Design, Development, Implementation, and Evaluation) as a systematic framework for application
development design. The new VBA-based system automatically handles data entry, tracks document
revisions, creates hyperlinks, and provides search functions. This system effectively eliminates
repetitive manual processes and reduces errors, while improving document accessibility and data
accuracy. During the evaluation process, the system was tested in a real working environment,
focusing on measuring document processing time and data accuracy. The results show significant
improvements: processing time dropped by over 60%, data accuracy improved from 95% to 100%,
and lost documents were eliminated. These results prove that Excel VBA is an effective and affordable

solution for improving document management in companies.

Keywords: Excel VBA, ADDIE Model, Master List, Document Automation, Quality Control
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1. Introduction

In  the

document storage system for HVAC products

automotive  industry, the
plays a crucial role in quality control and
supporting production processes. Currently,
the Manufacturing Engineering Department is
responsible for managing documents related
to more than 10 types of products. Each
product is associated with five key types of
documents,
Technical Standard (ETS), Working Standard
(WS), Process Flow Chart (PFC), Failure Mode
and Effects Analysis (FMEA), and Control Plan
(QPCQ).

namely  the  Engineering

However, the existing document storage
system, which relies on Microsoft Excel, has
several limitations, particularly in terms of
complexity in  recording and retrieving
information. The process of creating and
maintaining the Master List, which keeps a
record of document revisions, is performed

manually.

Normally, the process of registering a
new document involves 19 steps and takes
an average of 6 Minutes per document, while
modifying an existing document involves 17
steps and takes an average of 2 Minutes per
document. The processing time varies
depending on the document type and the

number of revisions required.

Manual data entry in the current system
presents several risks, such as incorrect
hyperlinking to the latest document versions,
misplacement of revision details, or errors in

recording the document’s effective date.
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These issues lead to delays in verification,

particularly ~ when  retrieving  historical
documents that have been replaced or
Additionally, the Quality

Department must manually duplicate and

archived.

circulate documents for approval and
signature. Once approved, documents are
stored as Excel and PDF files in the
Document Control Center, with older
versions being deleted. As a result, when
customer complaints arise regarding product
issues, the  Manufacturing  Engineering
Department faces challenges in accessing

past document records efficiently.

To address these challenges, this

research  focuses on  developing an
automated document storage and retrieval
system using Visual Basic for Applications
(VBA) in VBA  enables

automated data entry, minimizes redundant

Microsoft  Excel.

manual  input,  enhances  document
hyperlinking precision, and reduces human
errors. The primary objectives of this research

are:

1) to develop a document management
system for the master list of HVAC products
using Excel VBA

2) to

minimize errors, and prevent data loss in the

reduce data processing time,

manufacturing engineering department.

The rest of this paper is organized as

follows. Section 2 reviews the related
literature on VBA for Excel and the ADDIE
model. Section 3 explains the research

methodology based on the ADDIE model
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(figure 1), detailing the phases of Analysis,
Design, Development, and Implementation.
Section 4 presents the results and discussion,
including the Evaluation phase of the ADDIE
process. Finally, Section 5 concludes the
study, outlining its limitations and providing

suggestions for future research.
2. Literature Review

2.1 VBA for Excel
Visual Basic for Applications (VBA) is a

programming
Excel that

language integrated within

Microsoft allows for task
automation, user interface customization,
and the development of interactive systems.
Research across education, engineering, and
organizational domains has shown that VBA
important role in

plays an improving

productivity, accuracy, and user engagement.

In the educational context, Ulfa and Laily
[1] demonstrated that incorporating VBA into
vocational accounting practice significantly
students'

improved ability to complete

worksheets and understand accounting

workflows. Bernard and Senjayawati [2]
developed an Excel VBA-based game to
students in

support junior high school

learning algebra, resulting in improved
comprehension and self-confidence. Likewise,
Wijaya et al. [3] applied VBA alongside a six-
guestion cognitive theory framework to teach
fractions, enabling students to engage in
learning

meaningful experiences  and
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significantly  improve  their  conceptual

understanding.

In technical and scientific domains, VBA
has proven valuable in simulating and
optimizing complex processes. Golman and
Yermukhambetova [4] created a VBA-based
simulation module for energy optimization in
spray drying processes, helping chemical
students scenarios

engineering analyze

without needing commercial simulation

software. In geoscience, Li et al. [5]
introduced GeoBalance, a VBA-driven tool for
performing mass balance calculations, matrix
operations, and Monte Carlo simulations,
solution  for

making it an accessible

geochemical modeling.

From an organizational and operational
standpoint, Chaudhry et al. [6] automated a
demand management system using Excel
VBA, which reduced report generation time
by 84.42% and eliminated human error in
the Civil Aviation Authority of Pakistan.
Rahayu et al. [7] demonstrated that VBA-
based learning games effectively improved
elementary students’ decision-making skills,
supporting active learning through interactive

design.

Specifically in logistics operations, Klinnak
[8] developed a VBA tool to calculate the
maximum placement of packages on pallets,
helping to reduce calculation errors,
communication issues, and document loss.
Moreover, Khan et al. [9] automated the
material delivery time analysis report in a

footwear company using Excel VBA, which
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resulted in a 70.86% reduction in report
preparation time, improved accuracy, and
enhanced productivity. The study
demonstrated the practical value of VBA in
logistics reporting by transforming repetitive
manual tasks into a single-click solution using
macros and user forms. Together, these
studies reinforce that Excel VBA is a highly
adaptable and efficient tool that enhances
both educational and operational processes
visualization, and

through  automation,

interactive user engagement.

2.2 ADDIE Model

The ADDIE model, which consists of five
sequential phases including Analysis, Design,
Development, Implementation, and
Evaluation, has been widely adopted as a
structured  framework  for  developing
functional and educational applications. It is
recognized for supporting a systematic, step-
by-step development process that aligns
application features with user needs and
learning objectives. In addition, its iterative
nature enables continuous refinement based
on user feedback and testing, which is
essential for ensuring relevance, usability,

and overall effectiveness.

Many researchers have applied the ADDIE
model in a variety of ways to guide the
development of applications that are both
technically robust and user focused. For
example, Mardianto et al. [10] and Zulkifli et
al. [11]

development of game-based learning tools

applied the model in the
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for Islamic education and early childhood
learning, respectively. Their use of the model
demonstrated how the initial phases,
particularly the Analysis and Design stages,
help define user profiles and structure
relevant content. Meanwhile, the later
phases ensure usability and engagement
through  testing, implementation, and
iterative improvement. Likewise, Aydin et al.
[12] and Samsudin et al. [13] employed the
model in the development of mobile health
and assistive applications, highlighting the
value of detailed user analysis, multimedia
integration, and structured evaluation. These
studies emphasize the importance of
formative feedback in refining application
features to meet the needs of specific user
groups, such as patients in recovery or
individuals  with  special learning needs.
Furthermore, Razali and Shahbodin [14]
applied the ADDIE model to develop a
project-based collaborative learning platform,
demonstrating the model’s ability to support
structured content delivery, interactive
design, and ongoing evaluation to enhance

learning experiences.

In summary, the ADDIE model provides a
comprehensive and adaptable framework for
application development. It ensures that
each phase of the process supports clear
objectives,  structured  execution, and
responsiveness to user needs. This makes it
particularly ~ suitable  for  developing
interactive  tools such as Excel VBA
where both

applications, usability and

effectiveness are key to success.

Arnon Lerdwongpaisan et al., Automated Document Management for HVAC product: An Excel VBA Approach



. . a = = o a ¢ ana o o o
d.EI'I' NINTIFNTIULazmAlUlagana NI v Ingdeniwaus U9 4 atun 1 unsieu - puAus 2569
Joumal of Engineering

Journal of Engineering and Industrial Technology, Kalasin University, Vol. 4 No. 1 January — February 2026

and Industrial Technology

UNAUIY (Research Article)

Analysis
Analyze work processes, operating time and the processes that
need to be developed.

U

Design

Design an automated document system.

U

Development
Develop a Master List document system using Microsoft Excel VBA.

U

Evaluation

Evaluate working times document accuracy.

U

Implementation

Implement the system in the department.

Figure 1. ADDIE Model

Table 1: Total number of new registration documents and edited documents

Total number of new Total number of edited Total
. . Average time
Products registration documents documents documents
(minute/copy)
(copy) (copy) (copy)
Blower 374 1,222 1,596 4.37
Evaporator 222 966 1,188 3.80
Heater 235 696 931 4.28
Heater Core 91 484 575 4.34
Injection Case 73 191 264 3.65
Slide Door 39 93 132 4.17
Rear Cooler 26 90 116 4.14
Ultra Tube Evaporator 39 69 108 3.98
Intake 15 77 92 4.02
Tube Sheet 30 a7 T7 4.16
Total 1,144 3,935 5,079 40.91
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3. Research Methodology

The development of a data storage
method for refrigeration products using VBA
in  Microsoft Excel, employing the ADDIE
Model. The principles are as follows: Analysis,
Design, Development, Implementation, and
Evaluation. The development processes are

as follows:

3.1 Analysis

Manufacturing Engineer Section stores
documents for ten important products,
namely: Evaporator, Heater Core, Ultra tube
evaporator, Injection Case, Slide Door, Blower,
Heater, Rear cooler, Intake and Tube sheet.
Each product consists of five types of
documents: Engineering Technical Standard
(ETS), Working Standard (WS), Process Flow
Chart (PFQ), Failure Mode and Effects Analysis
(FMEA), and Control Plan (QPCC). All the
documents serve as detailed documentation

for a single product.

The product documents newly created
or revised by the Manufacturing Engineering
Department are the initial versions, as they
must be sent to the Quality Department and
authorized personnel for approval. Once the
authorized personnel approved, it is saved in
both Excel and PDF formats in the Document
Control Center, and the old version of the
file is deleted. This document will be
retrieved and used again if a customer files a

complaint regarding a product defect.

Previously, the Manufacturing Engineering

Department addressed document retrieval
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issues by creating a Master List in Excel,
allowing them to see the document revision
details from initiation to approval. However,
the process of creating a Master List for each
product was very time-consuming due to the
large number of documents and complexity
of the steps involved. This led to errors in
data entry and document searching caused
by human error. The usual workflow
involved manually copying data and creating
hyperlinks for both Excel and PDF files,
resulting in a complicated, time-consuming,
and error-prone search process. Based on
calculations, employees spend approximately
4 Minutes per document totaling around five
thousand documents for the five main
Table 1, this

amounted to roughly 333 hours in total. This

products. As shown in
clearly shows that the company has spent a
significant number of resources managing

these documents manually.

Based on the data from table 1, we
chose the products for Master List document
system development using the Pareto
the total

number of documents and the processing

principle. From the analysis,
time were categorized by product type. It
showed that the Blower product took the
longest amount of time to process,
accounting for 33 9%, which falls into Class A
researcher

of Pareto. Nevertheless, the

developed the document systems for

Evaporator, Heater, Heater Core, and
Injection Case, which falls into Class B.
Altogether, these account for a cumulative

percentage of 90 percent of the issues
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related to data storage in Master List, as

shown in Figure 2.

8,000 100%

6,000 80%
60%
4,000

40%

2,000 208

Heater
Ultra Tube. ..

Intake
Tube Sheet

Slide Door
Rear Cooler

Heater Core

Time taken to process documents
Injection Case

Total Percentage o CLUMMUlAIVE Percentage

Figure 2. Pareto chart of the time required to

process documents.
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3.2 Design

Based on the document issues, we
developed a document management system
with Master List using Microsoft Excel VBA.
The program automates the creation of the
Master List, guiding users to input data as
specified by the system. The design results
show that this approach reduces redundant
tasks, minimizes data entry errors, and
prevents issues related to missing documents

during searches.

[ Select process type ]

v v

v v

N

Record New Revise e><|st|ng

J

[

Record document effective Search from Master ]

v

v

Generate necessary Choose document no.

Choose document no.

identifiers

v

Display document Info

!

Display document Info

Fill document Info

v

Revise document

[ )
[ )
[ )
[ )

.

Revise effective date

J

v

[ Set status and finalize data ]

v

[ Save document ]

End

Figure 3. The Master List system workflow
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An example of the program’s operation:
When a user opens the file, the program
prompts the user to select the document
type they want. If the user chooses to record
a new document, the program automatically
displays the document number and revision
count. The user then fills in the required
which  the
automatically adds the data to the database
table and highlights the data. If the user
chooses to record a document revision, the
the

number,

information,  after program

program  asks user to select the

then
displays the relevant data. After the user

document automatically
inputs the updated document details, the
program again adds the data to the database
table and highlights it automatically. The
program is designed for user convenience
and to minimize human error, the process is

as shown in Figure 3.

3.3 Development

After designing the Master List document
storage process using Microsoft Excel, as
shown in Figure 3, we developed a main
menu categorized into five document types.
When the the
program, it will open a menu consisting of
the five types of documents: ETS, WS, PFC,
FMEA, and QPCC as shown in Figure 4.

user launches
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 @emlsamanaTs

Engineering Technical Standard : ETS

Working Standard : WS

Process Flow Chart ;: PFC

Failure Mode and Effects Analysis : FMEA ‘

Control Plan :QPCC ‘

Figure 4. Main Menu in Master List

documents system

After choosing the desired document, the

menu  will then display another menu
consisting of four options: Record new
document, Revise existing documents,

Record document effective date, and Search
from Master List. In case of Recording new
document, the system will display a window
for entering new document information,
which consists of: First, Master List (No.),
Second, Document No., Third, Model, Fourth,
Fifth, Sixth,

Equipment, and Lastly, Seventh, Revision

Revisions, Document Name,
Record. After inputting all data, it will be
List,
simultaneously displaying a screen to enter

automatically saved into Master

additional information.

In the case of document revising, the
system will display a window for saving the
revised document information, along with
retrieving the previously saved data for

modification, as shown in Figure 5.
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No. 11 Model [ 2-gTs-BC-001 | 3
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Document Name |Drocesspreparationforassembiy 5
Equipment | Label Print M/C 6
Revision Record

7
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i | unLin |

Figure 5. Revising document window
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Once the data has been edited and
saved. The system will automatically perform

the following actions:

First, Delete the Excel file data that was
previously hyperlinked from the earlier
revision count. Second, Remove the remark
data for the establishment. Third, Copy the
data (Rev.)

Name and

document revision
the

Equipment, and display the revision record

previous
including Document
results. Lastly, highlicht incomplete data in

yellow, as shown in Figure 6.

nogel | ¥ | A{ v [Document Mame

v [Revizion Recond - DO ~ togister | v |  Remark

Saws

Figure 6. Results of revising document data

In the case of recording document
effective date, the system will display a
the

effective date, which consists of two sections,

window for entering document’s

as shown in Figure 7.

duirdoya it ddruonans ®
FIUASUDUA
T-ETS-BC-068 Rev. 1 [0 2
2ETS-BC-078 1 -
Document Name | 4 3
Equipment I BOS7 d 1
Issue by [ «| Effective Date
I 1 I "o/t B 35/2024 I 2
Status [ oK 3 Remark ’W 4
5 6
2 thivn I wrndn |

Figure 7. Record documents effective date

The data list section consists of four
boxes. First, Document No., which indicates
records with incomplete information. When a
the
up the

user selects a document number,

program will automatically fill
subsequent fields (Revision Number (Rev.),
Document Name, and Equipment) to reduce
the risk of entering information for the wrong
document. This automatic display function
data

streamlines the document entry process.

helps  enhance accuracy  and

The document effective date entry
section consists of six components. First,
Issue by, where users can select a name
from the list. Second, Effective Date, which
must be entered in the MM/DD/YYYY format.
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Third, Status, which is automatically set to
"OK".  Fourth,
automatically displayed. Fifth and sixth are

Remark, which is also

the Save and Cancel buttons, respectively.

After the
system will record the document's effective
date and

changing the fields color to blue: Issue by,

pressing the save button,

remove the yellow highlight,

Effective Date, Status, and Remark in Figure 8.

DC v Register v Remark

Efecive.Date

Status.

Figure 8. Results of document effective date

data recording

When a user selects the option to search
from the Master List, the system will display
a search window. The user can choose the
to check. After

selecting Document No., Upon clicking "OK,"

desired Document No.

the program will display the corresponding
document data based on the selected

number, as shown in Figure 9.

b Document | ¥ v -
Link PDF
2-ETS-BC-004 |20z

Model | ¥
Ne. Link Excel
2-ETS-BC-004

2-ETS-BC-005 | 2-ETS-BC-005 |[=oz

Figure 9. Results of searching data from
Master List
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3.4 Implementation
After

document

the

management

List

using

developing Master
system

Microsoft Excel VBA, we implemented the
system within the production engineering
its

performance. The system was tested in a

department to evaluate operational
real working environment, where data were
collected using a quantitative approach. The
evaluation focused on two key aspects: the
time required to complete document
the

recorded information, to assess the overall

processing tasks and accuracy of

efficiency of the system.

4, Results and Discussion (Evaluation)

In terms of program performance
evaluation, the system was early tested in a
real working environment by limited number
the

The evaluation focused on

of five engineers in production
department.
operational performance, specifically
document processing time and accuracy over
No

behavioral data was collected during the

a one-week period. personal  or
process. This study was classified as internal
system performance testing and aimed to
assess improvements in two critical areas:
the accuracy of recorded documents and the

time required for document processing.
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Table 2: Comparison of the Document Entry Durations Before and After using the VBA System.

Manual operation Using Excel VBA Time
Do:_t;;neent DOZS:Lent Time Time Time Time Reduced
(Minutes) (Minutes/Copy) (Minutes) (Minutes/Copy) (%)
Blower 1,596 6,978 4.37 2,732 1.71 60.85
Evaporator 1,188 4,503 3.80 1,801 1.52 60.00
Heater 931 3,982 4.28 1,553 1.67 61.00
Heater Core 575 2,495 4.34 974 1.69 60.96
Injection Case 264 964 3.65 378 1.43 60.79
4.1 Comparison of Document Entry Time average input time reduced from 4.37

in the Master List

To evaluate the efficiency of the system
developed with VBA for managing production
document data, this study examined the
document entry process in the Master List
before and after implementing the VBA
system. The focus was on measuring the
time required to record each type of
document, as the previous manual process
was inefficient and could easily lead to

mistakes.

Table 2 presents a comparison of the
time required to record data into the Master
List

documents, before and after implementing

system for five types of product
Excel VBA. The data were based on actual

document entries in the system.

After applying the VBA-based system, the
time needed for data entry decreased
significantly across all document categories.
For instance, Blower documents, the most

numerous with 1,596 entries, saw their

Minutes to 1.71 Minutes per document, a
60.85% The Heater

showed greatest

reduction. category
the at
61.00%, while Injection Case, despite having

improvement

the fewest number of entries, still achieved a
60.79% reduction.

The results show that the developed
Excel VBA system significantly improved data
entry efficiency by automating
The
automatically execute and verify document
handle

documents efficiently. This not only reduced

repetitive

tasks. system was programmed to

records, helping users many
workload but also enhanced the reliability
of the
management process. Which is consistent
with the studies by Chaudhry et al. [6] and
Kalwar et al. [15], stating that VBA facilitates

automation

and  speed overall document

in  operations, resulting in

reduced working time and improved human

performance.

Arnon Lerdwongpaisan et al., Automated Document Management for HVAC product: An Excel VBA Approach

39



. &

d Joural of Engineering

and Industrial Technology

UNAUIY (Research Article)

4.2 Comparison of Data Accuracy and Lost

Documents from the Master List

In terms of program performance
evaluation, this study conducted quantitative
data collection on the accuracy of document
recording and the occurrence of lost
documents before and after implementing
the VBA-based system for recording data in

the Master List, as shown in Table 3.

Based on the data in Table 3, it was
found that prior to the improvement of the
system, the average accuracy of document
recording was approximately 95%, while the

average rate of lost documents was around

NsaFImnsaLazmealuladanamngsy umAnerdunidus U1 4 atuil 1 unsiau - nuaiug 2569
Journal of Engineering and Industrial Technology, Kalasin University, Vol. 4 No. 1 January — February 2026

2%. Notably, the Blower document type had
the highest rate of lost documents. After the
of the Excel VBA, all

document types achieved 100% accuracy,

implementation

and the rate of Lost documents dropped to
0%. This clearly shows the effectiveness of
using Excel VBA in significantly reducing errors
and enhancing the efficiency of document
storage and retrieval. This result is consistent
with the studies by Khan et al. [9] and Kalwar
et al. [16], which found that using Excel VBA
can improve the accuracy of document

storage and recording to 100%.

Table 3: Comparison of Errors in Document Recording and Retrieval from the Master List

Before Improvement

After Improvement

Document Total
Accuracy Lost Document Accuracy Lost Document

Type Document

(%) (%) (%) (%)
Blower 1,596 95.24 2.85 100 0
Evaporator 1,188 94.36 1.53 100 0
Heater 931 98.28 1.78 100 0
Heater Core 575 94.26 2.04 100 0
Injection Case 264 94.70 0.00 100 0

5. Conclusion and Future work

This research aimed to develop an
efficient document management system for
the Master List of refrigeration products by
using Excel VBA, focusing on improving
document processing times, reducing errors,

and eliminating lost documents. Quantitative

evaluation results clearly demonstrate the
effectiveness of the VBA-based system. The
results show a significant reduction in the
time required to enter each document, from
approximately 4 Minutes to just 1.6 Minutes

per document. This represents a reduction of
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more than 60 percent compared to the

previous manual method.

The Cost-Benefit Analysis conducted to
assess the economic feasibility from an
industrial engineering perspective based on
the reduction in document processing time
from 4 Minutes to 1.6 Minutes per document
demonstrates a significant improvement in
operational efficiency. This reflects a time
saving of 2.4 Minutes per document.
Assuming a labor cost of 1 baht per minute,
this time reduction translates into a labor
cost saving of approximately 2.4 baht per
document. With an estimated volume of
10,000 documents processed annually, the
total cost savings would amount to 24,000

baht per year.

Furthermore, the implementation of the
VBA  system

accuracy of data recording, increasing from

significantly  improved the
an average of about 95 percent to 100
percent. It eliminated the problem of lost
documents, which occurred at around 2
percent when using manual recording. These
findings highlight the strong potential and
practical benefits of using Excel VBA as a
document
better

efficiency, higher accuracy, and easier access

reliable tool for improving

management. It helps achieve
to information. These results demonstrate
that even simple tools like Excel VBA can
bring  industry-grade  improvements  in

document control.

This research is only the first phase in the

design and validation of an automated
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program for managing Master List documents.
It is currently limited to trials conducted by
engineers within the relevant department.
However, the developed program will be
implemented in other departments to
increase the number of users and the
Further

development may be required, incorporating

duration  of  actual  usage.
feedback from a more diverse group of users
and  evaluating  user satisfaction. In
subsequent phases of the research, it may
be necessary to obtain research ethics
approval to collect evaluation data. In
addition,

employed to support the analysis in order to

statistical  methods may be

enhance academic credibility.

Future research may also consider
connecting the VBA-based system with cloud
storage or database platforms such as
Microsoft Access or SharePoint. This could
enhance data accessibility, support real-time
collaboration, and improve version control,
making the system more practical and

scalable for broader organizational use.

Using  Excel VBA for document
management within an organization can be a
cost-effective solution, as it requires low
investment and allows for customized
functions tailored to specific needs without
the complexity of large-scale systems. It is
particularly suitable for organizations already
relying on Excel as a primary tool, enabling
quick and easy implementation. However,
Excel VBA may not be ideal for handling
large volumes of data or for organizations
stability and

that require high system
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scalability in the long term. In contrast,
Document Management Systems (DMS) are
specifically designed for  structured
document control, offering features such as
version control, access permissions, and
audit trails, which enhance security and
organization. ERP systems, on the other hand,
are more suitable for large organizations
aiming to integrate various  business
processes into a unified platform. While ERP
solutions often involve high implementation
and maintenance costs, they provide
comprehensive and systematic management
Cloud-based

become increasingly popular among modern

capabilities. solutions  have
organizations due to their flexibility, allowing

access from any  device, real-time
collaboration, and scalable usage. However,
concerns regarding data privacy and reliance
on continuous internet connectivity remain

potential limitations.

6. Declaration of Generative Al and Al-

assisted Technologies

The authors were responsible for all main

research  processes, including literature
review, research methodology design, system
development, data collection, and analysis
of results. Artificial intelligence (Al) tools were
used only to assist with checking and
improving the English language of the
manuscript. After receiving suggestions from
the Al, the authors thoroughly reviewed and
revised all content to ensure accuracy, clarity,

and consistency with the research objectives.
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Abstract

This study aimed to compare ergonomic risk and fatigue before and after work improvement
among workers in a rubber smoked sheet factory. The sample consisted of three workers. Ergonomic
risk was assessed using the Rapid Upper Limb Assessment (RULA) and the Rapid Entire Body
Assessment (REBA), while fatigue was evaluated using a standardized fatigue questionnaire. The results
showed that the mean RULA score decreased from 10.00 to 7.00, and the mean REBA score decreased
from 13.00 to 6.67 after the ergonomic work improvement, indicating reduced levels of ergonomic risk.
In addition, the mean fatigue score decreased from 6.32 to 4.80. Paired t-tests revealed that the RULA
and REBA scores before and after the work improvement were significantly different at the 0.05 level.
Similarly, the fatigue subscales, namely fatigue characteristics, perceived vigor, and overall feeling, also
showed statistically significant differences at the 0.05 level. These findings indicate that ergonomic
work improvement in rubber smoked sheet processing can reduce both ergonomic risk and work-
related fatisue among workers. Future studies should include records of injuries in specific body
regions, accidents, and absenteeism with their causes to support more comprehensive data analysis

and application of the findings to improve work efficiency.

Keywords: Ergonomic Risk, Fatigue, Work Improvement, Rubber Smoked Sheet Factory

Please cite this article as: W. Madtharak, S. Khamtree and J. Promjan, “Comparison of Ergonomic Risks and
Fatigue in Improving the Performance of Smoked Rubber Sheet Factory Employees,” The Journal of
Engineering and Industrial Technology, Kalasin University, vol. 4, no. 1, pp. 45-61, 2026.




. &

d Joural of Engineering

and Industrial Technology

UNAUIY (Research Article)

1. UNUI

annnasulun1SYOUENSEHalAgn S
fogunm Auwmilesdl Auvasnfy uas
UsEANTAINAITTIUTBINTNIY WUIARAY
miLﬁmmamamiuqmamﬂsiﬂﬁmmﬁwﬁ’mﬁ’uﬁa
Usean5n1nn1591191ULazUa3un193n TN g9
FUiTANU Tngisuainaisfneinszuiunig
191U NTTANAIU LLazﬂﬂiamm’quyL?wﬁM
NIy 19y mmgzytﬁamnmsm?iaulm
(Movement Waste) e?faLi‘;JuwﬁﬂummqiyL%a
7 Usgnns (7 Wastes) A3UARUNISTHIITUIAINY
Uaoasouazmumilosd1a1nn1svineu wuade
waniduiiugruddnylunisiauieansdiu
n158enans (Ergonomics) flsiaiiun1sdnanin
msveulimnautuay WieannuLEgRIY
egsumwu,azLﬁmamﬁmiumuqm’mmiu

nsoaaniilumanifidnwiaiuduius
senIsauivan nwIndaulunisvinany s
pankuunIeUSuUTInulimuvauivassruay
UnAruaIusaveIntinauglslinisvinaud
UsgAnsnmanntu uazdswalsindnauiiguain
neuazlafif 19amaniunisainisUsyay
fupeveidutieiilesninmsviaulud we.
2565 WUilgNAeUsEAUdUNTIBIINI 76,478
au oA ludnsIn1sUsraudunsennaI
JULTITREAT 6.55 T1greuIe [1] n1sUTuUse
AAINNITVIUAIUNTNNITEAIANS bUAD I
Usgnoumsvesszmnalneaduuseifuiiansli
AMUEALY ﬁgﬂuizﬁﬂiwmuazizé’wmu il
atfuayumsaiiaunngifuayanuituudves
FIUAITHNAARTINY

< ] a °o v
gran T duiviasygidAyvesUsemelny
fnunUgnuszana 22 auls [2] uazinsinns
Isanundngnaudusuaiulusdiuuannsalnesu

NsaFImnsaLazmealuladanamngsy umAnerdunidus U1 4 atuil 1 unsiau - nuaiug 2569
Journal of Engineering and Industrial Technology, Kalasin University, Vol. 4 No. 1 January — February 2026

a1U819NT¥I18egNIUTEINA AuUTznaa
NIENTILNEAsLAraunTal 309 AMMUALNATEIL
NISNARNY LN UTUATURINNIE I 1B U Y O A
UINTFIVEUANYAT WA 2551 LanInuaLu?
n1ansUFURARdmIUnsHEne s uTIATY
waneUsen1s JesandsUsediuiuanuvaende
warladenianisemansvesduiuiiaulaens
nsrUIUMIHARELHuIHATuTE neMruTide
BN wun waeudewrueiiiiimTnunn e
g1 9 lwridn washenluanmuindeudisou
wazdu Jeilomadessonsiinnuiosduas
mmﬁmﬂﬂamaaszwﬂé’mLﬁaLLasﬂssaﬂ

nsdifnwesuidediiulssnundnesusdiy
sunuvesannsainasualue1sludualdise s
PU002219 FanTaunsATosINgy Tedsagly
Fafafifsaulssundnonauiusuaiugaan
F1u9u 96 U Tssnuwksildaduiunisundoe
U w.m. 2537-2538 waziin1sudnogedolioq
fatiagiiu Tdsmessdnalisnitiuag 3,000 usiu
wazdndnauluununndalitdesndn 8 Ay
anvazAIng NazviouddlsuwIANa1slusEau
gurufguuuunssndunulndifssiulssny
amnsaineauaIUE By o MUseima Faduy
Uiunimnzaslumsdnwuasiaunfuluunis
UFUU§an MM syiunumannseaans

MANsUMLLIdeiAates nuindau
FruuNInifnutgyiguamvesusauly
QRAINTIUI VNI WIIUAILTOUNBATNTUAY
winulsu wu Jgynauraunfvedssuy
ndmiileuaznazan Anumiesdtainnisvineu
wazaURmna1nn1svina egelsiany daulug
wunsdsadgmgunmviieUseiiuniudes
mansemansiiisstianailatianamis vie
safnuiiesnulsiunuidsmienuimiles
duenandu delinvauideisjalisuiiio

T3ty dggning uasane, MaUTeugunudeanumsemansuarn I degailunIsusuUsin1svinuYe

WiN9111 599 IURENE 1UEITUATY



. &

d Joural of Engineering

and Industrial Technology

UNAUIY (Research Article)

szRUAIEBIMIINITEAERS LA SEFUAINL
milopdnrounazndansuiulgsannnisiay
AUNANNITUAIEAT UL TS URNENBIUH YT ATY
sgivannsalognnluseuu MnesdauiAang
Julseduiifauddyseniseanwuuansnis
Josfunarusuusnululssnuenauiusuaiy
VBIYUYUY

AIdedadianuaulafinwinisusuusanuniy
ndnnsemaniliioanaumilesduazaiiy
doamnanisomanslunisiiauvesnidngy
lssundngnwiusuaiy fvaliises 81ne
214 Yninunsaissaus lnedinguszasdiiie
WisuiflousziuaudsmIanisemaniuaz
sefuAumilosdidounazndanisusuyenis
y191u wansAnwifildaininagansaldiiu
Toyaidauszdnddmiunisesnuuunieusuls
aninn1svinaululssnundng1aHusuATUYY
avnIninewuaILEaAIdY « deld

= av a4 v
2. NOWHASITUIYVIINYIVDY

a a [

ANARSANUTAINGIRAFMNTTULAENTEANENS
fanuduiusiu iosandsjsdnuinginssu
n1svaunaztadedunyvdidinase
UsgangnInnisvinau guam uazaulasnsy
ENATRREERM nsUssiuadsanianise
manssadunalndidyfivaelianiulsznounis
mmimzqLLazé'mmiﬂﬁaLéimlﬁ@]’jm@iiwz
Budtu Asuthlugnmsuiadundoidutheanns
v ana Ssafyey (3] e5uiedn n1suseidu
yensomansiienIsUTuUINsEUILNNTHANT
sivadutanssunssuiulledraduszuu due
N1SNAABY DBNKUY NAFDU IUDINITUINANTT
UizLﬁuﬂé’umﬂ%’wqqaéwﬁialﬁm lngATauARY
WIA5EIIUN9N Y (Physical Workload) wag

NsaFImnsaLazmealuladanamngsy umAnerdunidus U1 4 atuil 1 unsiau - nuaiug 2569
Journal of Engineering and Industrial Technology, Kalasin University, Vol. 4 No. 1 January — February 2026

(% 1

A15£AUNN9INED (Mental Workload) G9dusius
TRgnsanuNMEANULpea lun1SYiNauY

AMUMLBYANINAITVNUTANULNEITN Y
FUINITVINUNYIIUIU A1T2UED UaZN15I

s d‘ ] dy 1 dgl’ L% 1 v a
29ANSNLULDBFRBNITHUAL danalrAmnuRanae
Tun1svinau gURme wazn1suIniuannnig
o = v 49{ d‘ v [~4
auiuualtugedy [4] anuwmliesandunniy
waedli Man1enie 01sual wazn1siui Fedeq
NAULAT9NUTE I UNTIDBY WY WUVUABUANY
S1YIUAULDILAZAITIANIIETIINGT hIlLAAY
LASDILBUTBINNAATUAINULTDLU AI1ULOULDES
INNNTTIBIUAULDY ALAIUNAUILAUAUUTUN
977 [5] wedadlunumaifglunisfinniuniiy
Anumllesdandesyuy Weldmivgiudeyasu
AMFTULaTaNINLInaeuluNNTYINUY

Tuduaudsanianiseatansuasdoymi
svuundnnilouasnizgn (Musculoskeletal
Disorders: MSDs) 41U348 91U UNINBUTUIN
yvnamsvhauiildvnzauarnsedeulmen o
L‘f]uﬂaﬁaﬁwﬁmﬁﬁniﬂémmaﬂmLﬁasLLainﬂ
sxuuﬂizcﬂﬂLLazﬂé’mLﬁaiumwmqmamnssu
WAZLIINUYUTY @A150Y Yayndn wag gllan e
A8 [6] Anwininugaavnssudamevunn
§oUAIELUUABUNINBINITHIGUAUIELAZNIS
U2 1duUnIn19n19v197UA78 REBA wag RULA
wuimtnanudulvgionnsliguauievessyuy
ﬂsz@ml,azﬂﬁflmﬁa wazdseduainudsadians
Ufuussaanflaulneisssiu Seaenndoady
uAFefisnearudanisld REBA uay RULA
annsaszyimadssgauazidonleaiunuyn
w94 MSDs langsdiduddey [7,8]

lunguussnuinanssuyusuy 5vl U3 wag
AMY [9] AN®WINITIANITAIIULAIIAIUNITY
ANENSVDILTINUE IR NI nau LA

T3ty dggning uasane, MaUTeugunudeanumsemansuarn I degailunIsusuUsin1svinuYe

WiN9111 599 IURENE 1UEITUATY



. &

d Joural of Engineering

and Industrial Technology

UNAUIY (Research Article)

nuldnn1sdsvaninnsvnuliimuigaunu
Fosriannenieamtiganssuaidsslaogng
Fonau voued ilwgT 291au1 wazAny [10]
Anelsauynldninnenng1 Lagldusnis
JSudssanrlausagiinienisvaiuniy
wanmsurmansiiteanniseiasyuUNduiiouay
nsean wansbiiiuinnisusudunasysuanin
mumwé’ﬂmiamam%mmaaﬂizqﬂﬂﬁﬁﬁﬂu
NAIPYAAIMNITURALIIUINNTTU IRLLaNIZNGY
159U AU INIEATN WenanE
wwaldunsldiedesdfiousyiuninudsanianise
Fanstug9U N.A. 2556-2565 Lag Insan Nes
7Imun wazane [7] Sa8ududn RULA wag
REBA W uia3osilondnfildusziduvianisnis
yMauLazAuEsIe MSDs ag1aunsuansly
NANLTIUAFIVINTTULAZINYATNTTY

dwFuussnuiifisdesiunisugnuazuussy
819151 MUITETIEUITAEs IR IuSY
AransuasUgyna MSDs agluszduas lng
RNIZIUTE9IN3IABI WUNYTIL T 0TANIT
i’mqﬁumaﬁﬁﬁmﬁamn Chaiklieng [8] 518414
wmaueiinudsssenuiinunfivesssuy
ﬂé’mLﬁaLLazﬂiz@ﬂaﬂﬂﬁWl'mﬂﬁﬂ/fwmﬁvl,ﬂ
ML ALLAL NI q Yoz Yiugn &
1MEUN Laganlg [10] Anwiuseulunssuiunis
wUs3U819n131 wutyun MSDs nangsumius
Wy Uaandsdiuansainnisiiy te iedulumi
dadunaiuiy saudenisenuaziadeuineeng
#1833 8 RN LazTiIn1sANYIAIUNENNITe
ANEASLUULUSEULTIBUABU- RS UNTEUIUNIS
wUsguenedadidnio

TuvSunlsanundnesrusuadu 35t dngn
U 4 ¥ 66 2/ [ s
$ne wazame [11] lnUssendldvanniserians
lun1susudssnuiiioanainumilaudnves
WININU @V OUAIINEIAYVDINITODALUY

NsaFImnsaLazmealuladanamngsy umAnerdunidus U1 4 atuil 1 unsiau - nuaiug 2569
Journal of Engineering and Industrial Technology, Kalasin University, Vol. 4 No. 1 January — February 2026

A5¥UIUN1TV9UT wazaulugnaInnssy
gremns1vedlng agdlsinueuddedisenuna
FaUSunasislugnumnudeimnanserianduas
syiumumilesdeutagndinsuuganuly
Tssundngaududdidnuiuluuin 3saaslid
nsenwseganag 1 dusyuu

FuANUmod191nMsYY uiTesu
Jadeuywdiazgunmainnisyinay seyin ANy
wilosdflnuduRusfun1szau A1ASen
I WAZENINAITTADIANT WU Taluavan
fe1uIy FEUUNITNY U waziawniila
Weane FeduiusiunuRanainlun1sviiey
LasnadnSeumNUaanseiianas (4] uaﬂﬁ]’mﬁ
N13ANINFUNEIUIR WU AMzAUmiesdn
L'%ua%’al,t,amaauwé’mﬁuﬂmmwwaa wazlasu
snsnaannalatediuay (F1uruns alus
na1u) wazladenuuana (@Uam N1suaunaY
L,Lazmazqsumw%m) [5,12,13] WU N15AN®IU89
WY AATUIIY WAy Wity AnSATadna [13]
wuFaluarheny FEUUNTNYUIEU LAz
guanIniauduiusegrelifedAnyiuseu
TRy T BRI YT

o

ATy 5159971 wazANy [14] 51891UINEIUNE
Avdndiaumiesdisuensuailusedugs
yarifunsanauduyanauazaudsa
druyanasglusziun Tnsdadoddafiduius
fuanmmilesdmisensual liun 91910 A
LlaunasenInmUUAUNANDULNY Lag
mngssufinniAuly Wefinnsansiufuemide
fnanunsusziuaadsImInsemans e
milesdn waziaduiuAiTindhdaeiu [15] a
lgirmsvhanudlamnumilesdrdidudios
finnsaviatiadedueu (Job-Related Factors)
wazdaduaruumaaa (Individual and Lifestyle

Factors)

T3ty dggning uasane, MaUTeugunudeanumsemansuarn I degailunIsusuUsin1svinuYe

WiN9111 599 IURENE 1UEITUATY



. &

d Joural of Engineering

and Industrial Technology

UNAUIY (Research Article)

INNITNUNIUITTUATIUNUIN MUIT8AY
msomanidulngjadunisssiduanndes
n1en1seeanskazlayn MSDs Tunguuseanu
QAAIMNTTULATLIIUYUYY YusTidseau
AmilosdiainnisvitaudnAnwilungu
FrdwAfiaisraiugs 1wy nevia tasld
wuuapunmduedesiiondn v 2 nau dnAnw
ANNLAIVNINITEANAN ST e UM T E e
1niu wazkiunisUssliuludisatlagiaian
wilannnansiemulSouiisunsunazndinis
USUUTIa0 1NNV INNUAIUNENNITEAERS L1
USUNLSIURNIEAIY LU TSIUNENY19URY
sua¥u fadu muideadaissesnuuuliiinns
Useifiunan i deimnaniseransdaeds RULA
Waz REBA WAZIEAUAMULIATe&a191nA1S7 9T
Aoukagnan1sUsuuTInsviueaninamuly
Tsanundngrsuiusuaiy eadrsdoyaids
UsednEaImsuUnNISNAIUINTDULUIAALATLU?
NaN1sUTUUTIUmEndannseaaasluuTun
1599 AUYUTY

3. 35n15ANWN

WnsfnwRdewvadutunaunisfine ngu
Mg waziasesilenlylunisfin

3.1 JuRBUNTANEN
3.1.1 AnwrlymavaimuazAndenaniidau

g15r9dn1nnIsvnaIuvesntnatulu
lsanundneaususuaiy soufeteyadeym
FUATNIINAITYINIU WATNITLITUVDITEUY
néuiile UseidliuAduiinanuiaund (Al) uay
mszauiendmielundaraadeuuazdndon
aonflauidanuideagean lneidenanniem
A1AE9e19 R UFENTY 3 e (WTneu

NsaFImnsaLazmealuladanamngsy umAnerdunidus U1 4 atuil 1 unsiau - nuaiug 2569
Journal of Engineering and Industrial Technology, Kalasin University, Vol. 4 No. 1 January — February 2026

AUT 1 @A BI81LHUIINIASEISA NTAIUAY
# 2 SAvLaTNIALIITUATs wiTnUALT 3
Sudsazmaenstuuy) Wuaadoudmune
Tun1susuuseny

3.1.2 MmsUszilluanimnsinanunsunsusuyse
Ny

Funalaguyinn1n IALevIININISINIUUs
WU 3 FundsmaennsTUIUMSE AL
wHUluEaNINAISTNUUNR LEBNYITN19NNHTINaU
Pdusunugefiinistu we Oada waglduseen
wiawndouded 9 wleldlunsussiiunnuides
NMBANERSEI878 RULA uaz REBA wioui
Usziilusiumnunnilosd191nn15v91ua0
winuLRazausLUUUsTfiunuiosdn
399 Piper Inelfnounduadadunisvieuly
franafiiinszalndiesiu

3.1.3 A1seanluukarySuUTaunIunannig
gFnansagian ECRS

ANnHan1sUsTIunaulIuUTInuIT wilnau
audt 1 finsiBeunduuas Jeusnawsuluseaud
gandennAuly uansdsguil 1 wifnsuaudl 2
fosunlardwasnildlnalen1sinans uanams
SUT 2 uagmiinaueud 3 destudu-auuarlduss
snunlun1sninesduUy meé’qgﬂﬁ 3 39
Uszandldvdn ECRS sauAunann1su1ans
18U E Eliminate) annsevdntunsuitlds iy
iy annstuiutuuulngldiafesiuusmaema
819 C (Combine) s1sdunausnuaramasnll
ioansuiunfwesnisindaeulm R (Rearrange)
USUansdanesuniedy szesvaedeudi
LArIEAUAINEIveIIRsULarde iz ay
AUEITE anNITNUNIDLLasUnaIA Wag S
(Simplify)
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3.1.4 n1sandunisusudsuasinudeyands
UFuuse

1%
Y

PNMTRNATYAUNTAla AN ULA TR
Feanrfeududeddudniuuuuiieonuuuly
Fuuguaziinousuniinaiuiia 3 au ety
FBnsvieuluanidoulng vimienisvieud
wanzau Lagn1sliinTesjuusiegisasnde
deninaudianuduias fuszuulniuds Favi
nsdanaLaztuinaIw Aalovnienisvinaulu
annfaufiviulsuds Tnsvimanisinauyes
wifnauAufl 1 AUl 2 wazaud 3 wansfagud 5
SUT 6 uagguil 7 mudidu anthuinisussdu
AILABINIINTTEAIERS Fa8 RULA uag REBA
wazUsziiusefuanumiesddnouuulseiiy
204 Piper 18vdin159Meunelin1seaud
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3.1.5 MsSeuigunanoukaznainIsusuUse
U

WIAEWUY RULA AZLUL REBA WAYAZLUU
AaniesdanuUUUsEEiuYes Piper flouuay
naaN1sUTuU TR TeiUSsuisualeais
NadouAI? (T-Test) lnemuunseautodfgyni

'
aad

dnan 0.05

,_ 0
ﬁg‘g uf-(

JUN 7 nidnauaui 3 (ndauTuls)

3.2 NguA20819

nausegsRentnauluanidauaiiesens
LHUYDILTINUNARN 1IN UTUAT UL I T aTu
Y a =& & P
FIMIAUATAITITUIN FHTULTIUNTARNYINY
3 dy d' % U d’ a
NUAFULUY Nundandn szegiailssnuinide

ASNANBEN9RBLEDY hardT uIuNTNIUluwaLN

U 5 wilnauauil 1 (dsUSuus) Nﬁ@]ﬁauﬁqﬁﬂé’qmimﬁm Imﬁmﬁammamﬁalu
NilAdrdnuRaUnALaN15ZUADNALYED
qqqmﬁ]mmsaﬁi'gmﬁaaé’u NGUAIDENY
Usgnaudiontdneu 3 au lngmvualinidu
fUATRNUUsE s RusaLdaidlugaeion

[

wagnaIn1sUTuU Iy 13Jﬁ15ﬂmaﬁzwnw@ﬂ
9 & A = I | o X

LLazﬂamLuamumwsaagiumwmvxlummw

UL ULALEUs DTS IUNITITeUSILASUNIS

dy o (3 :j = v
“ULL?]\‘]’N]Z]}U?%Z’NF‘]LLﬁ%‘UUG]@Uﬂ’]iﬂﬂ‘H’]LLa’J

3.3 A5a9laN lFlun15998

33.1 115U 58t 8UA1875 RULA (Rapid Upper

Limb Assessment)

TfwuuUseiliu RULA ANu Ul udIAnY e
McAtamney and Corlett [16] tiiaUsziiiua214
JULTI8IIMNIUNTYIUYRIT NN BEIULY
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A157199 2 Na9iN1SUSEIUNaRI875 REBA [17]
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810 utuiidgmidiunisermans e
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11 owduifgniduniseaians ides

Juld  lasumsusudsaleeviug
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332 015U 92L8UMA1835 REBA (Rapid Entire
Body Assessment)

THwuuUsesiy REBA tilaUsetiuvinnienis
YM9IUVDINIT1INY 1AYNINTUNNINUIAT e
AD @797 LU V1 FINDINITDOIUUINUN aNWUY

o . ¥
A5 ULMY LAaLA1SYINIUDY AZLUESIY REBA
LUAAMUVLNIEAILLNUNIUATITINT 2 LNDIRTLAU
Anudsnaznuanudndulunisuiuuss
U

3.3.3 nsUsziliueInismlesdves Piper

THuuuUsyiiiuanniswmiesdiues Piper
(Revised Piper Fatigue Scale) Fausznaudiede
fau 22 9o Ussdiupumilosdn 4 s leun
(1) AUNYANTIN T1UIU 6 T8 (2) AU
917U 5 90 (3) AuAnuian 911U 5 9o uay
(@) ouaRUayey 91U 6 To graulvinziuuug
azdaluyig 0-10 lag “0” vunwde lfinauidn
fedomuiiu uar “10” munei fmu3dnunn
e

ﬂ’]iLL“LJaﬂ’MﬂJ‘VTQJ’IEJGUENﬂ”LL“LJ‘LlLL‘U‘U‘Ui‘"Lﬁu
mmimuaammaa Piper mmumim yuUuA
mu,m 0-220 AZLUL 9INTOAILT 3R 22 U8
NTUAILIIALRAEYDIAZLUUAUIMT B8 &N
Tnethasuuus s muamsasuute (22 9o)
a¢ldAaasvesemsmilosdn deudseonidy 4
SEAUMILLNA Piper et al. [18] oA Az
1@y 7.00-10.00 wu8da szRUINITMilesdn
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110, ATLULLAAY 4.00-6.99 MUNEEe SEFUeINTT
Miosd1UIunNan ATLUULRAY 0.01-3.99
WeEe sERueInIswiloudntes wavaAzLUY
WAy 0.00 mueds Wflonswilosdn

WUUUTZLIUAIINLNUREAUDY Piper [19]
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Fnavum 22 19 AnUAZLUUIIN 220 AZLUY
Imaﬁ%%’aLLﬂqszﬁ’UﬂzLLuummmﬁaaé’waamﬂu il
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seavU A hiAnuwiiesdn nuneds ANALLUY 0
SEAUAMUNLDEAANUDE NUIUDI ANAZLUY
1-73 SEAUAUMTEAUIUNANY U809 A1
ATLUL 74-147 LAEIEAUAINULULDBAIUIN
PULDY ANATLUL 148-220

dmMIUNIANALUUUTIEAIY JIF8TIUALIUY
2997A0 0 I ULAAYATUYDILUUUTELEUY WA
wlaranugsazhuudy 4 syau Ae ldflaany
wilesdn wunefa Aazuuy 0 ssdumumilos
81180108 NU18D9 AAZLUY 1-20 SEFUAINY
witloudUuna1s MUNERe AAzLLY 21-40 uay
SEFUANUITEEANLIN Ve ANATLLY 41-60
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3.4 N1FAATITRVIUA
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Yovar Aady uazdrudouuunInsgu Lile
oBunednuuyinluveanguiiegie sediua
Foananisemans wazsefuammilesdnneu
wagnden1suTuUsanu dmsuniswseuiiieu
AladsAzuuY RULA AzLUL REBA LavAZILUY
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4. Nan1sAN®EN

1 [~4 1 & a a
WU U 3 @ Ao nan1sUSeuLigunns
UL UAULFYINNITUAENSAI8TS RULA,
REBA uavAuwmiloga Aeu-nasliulianu

4.1 wan15:Sguiguni1sUsLIIUA2TINLE S
NN9NI5EAIEN3A283T RULA nau-naqusuuse
U

nan15iUTeuriisunisussidiuminuide
NINSEANEASAIETS RULA fou-ndssulsanis
M9UVBINGUMBE1S WU Step 9 ATuziavae
Step 12 A1AZLUULITUANISIY B Lag Step 15
AZILUUTIY HAULANANDENHTEdAYN19ada
fiszéu 0.05 Lﬁaﬁﬁmmﬁayja‘lmﬁw nu3 T
Step 4 N15YYUYBITDLD Step 6 ANYUENT
waeulmign Step 10 arfpdeulna uaz Step
13 nsléusandruionn/iin wevaasu
auufsruiioTouifisuainuuaneesening
Aedsyoinduiegidlunsuszifiunnudes
VINTEANERSAILTS RULA now-naamsusulss
U llwansdoyamnuunnastiueadumszdn
HaNSUsTEIUAN BTN TYUYRIUDile dnway
nsirdeulmen nsiedeulmussddiadeuln
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M19199 3 HaN1SUSEUTBUNTUSHEUAMILEEININISEAERSAETS RULA new naauiulse

nauUsuUge naeuTulse

Step 7 D 3 D t-test p-value
Step 1 wyUAIUUY 5.00 0.00 3.67 1.15 2.00 0.184
Step 2 LUUEIUAN 2.00 0.00 1.33 0.58 2.00 0.184
Step 3 Holazvoilo 3.67 0.58 2.33 0.58 2.00 0.184
Step 4 N5V UTVBITRLND 200  0.00 1.00  0.00 - -
Step 5 AzLULTUAAITIE A 7.00 0.00 5.67 1.53 1.51 0.270
Step 6 anvarnsindoulmd 1.00 0.00 1.00 0.00 - -
Step 7 nMsenUA 2.00 0.00 0.67 1.15 2.00 0.184
Step 8 aguaziuuliUnani1e C 10.00  0.00 6.33 2.31 2.75 0.111
Step 9 AsuzlazAD 4.33 0.58 2.00 0.00 7.00 0.020%
Step 10 drdpdeulm 4.00 0.00 3.00 0.00 - -
Step 11 VALY 1.67 0.58 1.00 0.00 2.00 0.184
Step 12 AzLUUTARIS1S B 7.33 0.58 4.00 0.00  10.00  0.010%
Step 13 msldusandnilew/ivn 1.00 0.00 1.00 0.00 - -
Step 14 nMsenumn 2.00 0.00 0.67 1.15 2.00 0.184
Step 15 AZLULTI 1033 0.58 5.67 1.15 5.29 0.034*
Step 16 1UAA1519 C asuAziuu 10.00  0.00 7.00 2.00 2.60 0.122

*ydAeynsaAnIzay 0.05

4.2 nan1sl3euLneuni1sUseLluAl1ULA g
119N158A18ASA835 REBA fau-nasusuuss
U

nan1siUseufisun1susedfiuainudes
VINTEANANSAIETD REBA fou-nasuiulianis
WN9UYBINAUAIBE1S UL step 3 ¥IN19UB
d7U1 step 4 AZLUUITANITIN A LAY step 6
asuaznuulilanisng C Ianuuand1segned
fodAymsadafisziu 0.05 Wefiasundoya
Tnegau wuan Tu step 1 anwadzn1TvieufsYe/

AB, step 2 INNUBIAIAI 1Ay step 13 dnuale
n19inasulnae devaasuauufigiuiiie
WisuifguanuuanaesEniteAadsreings
Frog19lun1susuidiuanudsamieniseaians
A18735 REBA nou-nden1susuygeau liny
AULANANDE A TYEAYNIEDA UL LU
pradumsiznanisussiliuanwaznisvinaulu
dIUATYL/AD NINNVDIEIGHI LazdnNBULNIT
waeulmaimazwuniissiuisndntes o
wanslunsnadi 4
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M19199 4 HaN1SUSHUTUM SUTHEIUANMULEEIMNINTEAIaRsAIETS REBA nau-naauiuls

nauUuuse naeuTulse
Step - . t-test p-value
X SD X SD

Step 1 dnwaENITINNUATYY/AD 3.00 0.00 2.00 0.00 - -
Step 2 MMNN9YBIAIAD 4.00 0.00 3.00 0.00 - -
Step 3 YITN19YDIAIUN 2.67 0.58 1.00 0.00 5.00 0.038*
Step 4 AZLUWTUAAITIN A 7.67 0.58 4.00 0.00  11.00  0.008*
Step 5 A5z 1.67 0.58 0.33 0.58 2.00 0.184
Step 6 aguaziuuliUan19 C 9.33 0.58 4.33 0.58 8.66 0.013*
Step 7 ¥ITM19UDILYUAIUUY 5.00 0.00 3.67 1.15 2.00 0.184
Step 8 YIINNVDILVUEA 2.00 0.00 1.33 0.58 2.00 0.184
Step 9 MInueslla/Uaile 3.00 0.00 1.67 0.58 4.00 0.057
Step 10 AzLUULTUANIS B 8.00 0.00 5.00 2.65 1.96 0.188
Step 11 Wa1sannsdudadng 2.00 0.00 0.67 1.15 2.00 0.184
Step 12 aguaziuuliilnniga C 1000 000 567  3.79 1.98 0.186
Step 13 Swarnsadoulmdn 1.00 0.00 1.00 0.00 - -
Step 14 AzkuuUAn1 C 12.00  0.00 5.67 2.89 3.80 0.063
Step 15 #3UATLUUIIY 13.00  0.00 6.67 2.89 3.80 0.063

*{ifddyneadffiseau 0.05
4.3 wan1siSeuiisunisuseiiuanuwitiosan
VYRINLNIUY ABU-UAIUTUUTU

MnuansUszifiunumiosdvesmiingy
NaU-1aUTuUTINTNNUIINFUATIDE1S AL
wuuUsziiueinismilosdiues Piper aude
AawmduIu 22 Yo §Idgleinteyauiiagien
n9adiA TngnsnaaeumadALUUT (t-test) Lile
WisuiisuanuuanaesEnitaaadsveengs
feens 2 nau Ineldsesuiiodfai 0.05 nanis
WisuisumsUseiliumsinilosdweaniingm
Aau-naaUTulgeanlany wuii 9o 8 anway

[
=1

¥99A1usauATIuAdeUsEavegluvnil
(1Judeiilivimels) 9o 16 Aw3dn @ndwmse
vAN&s) uazALaAsfuALIEnTaLuanng
agadveddynadffisedu 0.05 Wefiansan
foualaesiu wuin 9o 13 Amwan @awmun
viediedy) liuansdeyaninuunnaieiudsens
Bumsiznansussidiunnudansuiimiedsdy
voantnuildrazuuulndiAeiu Yayanis
Usgiliudsliuansatuannnediozuansniy
WANA19E 19T d1AYN1NadA Aslansnaly
P13 5
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AauUsulye  wasdiuuse
2 - - t-test p-value
X SD x SD

ANUNOANITTUNITDAINTUL I
1) AnuidnyndnsuILINAINEIUA 700 173 567 115 151 0.272
2) AugoudfiAntufiuri sumu
anuasavesinulunsieulidnse vse
UFtRRanssuTiAsIfumISous 633 057 500 000  4.00 0.057
3) ugoUETIARTY TUNLATIENTG
vosiulunsnuleyane visedianssuly
Fenusiudy Lilaugs 533 115 466 152 2.00 0.184
1) AnuseudiAndu sumuTiamiane 633 057 533 057 173 0.225
5) Anugoudfiviulsraueglurmsisunu
AuannsaveminlunsdsmAanssud
NULOU 700 1.00 633 115 2.00 0.184
6) puseudAntuifuilurneifisesiu 0.074
AINUTULI 7.00 1.00 500 1.00 3.46
AR AUNG AN TV DANLITUNTY 649 076 533 083  3.03 0.094
AUANUNNIEL BB TR
7) dnwazvesanuseudivinuidsszay
ogluvaigdl (Hudsiliaynau) 700 100 533 057 250 0.130
8) dnwarvesAnuseudMinuidsszay
ogfluvnzdl (Hudsitlhimela) 633 152 400 100 700  0.020*
9) pgoud v diszavegluned
(Wudeivhanedu) 700 100 466 057 265 0.118
10) Anugoudfivhuindaszaveglunsd
(Lﬁu?ﬁhjﬁ) 6.00 1.00 4.66 0.57 4.00 0.057
11) Augoudnfivhusidiszaveglumed
(Wuasitiiauni) 600 265 400 173 346 0.074
AadsmuAITNeLdiensual 763 111 453 064 314 0.088
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M1319% 5 nansilIguiisunisussiliuanumilosanvesntnay neu-nasiulia (de)

y nauUdiuuse  waeuTuuse
AU t-test p-value

X SD X SD

A1uAN3EN

12) Au3AN (Wlusevsogouwe) 6.00 265 400 000  3.46 0.074
13) Aw3En @nuRudnEedisdy) 533 115 433 115 - -
14) nuidn @edvidoltesaes Tl

nseieIasu) 6.66 0.57 533 057  4.00 0.057
15) v wian @eduvdewnilen) 633 152 466 057 189  0.199
16) A3AN EndavTenuands) 600 100 433 115  5.00 0.038*
AnadesuALan 606 100 453 098  5.28 0.034*

v a | 4
auanUsyyrvsoarsual

17) Anusdn @anueanuviselidaig

DANU) 6.00 1.00 433 152 1.89 0.199
18) A13AN (WeuAanevIafATEn) 533 058 433 231 065 0.580
19) A3AN (SSmTeTnAT) 566 057 466 115  1.00 0.423
20) Au3EN (@asasIuTInausvsely

A3 TIUTINENSLA) 666 057 533 115  1.51 0.270
21) Arwin (@ansaddsing 9 el

ANN5051394 ) 566 057 466 152 173 0.225
22) Au3En (@13aAneg1ansEIudela

aeldaunsofnlaieg1ansza1aua) 6.00 000 500 100 1.73 0.225
Aadeduaityymioensual 588 038 471 126 139 0.229
NaATLUUATLRAEYNATY 632 098 480 088 264 0119

*TldAyneadAnszau 0.05

5. agUnauazdaiauawug g19uHuTLATY Tnsnanisanaruidsslunis
PNUVBINTNITUANURSNNTUANERNS WU AT
Usziilusieds RULA 91nuia SAtede 10 an
Wide 7 dennasdnunan1suseliu Aae7d REBA

=

PNMIAENRITeTaTUNaLazTaLaUDULY B

5.1 agUwa LGN Tenade 13 anlvide 6.67 Favangfisny
wansUSUUTs NN seansdtoan fapaliszauanudssniadslasunisfinwiuas

L a a a Y @ !
euiesdunsieumeminenlsaudn  UTUUTHIIAY nenanisussduuandiiiiugg
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sRUAMULALIMNTEAERTanaT dauna
nsfnwiaumilesdn owdsuiiousedu
AUMosdT neu-ndin1sUfuugs a1nidy
Ade 6.32 anmde 4.80 Inn1svadeUANARA
WU (T-Test) ileiUouniisudoyanou-ndanis
USUU5991u WU msUseidiuamides feis
RULA L8238 REBA HA1uuana19es19iitiuadnfgy
n1aadAfisEiu 0.05 Wefiarsannanisuseiliu
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Abstract

This research aimed to develop and evaluate the effectiveness of a no-code application to
improve the item-picking process in Warehouse A, with the goal of reducing operational errors and
enhancing employee efficiency. The research procedure involved analyzing the root causes of errors
using a Fishbone Diagram in conjunction with Human Factors principles and Why-Why Analysis. The
results were then applied to design and develop a ready-to-use application using Glide App. The
research sample consisted of eight warehouse employees, and the study compared performance before
and after system implementation over a four-month period (November 2023 - February 2024). The
findings indicated that incorrect item-picking errors decreased from 18 to 7 cases (a reduction of 61.11%),
and over-picking errors decreased from 8 to 3 cases (a reduction of 62.50%). Consequently, damage
costs were reduced from 3,211 THB to 645 THB (a reduction of 79.91%). The results demonstrate that
no-code technology, specifically Glide App, can effectively reduce warehouse operational errors.
Moreover, employee satisfaction toward the application was at a high level (X = 4.06, S.D. = 0.791).
These outcomes highlight the importance for organizations to adopt digital tools that support employee

workflows in order to enhance warehouse standards and operational efficiency sustainably.

Keywords: Fishbone Diagram, Application, Warehouse Management, Performance Improvement
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Abstract

The objective of this research was to study the chemical composition of the sheoaks ash to be
used as a pozzolan material in cement. The Compressive strength of the mortar is compared to sheoaks
ash as a pozzolan material. Study the most appropriate cured time for mortar and compare the mortar
density. This research used 125 cubic centimeter cement blocks. Use the sheoaks ash to replace cement
was 0, 10, 10, 20 and 30 percent, cured in water for 7, 14, 21 and 28 days. Use ASTM C109 compressive
strength, test each sample 4 times. It was found that the mortar used sheoaks ash replacing cement at
10 percent and curing time at 14 days had the compressive strength of 11.72 MPa. Increasing the amount

of sheoaks ash and the curing period were the factors affecting the average compressive strength.

Keywords: Pozzolan, Sheoaks Ash, Mortar, Compressive Strength
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Abstract

CO;, laser cutting is widely used for polymer processing applications because it provides high
precision and flexibility. However, the difference in kerf width between the top and bottom surfaces
remains an important factor affecting the quality of the workpiece. This research focuses on investigating
the effects of laser power, cutting speed, and focal distance in cutting PMMA with a CO, laser, which
affect the kerf width, in order to determine the most suitable cutting conditions. The experimental
design in this research employed the Box-Behnken Design (BBD) and Response Surface Methodology
(RSM), and the results were analyzed using statistical techniques. The experimental results showed that
laser power and cutting speed were the main factors that affected kerf width. The kerf widths of the
top kerf (TK) and bottom kerf (BK) tended to decrease as cutting speed increased, while higher laser
power caused the kerf widths of TK and BK to increase. In addition, a high focal distance resulted in
higher kerf widths of TK and BK. The response surface modeling indicated a clear interaction between
laser power and cutting speed, which significantly affected kerf width. The findings of this research can
serve as a guideline for selecting appropriate cutting parameters to improve the cutting quality of PMMA

workpieces, and they can be further applied at the industrial level in the future.

Keywords: CO, Laser, PMMA Cutting, Kerf Widths
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Wudu [5,6] 1 esrnifudianuuiuginas
Auialunisdings arunsadaaud e
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LATATUANNILANAINBUINNTUILLANUT UL BANHS
WBLga3gandn 90 W

Khoshaim wazAeug [15] laAnw1ianaves
U2d8nT2UIUNITA A NWULIOUAALKNY PMMA
Frotawes wuin seediniinisidosuuanniudle
AAEIRR FdnaesLaTus T ULAARLTY N3
idnawesmuazanuilumsdngsazdioan
Wud 9 i SunansznuanaudeuLaraly
v33Evesiuiale Kurt uazeney [16] 16w
HANTENUTBIRARALDT AUTIIR wazqalnia
fonuni1wessesdn lneldianuianouaues
(Response Surface Methodology: RSM) kazns
AFILNANULUTUTIUNGEDH (ANOVA) wanalin
Windn AnuninewessesdnlasuNansenuagng
WNNgalNie sawdirnusuarmauaesan
fae 981955AMIU 91NN1SANIUITFINE 17
F198 U WUI1891ANTISANBLTIE N 19N
2DNLUUNITNAABILUY Box—Behnken Design
(BBD) \fioTiaserinansenuvasmnsfiaeasea |
AoauURved PMMA agraiduszuy n1sAnwn
fnzasasluludunansenunienginssuves
STYLNNNAINUNINTDUA AR BFNURANIINAVD
PMMA Fapadudssuduiioussifiuussansam
aeldaninnisldaruaswasiioliiduluaiu
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Frfuiiousulgsguaimnisiadioiaiges
CO, uutan PMMA uazantguiaudafionaay
Aaduld w3 Ted I Uszasd i oAnwn
HANTENUYDINITITNBTN1TAARIELaLLS CO,
fdanasionnuniesesinuutan PMMA wagszy
ﬁﬁaﬁﬁamaaEmﬁﬁaﬁﬂﬁ’iyﬁfaamﬂﬁmaﬁ?umu
dielslddeulunsdafvansauiian muidedld
N1998NLUUNITNAaBY (Design of Experiment:
DOE) LwuU Box-Behnken Design (BBD) Faanuns
AATERHANTENUTDINNTITNBS N15AAT dd Y
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W Masaes anuiie wazssegliiase
unAunisTeedauuian PMMA laegraiu
s8UU HAdWE1nN153 78T And1azli T oya
fdrdAvaiudnenmuss PMMA lugusan
ynadeniduszAv g g RavNT LU
wazidugrudayadmiunisiauILazeaniuy
Fudrusrusudluouianliiamuninuagf
UsrAvBnmnisldaudinse

2. 52108U25798 (Methodology)

2.1 Taguaziasaslianltlusuie

[
a v I [

Fanildlunmiadeilae Yaqlndudiaumesian
(PMMA) dauswssufifiaunun 3 Jaduns
() Fuduianfidneglunguueameslumanadn
Jauvalaaaulun1uaulus wwasiaralng
i eusnenadia Ja9 PMMA %Qﬂé]’mé’wm%q
falalwesvinaisuaulananlas (CO, Laser
Cutter Machine) #89119115A1 LINTCNC §u LT-
1390 nanludsvinasy Tuauisedaglddi
“A1sRmeelales CO,” WU “A1SANAIELALYDS
yiipasuaulnoanlen” seasidunnuanyue
Munadavenas oednawes CO, wanslily
A15197 1 wardnwazveans sedalalwes CO,
wagtaiauanslilusuil 1 indesdaaiwes CO,
Mdlusuisedifuniesdaawes o, vin 2
viasn Tagvidniivils anunsodaianuszsiavlany
I ldiu 1wy, fdwesvasniaiwes
19 100 W wazsiadniiaes amnsaldlunisdn
YanUszinnelany laun 1l ezeddn o1 (Jusu
fdwemasaE@woiIun 130 W vhdansaesls
anunsadneundouduld lumuidedldvied
anslun1sdnian PMMA ndnn1svinauvenes g
FaawaslavaueBlusAdoneunind [17]
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A15199 1 S1eaziBeanudnvuznIunalaves
\A3RALAERT JU LT-1390

Description Parameter
Model LT-1390
Laser Medium CO;
Working Area 1300 x 900 mm
Laser Power 100 W/130 W
Position Accuracy 0.01 mm
Repetition Accuracy 0.02 mm (b)
Cutting Speed 150 mm/s g‘dﬁ 1 (a) w3esfmiaiwes CO, (b) Widmaites
Control System Ruida (USB interface) Allunuide
Drive System 3-Phase Stepper Motor
and Driver 2.2 N1323NLLUUNITINARDY
Cooling System Water-Cooling

TunsAnwadel Adeuldldnseanuuuns
Naas (DOE) WUy Box-Behnken Design (BBD)
Lazfiufnauaues (RSM) Fadumadamedan
TR SUN158aU3 U0 19N 199719 LIt BF NWIE
nansynuvesiaserndite 3 Jade ldun fds
awas (P) anuslunisda (S) wazszeslia
(mm) AEVUINAITUAI1IVBITDUAAUULNULNG
witalwmiasian (PMMA) mun 3 uyl. nsanenil
Tdwanawis Minitab v.19 Tun153tAs1EHARaNI
affuaymANNzauigaioszynsTeesnng

ARR28Laa35 CO, TVANNLEN TV IAYUINAINL
nisegdndosfign Uadeuazseaudadelunis
719899 LAAIAINITIN 2

(a)

A1519% 2 Uadewazsenu (Factors & Levels)

Uade foydnwal szfu (-1) szAUNag (0) FZAUGS (+1)
mMaaes (%) p 50 60 70
ANLLEIA (Mmm/min) S 5 75 10
syaglida (mm) F 12 14 16

a U a
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2.3 A1SINAUNI9TBLAN

Tun13TnvUIAT8IANN3 19T0dATARE N
nsfadBLeTonaLed CO, uuan PMMA tu
ANTUNITAIEAINAIUNG DIANTTAUUUULES
(Optical Microscope: OM) Gﬁlawqaﬂﬁiﬁﬂ Leica
Ju DMd M nanludszineigessiu fagui 3 ()
Hup3eaflondn 1 esenaiunsaateninees
auniesessalsogrstmay Tnaiduduainnig
fintununudoulsnimeassiildfmualy fagu
7 3 (b) nudnenmeLNAToERAT AU
(Top Kerf: TK) wagm 1ua 19 (Bottom Kerf: BK)
srendas OM Tngldmdmened 5x wWiolkaunse
Funn3Us1909ANNINTRRARLADE19ATUNIY
Amanedunuiildainndss oM LLamﬁquﬁ q
Intusavunvesmunitsedadaslusunsy
ImageJ N153A3gviNIsd uTalunalgsunu
(5 a;m/%’umu) MABAAIINEIIVBITOEFA Ll oan
spfanauldaianeenszuIunISAn Lay
THanedadumsmunulunsiassinansadn
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(b)

U 3 (a) NdosganssAtLuULAY uag (b)
AI9E19TUIY

4 (a) ANUNINIBERAAIUUU (TK)

4 (b) ANUNINNTRERAAIUANT (BK)

sUN 4 AaneTuunlaaNNNdas OM

v
o v

N1A9VY1E 5x Uuﬁ'aulsu P60 S7.5 F14

2.4 Apsendoyaneadn

Tumsneideyaiildainnisia PMMA fe
Walges CO, 1I8n1531As1EYANLUSUSIU
(ANOVA) $21/AUN1571AS18 %A ulimeuaues
(RSM) vt oUsziiunaveatladasiig o wu fds
oS AR wazsrerlnda fidwaneniny
n¥19909A1unT19508Rnveed uay Tneld
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ANOVA lunisasiaaeuintadenieufduiusie
HdpdAgynvatfsonanauaus @1y RSM Shild
lun1sasrauuudnassnfind1ans lugunvuiy
Mdsaoai eesursuuliuvesdoya niey
AATIZINANIUNTIN Surface Plot Way Contour
Plot 1t afim1unaLdenIn udsanldaunis
wensaiud agldnszurunismanimungan
fign (Optimization) ileszyyaAwIsTne s
AUANNIRARTR Tnfiansaniedinnuniig
yesanunnssensintosiian

A15719% 3 NAN1TINANNINNTREARATY TK wag BK
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3. Nan1snnaad (Results)

3.1 HANNSINVUINAUNINNTBYAAUU TK Liag BK

Tusuidedl4n1509nUUUNITNAAB ILUY
Box-Behnken Design 1a pldnsmaaeit 1y
$1U2U 15 Run N&IN157AT UURI8LAS DR A
Lawwes CO, Gz‘?yumquﬂa'wEmem”’wﬂa”aﬂ
ANTIAULUULEAS nduiavuinaunieses
fnAu TK wag BK A2elUsunsy Image) nans
VAABILANIRINNTINT 3

Run Order Laser Power | Cutting Speed Focus Top Kerf Bottom Kerf

(%) (mm/s) (mm) (mm) (mm)
1 60 7.5 14 1.287 0.326
2 60 7.5 14 1.129 0.337
3 50 10.0 14 1.248 0.189
il 60 5.0 12 1.471 0.381
5 50 7.5 12 0.878 0.330
6 70 7.5 16 1.040 0.515
7 60 5.0 16 1.629 0.350
8 70 7.5 12 1.089 0.350
9 60 10.0 16 1.447 0.190
10 50 5.0 14 1.351 0.205
11 50 7.5 16 1.020 0.292
12 60 10.0 12 1.209 0.242
13 70 5.0 14 1.439 0.255
14 70 10.0 14 1.286 0.234
15 60 7.5 14 0.890 0.324

Jsewa VIUTINA waganuy, NI13ANYINANTENUYEINITIlNINISARA alreT CO, nonIuNdINTeEdAULIas PMMA
lneniseoniuunIsmasauy Box-Behnken Design SsIAUI5WuA N UAUDS

93



. &

d Joural of Engineering

and Industrial Technology

UNANIY (Research Article)

3.2 AATIZINANED
3.2.1 HanN153A5189 ANOVA

WEIINENEAMTLIUFIENEDS OM F99in1
Saurnmnuninswessessiiniagu TK uazaiu
BK 9101 u¥1n153 1518 HaNISNAA IR 1Y
TUsunsy Minitab AouaLdun1sAI1E1% ANOVA
NI UADINTIVFDUANUMULHUVDILUUT 18D
wagauuAgiunadAliiuluaudouly nanis
AL Residual Plot 289AINNT19508ARAA U
TK tag BK meﬁqgﬂﬁ 5

Restdual Plots for TK

Normal Probability Plot Versus Fits.

Residual
= 2
o

Pl -
00 005 00 005 w10 10 12 14 15
Residual Fitted Value

Histogram Versus Order

Frequency
Dy
Residual

0075 0050 0025 00D 0025 0050
Residual

123 45 6 7 8 4101 2131415
Observation Order

5 (a)

Residual Plots for BK
Normal Probability Plot

Residual
3
g
.
-
.

|
00 005 000 005 10 0 02 0z 04 05
Residual Fitted Value

Histogram Versus Order

Frequency
5
Residual

_f \ /\\ /h f.\‘
‘m YA
a0
006 004 -0 02 004 006 1 2 2 4 5 6 7 8 0 0 11 12 12 14 15

02 000 o
Residual

a0 n
Observation Order

5 (b)

5U# 5 N5 Residual 81 (a) AUNI19T086N
AUUULAE (b) AUNINTREAAAIUATS
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mﬂgﬂﬁ 5 NANNIATIVADUAINLNUIZAUUD
WUUT1a09611un519 Residual wamalififuii
WUUD889d115U TK way BK N1ULNU9INTId8U
ssanudeule Idun JUuvuAIINIzAIBRILUY
Und Anuudsusiuasdt wazfimududaszae
M FeefuduiuuudiassiinumanzauLay
Juluauanufgrunsadfegrafivne lagld
wudyayraeinisd savuainanuduund
(Non-Normality) w3 eAunUsusiuly e
(Heteroscedasticity) fstiudsannsatdoyayn
Hluvnimseiseluld

HAN15ILATIZA ANOVA d1suAINnIeses
Fagu TK i eonuuun1snaaelaed s uia
MOUALBILUU BBD wanifin1519il 4 nanandls
Winan wuudaessianumanzauegneidudnfy
NeEnf lagdan R? = 96.41% way R? (Ad)) =
92.81% & auanaliiudnuaiuisalunis
aSurgAUKUIUTINYRITBY AR o 1N EINe
[14] Tnedasesisany Toud Mdnawes aruss
i wazsverlda Wuladefidwmansenusoniy
nsseednmuuuesiitedfny Tnennusidn
Huadeiidvinaguanrevnamunissossn
fu TK il erisutuidaweswassveslnia
1nef 2150121061 P-Value Yool dauayan
F-Value gagn Tua1udadueniidsges wuin
Mduawes? Anusn? Lagsyezliia? wanalsd
Wusmnuduiudidddaseninetladomand fiu
FauwUsmavaues 1neanzAuEIfe Jauang
arwduiudldsnnfigaluussndaderionun ms
USumpudalimunzausdinnuddyed 198
G\'amﬂéqummaaﬁmﬁﬁ ID9A9UIAD NIAY
BIGior LLamELﬁLﬁudwLﬁamﬁwé’uamﬁqw%ﬁﬁ
Auld gaunmsosdnazanas vz fduwus
LUUEDINIY (2-Way Interaction) $¥13190184
wesuay v InAalulidudAgynisans
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AN5199 4 NAaN1SIATIEH ANOVA dmsuAuNINesaefnau TK

Source DF Adj SS Adj MS F-Value P-Value

Model 7 0.522196 0.074599 26.83 0.000
Linear 3 0.107116 0.035705 12.84 0.003
Laser power 1 0.015913 0.015913 572 0.048
Speed 1 0.061215 0.061215 22.02 0.002
focus distance 1 0.029988 0.029988 10.79 0.013
Square 3 0.405997 0.135332 48.68 0.000
Laser power*Laser power 1 0.135735 0.135735 48.83 0.000
Speed*Speed 1 0.213416 0.213416 76.77 0.000
focus distance*focus distance 1 0.025919 0.025919 9.32 0.018
2-Way Interaction 1 0.009082 0.009082 3.27 0.114
Laser power*focus distance 1 0.009082 0.009082 3.27 0.114
Error 7 0.019460 0.002780

Lack-of-Fit 5 0.019421 0.003884 200.08 0.005
Pure Error 2 0.000039 0.000019

Total 14 0.541655

S =0.0527251 R-sq = 96.41% R-sq (adj) = 92.81%

A15197 5 wAAINANIITIATIZH ANOVA
FMFUANUNTINTOEANAIU BK NaN15ILATIZH
wansliiudn wuusiassdimnumanyauegnadl
dedAgyneaia laedan R? = 83.69% Way R?
(Ad)) = 67.39% Fawandliiiudemuanusoluy
N1583U8ANULUTUTINYBITBYA LARE 9L e sne
Tngmasaesiarausfn J8nSnaoesd
Hoddrornunitwwessesdadiu BK Tuvaed
seogliialifited fyvneads WeRasaniade
Wagn WU Mdsawesuazauiaia 1u
Hadendnil aruauaunitsosdadiu BK lu
druveatadeeniidedas wuln AR A2
denansgvusandnunasesdngu BK uniige
Fauanafapuduiusidadaseninennuside

LazAINNT19508R A NE1IAD NINAIIULE IR
Auluniegaiuly oravinldsesdaninadule
druszerlnia? wasmaaawes? lddinanseny
FOANNINTOUANATY BK aenelitiudAgy

Tudiuvesan Lack-of-Fit v09 TK wag BK 310
AI597 & waEAN19T 5 WU Lack-of-Fit Guaqﬁy’a
TK wae BK §ifn P-value < 0.05 Fefifadfayva
add wadlo191AnandIurun1Tg1veeqe
f 4na19 (Center-Point Replications) 7 1 §11n
dmalimsmegeviaulineninuaainiad ou
Guaﬁayjamm%uﬂdmﬂ@ pgnalsinu lunadamg
ansatnluld el eswinumunamdnswa
wdn (Main Effects Plot) 9eawa TK uag BK fanq
wanaualunvestadelangnstniau
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A15199 5 NaN153LASIEH ANOVA dmSuAunINesaefnau BK

Source DF Adj SS Adj MS F-Value P-Value
Model 7 0.087400 0.012486 5.13 0.023
Linear 3 0.028452 0.009484 3.90 0.063
Laser power 1 0.014179 0.014179 5.83 0.046
Speed 1 0.014028 0.014028 577 0.047
focus distance 1 0.000244 0.000244 0.10 0.761
Square 3 0.048687 0.016229 6.67 0.018
Laser power*Laser power 1 0.000678 0.000678 0.28 0.614
Speed*Speed 1 0.033183 0.033183 13.64 0.008
focus distance*focus distance| 1 0.011745 0.011745 4.83 0.064
2-Way Interaction 1 0.010262 0.010262 4.22 0.079
Laser power*focus distance 1 0.010262 0.010262 4.22 0.079
Error 7 0.017028 0.002433
Lack-of-Fit 5 0.016930 0.003386 69.10 0.014
Pure Error 2 0.000098 0.000049
Total 14 | 0.104428
S =0.0493206 R-sq = 83.69% R-sq (adj) = 67.39%

3.2.2 HANNSILASIEVNANSTENUVDIUA N NAD
AUNINTOURA

nansznuvestlaTundnd dawasonuniig
508ANGY TK kaga1u BK uanwiezy 6 (a, b)
wandliiiugn Jaderiauiisvinasevuinniny
NAaseuinAnt uLANAT STy 103U 6 (a) WU
AadsAnunesesindy TK fuunldufay
ilomdmenawestiiniulugiusn nmsuiumas
awesvinlianumuiuremdsnuidouiing
ﬁﬁa@gqsﬁu damaiﬁqquﬁu%nmiaaﬁmﬁuéﬁu
2819570157 LAANITNABULATATTELNEUD

PMMA 1103y Faviilfpnnuninesessndiuunliiy
fiudy ogslsinng wemduawodifiuain 60%
Wy 70% nudnanunitesesdailuullduanas
Yauzfinusfndwasg et maulunanssdnu
fumduasas nade nsldarusadadisn
Lﬁulﬂa'amalﬁmLa?{Emmami’wiaﬂﬁmﬁmqmm
wazif o ua11ui519970 5.0 Wy 7.5 mm/min
AadsAunIesesdaiidanated uTAuULAY
ﬁ]zLﬁuﬁuﬁﬂﬁ%gm,ﬁammﬁaﬁmqa%u wansloity
31 M3muANAS AT LNz ANy el
AaasAnuniseudnanasld adilennmuiga
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Tunsdngedu dnsinsdeiundanulugiuau

Jzanad o nUfduiusseninsauaatuiuib

2
aad a

anas a'maiﬁqmmwwumﬁﬂm AADAIUNT
arewnasulaunsnsgangluianisainugn
danalst TK founeianas [11,18] diuvedssey
Wig WU dnarenunINeseufnludnwazlag
wuy Tnoszesliianfududwalianuniig
soudminTuENTeY Tnesumislniafmnya
9897817 NITIUNE 1LY AL AESTILANT Uil
Uszansaan denalisosdnayiauanazainy
nAeseedauaUad [19] 1iuT uresrLN31wes
soofloszoslnAafivmntuiy Wunaunain
1151048 sunUasn1stiavesanasnaznis
nsrmendsnuileduaniuiitetutaniisves
ssiueenty mnszezdngedun1ansyatedies
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