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The Design and Development of GPS Navigation for Rice Direct Seeding Machine
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Abstract

This article presents testing of the movement control of an automatic rice planter equipped with a GPS
control system through the Mission Planner program. The installation of a steering control system for the machine
involves receiving signals from the Pixhawk board with the GPS module. To obtain the position and determine the
direction for the system to process and control the motor, ensure the dropper’s steering wheel remains on the
specified path. The operation test accuracy is set to 0.2, 0.3 and 0.4 m-s” and 2 types of error distances are tested.
This includes checking the starting-final stopping distance at 400 m and the straight-line error at 100 m, with data
collected every 10 m. The test results showed that a speed of 0.2 m-s” results in the least stopping distance and
straight-line error. Since the vehicle’s movement is repetitive, it will keep the vehicle in the specified line as best

as possible. Result from different P Control adjustments.
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Figure 1 GPS navigation for a vehicle system.
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Figure 4 Automatic with GPS navigation for the vehicle.
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Figure 6 PID - Line follower simulation.

Table 1. P Control check result display
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Figure 9 Result of testing for start-stop.
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Figure 9 Result for testing of straight-line error.
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\udosugnlui 01g 10 ey finrmidalunisiadoudl 2 iy @i 1.95 uaz 245 km h smgeaula 3 sedufe 36, 40°
uay 44° wazausIseumsuyuiinuaule 2 sefufe 150 wag 180 rpm lnefimwdnlunislawde 25 cm wagaas?
soUMILYesgnAansludos 800 rpm wazUsziflanalnefiarsandentadonaaeuiinzaulunsadutaznsiunauly
dovanuuaBUnLsTAUANIAAYTRINaNIIIAFeY LazsTAuANLTleelavemansnaeulneliiBAndsiavadinuuy
saadwidn wuth Yadememeviimnzanlunsandlusaznmunauludosie auiilunisiadeudl 1.95 km h' yagaau
la 36° mnuiFiseunsvyuiiniuanila 150 rpm uazauEIseUNsUTesgnAandludos 800 rom lidadsIavAdn
wuughstmdnanniian 3.837 M 10.12 kw Susgansainlunisansludes 83.16% UszAnsamnisnsaunauly
998 92.41% wazllsnINNITVIUNNGUEY 2.34 rai h'

mdfny: dew asesandludey aunsainsunauludes

Abstract

The purpose of this study was to design and develop a Sugarcane Leaf Stripper and Trash Incorporator to
facilitate labor in harvesting and alleviate the effects of sugarcane burning on the sugarcane field and improve soil
fertility. No equipment can simultaneously perform both processes of leaf stripping and trash incorporation. This

research aimed to design equipment capable of performing both processes by applying the hydrostatic power
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transmission to the Sugarcane Leaf Stripper and the mechanical power transmission to the spiral-notched disc
tillage unit. It was tested with the LK 92-11 sugarcane cultivar at 10 months of age in Pibulmangsahan district, Ubon
Ratchathani province. The experiments were conducted in loam soil with a moisture content of 14.46% (db), 1.89
g cm” dry bulk density, 1.96 MPa cone penetration resistance at two forward speeds (1.95 and 2.45 km h?), three
gang angles (36°, 40° and 44°), two disk revolution speeds (150 and 180 rpm), a constant tillage depth of 25 mm
and a fixed roller speed of 800 rpm. The optimum operating parameters were evaluated using a weighted arithmetic
mean method based on user satisfaction and perceived importance. These values were then used to calculate
the user satisfaction index, with the highest value of 3.837, corresponding to a forward speed of 1.95 km h™, a gang
angle of 36° and a disc speed of 150 rpm. The experimental results showed that the machine required 10.12 kW
of total power, achieved a stripping efficiency of 83.16%, a trash covering efficiency of 92.4%, and a theoretical
field capacity of 2.3 rai h™.

Keywords: Sugarcane, Sugarcane Leaf Stripper, Trash Incorporator
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NIAININENT (2547) Talidanuzirinlgisnisans
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mswsuAuiienavludesausaantiyvinisgnaiuves
doulnlugd
Sryey waride (2554) laAnwiaussauznistansiu
wSedlolaauialdigadudenassaunsnmes category
I Tuwtasdeslasdnwy 9ulowinsgiu wazanulaludng
WUULN@YY (spiral-notched disk) man1sAnwuwansliiuag
nslanwsushoiedestielanuvdaldideduldidsgaain
sonilmheenudndesninadosdioloaumudass Sni
nsldulaludnsuuuindendmarilvinisduludesdiun
AauiiAunaznisagniadludesluidefuliediad

AquAALaLe

T dldiauaiesadundeunsiunavludosil
amnsaaslunieunsiunavluseslalunisriinunsin
Fearu Ingldszuudroneaiidsgnnadalunistuindou
gunsalansludee wagldszuuarenenaidminalunis
Fuindeugunssinsunavludosuuulanuialdiidadu
Tneiiinguszasdiflofnumavesdadosina iddeaussaus
n1s7euvenadesarslunfeunsiunavluden uas
aszsimeiiinzauvestadedisgdmiuiadesandly
wSeumunavludes lunuddeildrivansaussauzaos
iwsesandluniounsaunauludes Uszneuse Midsgaann
(Drawbar power) fnadiantnizlunitsnsiunavludes
(Specific Power) f1&37liwansd1ulafinds (P.1.0 power)
1839524 (Total power) Uszansainnisarsludos
(Stripping of Sugarcane Leaf Efficiency) WagUszansniw
nsnsaunaulueee (Trash Covering Efficiency)

2 gunIaluazisnis

21 InNadiuszanvaeTunzveunsosasluniounsay
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Figure 1 wazad1auanslu Figure 2 1uiadeadiunuufinmun
mﬂLﬂ?aamﬂfu5@&15'11/1%5@85@1/?1%‘145:1@81%35UU18915@
dnfleanuuulay aguAns wazamy (2563) Usznaudie
druddny 4 @ AolAsIBRroAUIIUNININBSLUUIANN 3
9ndase lasaaiosile gunsaiansludos uagqunsaingu
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\n3esile gunsalansludosusznausiegniandludes
Wanue 2an Tdnwauzidunsinszuennaiy 1duniu
AUENAY 248 mm 813 1,000 mm Nalufiemauuiuiy
WShaiuiifedndudusangainuend 400 mm. g
W3y 50 mm anansanendsuldifiodnuse vagvheu
anfandludesazusounumuiindeguilasuaiosiie
wazv lidududavguyufiaisludesaiun svegrng
sewiduruguinansgniiandludossia 2 gn 970 mm
I@EJLﬁulﬁu@fmmﬁwﬁam(?iy’wugﬂamﬂué'a&ﬁn 2 Qﬂam@“?n
gaunutesiuanudeneaInnsAnuIEninen1Tvineu

Tasuadosilodiuusn Wuanluwwivaneiiuiinign
AndeNnais 1uIn 100 x 110 mm 8719 1,000 mm dudi
aod Wuan 2 dunnslunufvidewmdnnges auin 65 x
158 mm #u1 2 mm g4 2,000 mm Uizﬂamﬁuqm%
nszuengulansedn uazsvuudsindslaglildadesdada
Anffuaniluuuaniuen duianmduauluiuauain
8179MIBLUANNEDS YU 65 X 158 MM MU 2 mm &7
1,740 mm Usznauiduarundnd wiuiageanyu wazand
ansludesii 2 gn dawidduaumunuimiuevinie
WIANNEDY VUM 65 x 158 mm WU 2 mm 8717 1,850 mm
Usznoulumundndmiuinnaeuioine uagsyuuds
Muileslsdmivgunsainsiunavludesilduualaly
INILUULNE Y (spiral-notched disk) Hvu1ALA U
Audnane 18 in 31w 3 Tu lagdndindelunisvinnu
1,200 mm

Figure 1 The isometric drawing of a Sugarcane Leaf

Stripper and Trash Incorporator.
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Figure 2 The prototype of a Sugarcane Leaf Stripper and

Trash Incorporator.

22 wanmsiueansesaslunsounsaunauludos
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bar 13131’1418@5@3ﬂgﬂa'aN'mswwialﬂé'f&méamuamé’miw
nstrasuudsumeliin 1 wag 2 lnendinruaudnsnig
Inauuuufusolnia 19z 1Wa 13 wiedndasaed
Fumuuiuals uagsoludsnszuengulansedndareiy
ganalnmsindeufivesgniiandludes sivliignaandludos
indeufitu-adlunuafmuanugeesiuden d1uind
muAudnInsinanuuUFudelilih 2 9z Ja v3 viela
Nérdeinuauuuuiled (Fuzzy Controllen) fleanuuy
Iy noaudvg wasane (2563) wazraludwaimaslansedn
YA 100 cc rev’ ussdingsga 264 N-m Fasioruganaln
nsmyuasgniiansludes ihsufidunssusngulansodn
wazuewmeslonsednaziinauioudulsiuiuruiaes
szuvzgnadlufaiissuiganuiouluuinausyuie
91mAvUA 250 keal h! ifloszuneauieu wazdainduiii
fahiulensednnyuisunaoanisldau msieuves
sguulensednuansly Figure 3 qu?\laqﬁaaqﬁmwm 1:1
818MAMEHIUNABNALINATAIINA 39:6 WaTTEUUAS
Maailedlgdngma 21:38 Tdwnuaulaludnsuuuinies
dwmsunsiunauludes daun1sruaNAMISITOUNIYY
vesgnAanslusefmuauuuuiisdannsadouninuiii
Fosn1smuaurugamuauiiindduiavefiaTeafe
Unmyuuanslu Figure 4
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Diractional Control Valva
N
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Check Valve

Hydraulic Cylinder

Hydraulic Mator

Proportional Valve 1 Proportional Valve 2
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Pressure Control Valve ||
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Air Cooler™y” —#

Clo- o™

Figure 3 The schematic diagram of hydraulic system for

M)

installing on a Sugarcane Leaf Stripper and Trash

Incorporator.

e 1 =) -

Figure 4 the controlling of the revolution for a stripping

roller on the electrical control panel.

23 msAadieunsalin

n1353AK399Aa1n (Drawbar pul) A1Lliun15laen15An
strain gauges WLUU wheatstone bridge Uy lower link pin
Weeeed (1),2) uay top link (3) Aadasunuuunld
Wile TanandeeszninanurszurufuLuILAL top link (4)
fnds torque transducer 3 §3 il 1 uae 2 e Tausednil
wans1ueids waziausslafimanduindeugunsalla (5)

v
Y

#adi 3 Lﬁai’mljnﬁmﬁmaﬁuLﬂﬁauqﬂaaﬂqiu (6) wazAng
gunsal Rotary Encoder 3 67 (7) §% 1, 2 uay 3 Liletn
AALSITOUNTNYUYBANATISIUIBAIAT AI5I5OUNTT
vsuvauwaduiadougunsaila uagauiaseUNIIVIL
vounarduindeugniaislu aiudidu (Figure 5a)
Fyanaliihaneiesdletamdndavdwlgdusunsy
Uszanana ieduummdsgaann fdsinueimeslonse
an Adannaidiuiefids uaridesiy dudeudae
TUsunsu Arduino 1.6.9 fiuednniunu wasuaninaiiniiioe

ADURILADS (Figure 5b)

—., l 2 b
(1),(2) = lower link pin (3) = top link (4) = potentiometer

(5),(6) = torque transducer (7) = Rotary Encoder

Figure 5 (a) Installation of the measuring equipment
on a Sugarcane Leaf Stripper and
Trash Incorporator.
(b) The program displays the results on the

screen.
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UNsNWas 2 seAuma Low 1 (1.95 km h) wag Low 2 (2.45
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semdsananvaslandnnaviulasgunsallaauyiald
fdadu (A3nA wazame, 2560) uuynaula 3 seAufe
36°, 40° wae 44° \esmnymanlafinadeusigaann Tnes
ulofindunssgaainlunuasefuiuualiufudy
qunseitamaulafivnn 30° ussanainluseduFuasd o
yuulafistuauis 45° dawaliussaaannlunuisedy
anas uaksegrainlukwlsedudenuniddunisdnfull
sty (Hettiarachi, 1997) LaAULTITOUNITAYY
nnuanila 2 sedue 150 uay 180 rpm Liesa1nALE
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sounayuinIuIlainadonswdnnaufiu uagded
wa181ureds Tnganuiiseunianyuiiniuaiule
38179 150 D3 180 rpm ANSNANNAUAUAIINAITUANGD
veafouiuazden wildmdiimansnneidaiutudle
mmL%ﬁia‘umsmuﬁmumulmﬁu;fu (Hoki et al., 1988)
Tnefanudnlunislanavludesade 25 cm fosanszuy
s1nvesdostlunuusindes Anudnfiuugiinfe 25-30 cm
dielsndesanunsamenmsldiewasifivae daelunis
fnwrmrnndulufu AuAN Y wazusudganmain
AU (e wagl35a3nn, 2561)

drugunsaiansludesimuaiudasidosandunns
ansludesidiedmndnlssan luaulaanudsmevenndos
wazddes uandsaInnsanslutiledinyiugugniidesld
m1dee wavdrdeslunisugn launausudaduvenis
wdeuitluiuifwesgniandly 0.5 ms! fannanisuyu
vosgniianslumuuftu arugslunisansly 28 m wax
AMIEITEUNINYUTesgnfansludes 800 rpm (ngudug
wazAE, 2563) NMsnaansovuadl 12 n35uds Faansdu
Table 1 uiiazn3suds in1smaaes 3 ASe surauUas
NAEDU 1.5 x 10 m ADNTIUID 1ABINLHUNITILATIZRN
affwuu RCBD factorial saunsninasfildnaasuifusn
unsnimes Kubota Ju B2440 Yu1n 24 hp Yn1snaaesd
thuvinde nlnded o fiyasiaamis a.guamusil Wugdesd
nnaaufe woawn 92-11 Wudesuanlmi 01y 10 ifiew A
gaiede 2.8 m viavesduduiusiu Uszneuse syniafu
M318 40.1% ouN1ARUNI18wls 46.2% wazayn1Afu
wilen 13.7% autivesiuluwlamaaesdiseiuaudn o-
60 cm fAAutuvesiuas 14.46 %(db) ALY
UIBTINANITWIIVDPWRRY 1.89 ¢ cm” AIIUFIUNIY
MsuNmzaRuady 1.96 MPa
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Table 1. The factors for testing is shown by the

treatments
Treatments Forward gangangle  Revolution
speed (Degree) of the
(km/h) spiral-
notched
disk
(rev/min)
1 Lowl 36 150
2 Lowl 40 150
3 Lowl a4 150
a4 Lowl 36 180
5 Lowl 40 180
6 Lowl a4 180
7 Low2 36 150
8 Low2 40 150
9 Low2 a4 150
10 Low2 36 180
11 Low2 40 180
12 Low2 a4 180

Note: The treatments is done 3 repetitions.
nrsnedsulunsaznIsuisazyiini1sTnAImA199
Usznausme

2.4.1 A1a3gaan (Drawbar power, Pp) Aa nagaivad
us9gAaIN AUANNSISAUNININDT

Pp=F, Xv (1)
We P, = mMasaan (kw)
v = ANULTITAUNINRDS (M )
F, = L39RAAIN AB WIITLANAIN

HATINVINTIRAAINTUKLITZAUT Lower link pins AUWSY
Aalunulszauas Top link (kN)

A189NNWa1871U3eA 189 (P.T.O power, Pprg) A2
HAUYIUSITATING 181428189 AUATIIUE
1993y YaUNa18 1IN

2.4.2

2nNproXTpTO

P = 2
PTO 60,000 @)

'
o

e Ppro = Aasiitwatsuininds (kw)
Npro = AIUL5950UTBILNAIBI1UIY
Mas (rpm)

Tpro = wsadaiwang eI (N-m)
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243 miagsanuwizluniswsiunavludae (Specific
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Aruaniiuiisuusesuiiiuaualag Abo El Ees
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A

Psp = (3)

p
Wle Prep = mastuiimanduindeugunsaila (kw)
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dou AupsudeyuvawaItugniareludes

2nNs RXTSLR
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sazads, 2560)
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Stripping of Sugarcane Leaf Efficiency(%) = % x100 (7)
1
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24.8 24.8 UszaNEn1WNI15H191UY90AS99TNTITI
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INEUNI57 8
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NAdoUIAEITUTERUANMNAFURINANIINAEY UaZSEAU
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dlo w; = seduanudrdnyresamadeuudazandile
INNTVNLUUADUDNVDANYATNT UAZUAIWINITNENT
X; = seduanunelavesrmageuusazandildann
NISVILUUABUIUTDUNYATNT WazUNIMINITNYAT

13



Thai Society of Agricultural Engineering Journal Vol. 31 No. 2 (2025), 8-22

3 WawazIvsal

3.1 WaNIsMAFevITeNdNaneausTauLYadASava1NalY
WsounsIUNaUluey

3.1.1 nomudégﬂmﬂ (Drawbar power)

Judsiisounsnmeslituindoundssfunuuameii
nsanslu wagnsrunavludesifiolorvugarudiuniud
ARty ﬁamzﬁmmL%ﬁiaumimuﬁmumuia 150 wag
180 rpm A5 2.45 km h? sounsamainasldingmn
a’mgm’jﬂﬁmwﬁa 1.95 km h'nsdisaunsnimedindeuii
ABAILET 2.45 km h WSsuifiguiuaiada 1.95 km h
Aridanainvazgunisianslukagnsiunauiandeeay
VuTu 30.12 - 30.84% waz 32.03 — 35.63% A1UEINU
waziilofansunaiiosainyuynatula (sang angle) e
nsdnuauludnsmyunsiunauTandesrieauiiseu
19U 150 waz 180 rpm wuin vaugfigunsaianslunas
wirunautandesdeyugaalo 44° Arsndsanarnuiiuiu
0.94 - 2.19% way 1.25 - 2.28% MNa1aU LWIsULBUAU
Feulvyuyaaiula 40° uazuuziigunsniandlunasnsiu
nautangesseyugaaula 40° Aridsanannifisdu 1.23
~1.92% uaz 0.86 — 1.69% snuadu wWisuiisusuideuly
wuynaula 36° (Figure 6a) lnsrwnyuynanulalidawaii
Wﬁwé’mmmﬂLLmﬂﬁhdﬁ’ua&hqﬁﬁaé’ﬁ@Lﬁaﬁmim’l
Wisudleuiideulvanusinsfumafionty uiausa
MaAunIeITauNIneesfiiinitazdamarinliidege
ANty wavdenndosiu A3EnA uavane (2561) uay
Hettiarachi, (1997)

312 fiaeiwargiaeniad (P.T.0. power)
Hurdiliduindounemeslenseanieardudosuas
maauludnsifionyunsiunaviandos fansdaiuna
soUnIMyUiHL1la 150 wag 180 rpm AnmLEa 2.45
km h gunsaifedldmdsiimasuneidsgeniniaamia
1.95 km h' nsdlisounsninesindeuiidiernuiia 245 km
h Wsuidisuiuaranda 1.95 km h drddasiimans g
Sfsazguniaianslunazwiiunaviandesasiiiniy
13.26 - 21.00% U@t 9.61 — 20.76% A1uA 1KY uazLilo
finnsmwaidesanyugaaulavensdumuanidudnagu
WsuNauTandesrienuLsITUNISNYY 150 Lag 180
rpm WU vunasmaladssarinliidaiimars e s
wanAsiuegsiitodfadefinnsandseudisuiiteouls
AnuInsiiumaieiu vugiigunsalanslusazwsiu
nauTandeesoyu yaatuln 44° gunsalldindaiiwan
Srureiidafiudu 10.81 - 15.43% uaz 6.99 - 14.79%
audy Wsuifisuiudeulvyugnaula 40° uazvaig
gunsalaslunasnstunaviandesdisyuynaiula 40°
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qﬂﬂm‘iﬁﬁﬁwé’qﬁmeé’mwﬁwé’qLﬁwﬁu 9.21 - 12.00% uay
8.32 - 11.23% suddu Wisuifisuiudeulumynaul
36° (Figure 6b) Sniamanisnageuduandliiiuiinisla
wruwdnnauAufinuiiiseunissumiaanla 150 uag
180 rpm UStnaun1sldmastuiimansnnemdunndieiu
athaiifeddy wavdonndeosiu ASANR wazAuy (2561)
ez Hoki et al., (1988)

3.1.3 masanuwirzluniswsiunavlvdes (Specific
Power)

ﬁu’dﬂizﬁmmL%ﬁ@ﬂﬂ’]imuﬁmuﬁnﬂa 150 way 180
rpm 7iran$a 2.45 km h' gunsaifedddmasdunnglunis
wsrunavludesganinfiaaiuiia 1.95 km h' nsdlsa
usnimesladeuidieninuia 2.45 km hlWisuifiguiy
A5 1.95 km ' Aridsdnizaazaunsalnsiunay
fandouazifintu 3.70 - 22.33% uay 10.00 - 26.81%
puddy uaziiofinnsansaiiiosanyugnaulodansd
mruauludnsuyunsiunauiandesdieninusisounis
visu 150 wag 180 rpm nuin vauzfigunsainsaunauian
sousauugnaula 44° aunsalldidedmglunisnsiu
navludesanas 19.75 - 34.52% wag 17.00 - 32.73%
mwddu Wisuifsududouluyuyaaula 40° wazwaed
gunsainsiunaviandesnisyuynaula 40° gunsaild
masdglunisnsiunavludesanas 6.19 - 11.50%
uag 17.95 - 19.86% audiu Wisuiisuiuieulusmuyn
a1ula 36° (Fieure 60) A& TwanSuresgadl
yumanaidegunsninsiunautandossesuynaulodil
1Ny aurmnanUTinesiulunmsunaudstude
gunsaflonsuudeyugaalaiiadu arandasoumyu
yoan1uaulaitindwazauiiinisiAunisuessa
usnnosiiIninardmaliuiinesAuseseunisloves
ulofiunamnndadamarilieidsdume inarsiuae
fdsanas wazaenndeaitu A3ANA Lavany (2560)

314 3.1.4 Araeiinainaslansadn (Motor hydraulic
power)

\Huidsiildduindeugniansludos nsdlsounsnines
\ADURIeA1IEY 2.45 km h T lWsuLisuiuALL
1.95 km h'! eridsiuewmeslensednvurgunsaimludes
aziiintuiade 36.00% nussfiuludesiiiiudy e
anuiinsiunisessowsnmefiiutuainaisgivan
(Wimadluden) fidnunuinagniaduifiniy

3.1.5 1184594 (Total power)
Junaswesiidmeaindumaefiimaisiuieiigs via
a < 4:4' 4:4'

nsdlaudaseunisvyunaiuaiula 150 uag 180 rpm 9

A1UL57 2,85 km h 9508 d9naase 1.95 km
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hinsdlsounsninasindaufidtoninunis 245 kmh'
Wisuiflsufiuaanuda 1.95 km h' arfidesnaziiiadu
17.86 — 23.81% Lay 15.63 — 25.40% A1U&16U LLa%Lﬁa
ﬂamzmwaLﬁaamﬂguﬁqﬂmulaﬁgqﬂszﬁmumuiué‘fﬂimu
WsunauTandesrienuL5I50UN1TNYL 150 Laz 180
rpm WU uaguIulodanarinliiidesinuansaiuy
athafituddgilefinsanuieuiieuiideuluanuidinis
Wiumadientu vazfigunsalanslusaznsiunauiandes
meyuynaula 44° Ardeaniaty 8.16 - 11.25% uay
4.32 - 10.13% MUARU LU%&JULﬁemﬁ'uﬁlaulwwqmmula
40° wazvnigunsaimslunaznsiunauiandossesuyn
9ula 40° ARSI LT Y 6.62 - 8.89% WAz 6.08 -
8.98% muddu Wisuisuiuideuluyuynaiulo 36°
(Figure 6d) 8nvisnanisnadeudwandhiifiuinnislansiy
wannavfufieuifiseunsyuniaaiula 150 wag 180
rom Usunansiiassiuuanaiuseeiltdedingy
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=
o
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+ ﬂ

3 T 1 | 1 I 1 1 L L \ ) ,
34 39 a4

Gang angle (°)
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R
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34 39 a4
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Figure 6 (a) Drawbar power at the conditions of 36°, 40°
and 44°
(b) P.T.O power at the conditions of 36°, 40°
and 44°
(c) Specific power at the conditions of 36°, 40°
and 44°
(d) Total power at the conditions of 36°, 40°
and 44°

3.1.6 Uszansninniswsaunaulusdse (Trash Covering
Efficiency)

fdoulvguynanula 36° UszAndamniswsiunauian
goglulsoglutiesening 92.41 - 96.85% dmunsalyuyn
31ula 40° UszAnSamnisnsiunaviandeslulseglugae
$¥W319 9382 - 94.31% warfideulvyuyaaiula ag°
UsgdAnsamnisnsiunaviagdesluliedlugiesening
94.16 - 94.88% (Figure 7a) lagUsz@n5AInA1TNIIUNAY
Tudeeiialifia 100% annsinainniseeniuuniuale
F1u3u 3 Tu WilanauTandesseninssesugndesrinliiuwg
nswannavludeslifawundosne uananiasdnd way
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ARY (2560) Na1dn Ysgansamnisnsiunavludestee
171 90% agliauisavssmdayminisananuveslnluls
dou Mufuuszavsammansiunauludesaisgandt 90%
laenNNITUTTRAININATY 90%

317 Uszansaiwnisariludes (Stripping of
Sugarcane Leaf Efficiency)
Annusudaduvesnisindeuilunfsvesgniansly
05ms’ ﬁﬂmnmimummgﬂﬁmﬂumuaﬁu Auadly
n1sandlu 2.5 m ausaseunisvyuvesgniasludey
800 rpm Usgdnsamnisansludeslulsegludissening
82.25 - 84.65% LHpsnluuinasenddosdiiinnugaiu
2.8 m (Wimailuuszana 15 - 20%) laildgniadesansasn
uAANEz AL Eane LS uALgNAR (Figure 7b) Lay
NNITNAFOU WU UINNTT 80% UIRUALLTIARDRE LA
dzann lagynnIsuIsiaIuInNndl 80%

3.1.8 UszAnSamnisiaIuvesnessnsidangu]
(Theoretical field capacity)

Jusgiuanuiivessaunsnined eldanuiaen
unsnmed 1.95 km h wuin fdasnnsiulaadnesuays
Anduvandamaliinnudivessaunsninesanaaiesain
msauloavesdeunsameidnlngiinanuswinuvesiud
ﬂix‘v‘hGiaﬁqmvl,aﬁﬁhmmdwLLqu”nuﬁuaaﬁuﬁé'aLmimma% uay
deldmnudisounsnimes 245 km b wesidusinisdu
lnadiauainnisldlanuiididedu dewalianusives
sounsninefituvayhaudludesdadunse (Load)
vo3gUnIalansludesaragut1aveITaunsNnes uazdey
vndiiwnneasgnniiatestududesdaianiagdnumii
YoIsaunINAesAuean Jelddinardeniiuiiivessn
uwnsnied waglidssarednnsvihnummeuiveseios
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Figure 7 (a) Trash covering efficiency at the conditions
of 36°, 40° and 44°
(b) Stripping of sugarcane leaves efficiency at
the conditions of 36°, 40° and 44°
HANINAFBUYNNTTUITRARTLY Table 2
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Table 2. Results of testing Drawbar power, P.T.O power, Total power, Specific Power, Motor hydraulic power, Trash

Covering Efficiency, Stripping of Sugarcane Leaf Efficiency and Theoretical field capacity.

Treat Drawba P.T.O. Total Specific Motor Trash Stripping of Theoretical
ment r powe  power Power hydraulic Covering Sugarcane field
power r (kw) (KW-m) power Efficiency Leaf capacity
(kw) (kw) (kw) (%) Efficiency (rai h'™)
(%)
1 3.12 7.00 10.12 1.03 2.68 92.41 83.16 2.34
2 3.18 7.84 11.02 0.97 272 93.82 82.25 2.32
3 3.21 9.05 12.26 0.81 2.87 94.16 83.57 2.31
a4 3.48 7.66 11.14 1.38 2.77 96.48 84.62 2.35
5 3.51 8.52 12.14 1.17 292 93.95 82.68 2.34
6 3.59 9.78 13.37 1.00 2.94 94.72 84.61 2.34
7 4.06 8.47 12.53 1.26 3.66 95.66 83.73 2.81
8 4.11 9.25 13.36 1.13 3.85 94.25 84.52 2.82
9 4.20 10.25 14.45 0.84 3.98 94.28 83.13 2.80
10 a.72 9.25 13.97 1.75 3.64 96.85 82.77 2.82
11 4.80 10.02 14.82 1.46 3.87 94.31 84.65 2.83
12 a.74 10.72 15.46 1.10 3.99 94.88 84.11 2.83

Note: The results of the experiment are an average of 3 replicates.

3.2 wansdesenageuiluiizay (optimum) 113y
nsanlukaswraunavludoelneinTosarslunio
wsaunavlugey

FEAUAMUAIAYVDINANITNAADU LAZTTAUAIIUNS
welaveananisnadaunanun 4a1 Usznausie

Usgandammnisnsiunavluesy Yszansninlunisanslu

S0 fdisu sednsnisldintudomnas wazdnsinis

MU e]] 1ngseauANUEIAYIDINANITNAFEUIY

5 umaaeunouLUuasUALAENEINTNAGDULABIRY

AmaaoulasinnnudAyiSosdrdugege-ian dmnsunis

arsluneunsiunavludey d@rusyauauianelaveua

Mavedeu {ITautissAuTaAmageuLiasAly 4 seau

memdsmsnaaeulifsiumageunsuLuUaBUN A AEIAY

SEAUANNINBlaVBINANAADULAREAILIEIAIAUIN

VoY 1-4 (Yesfign-uniign) dvdudidesu {33

¥msTamdesauildlunsadeuiioun 4 sty udri

Tifudomailddenszuonme anduiieududnsinng

Thsudomaiols Lﬁ@lﬁ@'ﬁ'awmaauﬁﬂadwﬁu NANT

pRULUUABUNNLERS LY Table 3
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Table 3: The level of satisfaction and significance for the

results of testing.

Test results Level Level of  Level of
satisfacti  significati
on on (%)
> 90 (%) 4
Trash 90 - 88 (%) 3 25.28
Covering 88 - 85 (%) 2
Efficiency < 85 (%) 1
Stripping of > 80 (%) il
Sugarcane 80 - 75 (%) 3 28.32
Leaf 75 - 70 (%) 2
Efficiency < 70 (%) 1
< 11.0 (kw) or a4
Total power < 1.50 (liter/rai)
or 12.5 - 11.0 (kw) 3 30..14
Fuel or
consumptio 1.75 - 1.50
n (liter/rai)
15.0 - 12.5 (kw) 2
or
20-1.75
(liter/rai)
> 15.0 (kW) or 1
> 2.0 (liter/rai)
> 2.5 (rai h) 4
Theoretical 2.5 - 2.3 (raih™) 3 16.26
field 2.3-20 (rai h") 2
capacity <20 (rai hY) 1

Note: 4 = very good, 3 = good, 2 = medium and 1 = not

good
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Table 4 Weighted Arithmetic Mean of Experiments

Treatme  Trash Covering Stripping of Total power Theoretical field Weighted

nt Efficiency Sugarcane Leaf capacity Arithmetic
Efficiency Mean

(%) level (%) level (kw) level (raih™) level

1 92.41 4 83.16 a4 10.12 a4 234 3 3.837
2 93.82 4 82.25 a4 11.02 3 2.32 3 3.536
3 94.16 a4 83.57 a4 12.26 3 231 3 3.536
a4 96.48 a4 84.62 a4 11.14 3 2.35 3 3.536
5 93.95 a4 82.68 a4 12.14 3 234 3 3.536
6 94.72 a4 84.61 4 13.37 2 2.34 3 3.235
7 95.66 a4 83.73 4 12.53 2 2.81 a4 3.397
8 94.25 a4 84.52 a4 13.36 2 2.82 a4 3.397
9 94.28 4 83.13 4 14.45 2 2.80 4 3.397
10 96.85 a4 82.77 4 13.97 2 2.82 4 3.397
11 94.31 4 84.65 4 14.82 2 2.83 4 3.397
12 94.88 a4 84.11 a4 15.46 1 2.83 a4 3.096

971 Table 4 nudn Anedsavadauuudlandnly
nssuAEd 1 Wendsavedanuudisnimidnndian 3.837
wandliifiuin mnudanisideuiivessaunsnmes 1.95 km
h! (s Lowl) sppanula 36° AnaiFiseumsnyuiiniu
gle 150 rpm AnuSLdadureanisedouiiluwafes
gndanglu 0.5 m s™ ﬁmmamW;Jqusuaaqﬂﬁmﬂwagua“ﬁu
LazANSITEUN TN UYesgnAaitludes 800 rpm 1du
Yasdennaeuiimunzay (optimum) wasdaussauynis
vhaugsgadmiunsadlutaznsiunavludeslneiaios
arslunfesmsunavludesluutamaaey usnaninn
n3suIsliusEanS A mnwsunauludesunnil 90% Lag
UsgAnsnmnisansluoesuinnan 80% a1faNTauAaITIL
Fuvsfumusasinslddfiudomas wudn audanis
\ndeufivessaunsnined yuynaula waganusaseunns
viuiuaila dwanssnuderdssuiiseduaudeniy
99% Tnonssadsh 1 Tihdsausiian 10.12 kw wuiu

4 ayu

w3nsaslundeunsiunavludes \uadesdunuud
Wauaniaiesansludesdmiudesdnviniuglaely
svuulensedniioanuuulag nguavs uavamey (2563) i
nsoenuuuLisAnd 1 miveunsainsaunavludes
Usgnoumemudnsuianasuiesna LagseuuaInIgg
Wesldfildmuarulaludnsuuuinden fvuinduniiu
Audnan 18 in 91uau 3 u dndndrslunisinau 1,200
mm @wnsaanslundounsiunavludeslunisvinenunds
Wwenlaegnelivszdnsan yinisvegeuiudesiiug woaa

92-11 drnfudmdilseau nrsnaaswitlufiudinusiu
U3ENoUAIY BYNIARUNSIE 40.1% UNIARUNITIELTS
46.2% wazoun1nfumiled 13.7% authivesnuluwlas
naapetsrRuAINEn 0-60 cm dA1ANTuTesAuLRdY
14.46 %(db) AMUNUILULNIATINAN1ILWTIve IR LIAAY
1.89 g cm” AUFIUNIUNITLNINZgAULRAY 1.96 MPa
WUl mnusinsedeuiivessaunsnned yugnanile uag
A Iseunsnyuiniuala dawansenuseidasi
(nasImvesindsgaannfuidsiimarsiureidniiuusiy
musnsmsidisudemas Tneddniutuidernuiaseu
VyUYINILAIULlD WaZAINSINTAUNVDITOUNININDS
diutu susgunsainmunautandosfesuyaaulodile
WnTu dmsudsransamnisandludes auisaansly
dieliussnuaudidadesldazain diudseansainnig
wiunavludesanunsadusazilenavludesiiofiuuiuia
dunieingluAuwazussmlgmnisanatuvedlnlulsdes
yenNENUIAUEINMSRuSTaUnsIIes 1.95 km h!
(1Res Lowl) yuyaanln 36° anuiasounsnyuiiniua
10 150 rpm mmL%ﬁL%aLé*usuaamim?{auﬁiuumawaaqﬂ
fanglu 0.5 ms? ﬁm/mﬂ’]imuﬁuaqqﬂﬁmﬂumuﬁeﬁu
LaZAIMSITOUNI TN UVRIgNAaaluday 800 rpm Uu
Yadunaaeuiiimuizan (optimum) wasdaussaugnis
vhaougaandmiuiasesanslundounsiunauludes Tagld
fae 10.12 kw duszandanlunisarsludes 83.16%
Usgandamnisnsiunavludes 92.41% wazilonsinig
Yamangud 2.34 rai h' Tagiedesandundounsiunay
ludeviidainupnauisaaluniounsiunavludeslunis
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U Sudenisnageuiinfiuiedfusnsinisiieuese
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Abstract

The objective of this research was to design and evaluate the performance of a tractor-mounted cassava
cleaning machine for small tractors. The machine has dimensions of 1.20 m (width) x 1.5 m (length) x 1.6 m
(height). Its structure consists of a power source, a power transmission system, and a cleaning unit. The power
source is derived from the tractor's power take-off (PTO) shaft. The machine was tested at a PTO speed of 800
rom. During operation, cassava is fed into the cleaning unit, which rotates for a specified period before discharging
the cleaned material. The machine was tested at rotational speeds of 15, 20, and 25 rpm, and cleaning durations
of 1 and 2 minutes. Test results showed the highest cleaning efficiency of 96.44%, achieved at 20 rpm, with a 2-

minute cleaning time and a material weight of 50 kg. The highest working capacity was 5,220 kg h™', recorded at a

cleaning time of 1 minute with a material weight of 100 ke. This cassava cleaning machine, which is mountable on

a small tractor, can effectively remove impurities and scrape the outer skin.

Keywords: Cassava, Cleaning, Small Tractor
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No. 3

No. 2

Figure 1 shows a cleaning cassava machine for a small
tractor.
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Figure 2 shows a power transmission cleaning cassava
machine for a small Tractor.
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Table 1 The effect of cassava weight on cleaning at

various PTO speeds.

Cassava weight PTO speed PTO speed 800
(kg) 540 rpm rom
50 aula veula
60 aula vaula
70 vhaula vhaula
80 vhaula vhaula
90 vhaula vhaula
100 IIGRIVEER aula

vhaule
110 lalaansn lalansa
vhaoule vaula

Table 2 The effect of cleaning with various speeds.

Speed Cassava cleaned at PTO speed 800
(rpm) rpm
10 yhanuazenlduddfuazanogiing
WasnAsudgeey
15 anuazonlaudliiuazaiey
WOHAUAIS
20 MmanuagenlauariuSunuRuRnaya
agfisnantion
25 ManuazealausiUdeniinngimnig
vsdusaziiuiasuly
30 ManugzealausiUudeniinngimnizain

auiulvaudailalurildenudeme

2) MINAApUATIILEISEURZLNSTIMINzAL ety
aftyauazauy, 2505 linaaouLA3adinANALDIALUY
wiawazyaRafudusndsunediu wudmanisnaaeud
AM5ITY 20 rpm- WiAnuaiusalunisyiiaugean
Fefuipiesihnnuaventiud Uz ndiiFoonuuusdd
mFseUnzuNTmILT 20 rom lagldnismaseusnens
Snsmadesan @il 1 neseulaeldiilodidosaniudu
fdsgaannsaunsnines druflaemasousiengiadiilon
Snsnanuisaseuiimanea NNISANYITOYaLaEYIINIT
nadouTinsIseuNas LIBRI&s (PTO) 800 rpm wWa
nsnaaeusanansly Table 2 uag Fig 3 Jauaninanisvh
AuareInTud1Ugndsfiaanuiaseu PTO 800 rpm
A0150YANAZ 1A LAALAZLIANAIUIAENIY NIONIT
nswefiusnaiivesiudUsndsien

26

Figure 3 Cassava cleaning by the testing at 1 minute.

3) nsAnwszeziiafimuizaulunisiauazenn
wiudUznds Wemanuanunsalunsvausaziaatly
mMshaazeaiivianzay eawansly Table 3 wae Fig
4 wanananI L dsnieiiiinainn1sviiaauazeny
ddendsiinen 2.5 min TulU easianisuaninainnis
BEINNTY

Figure 4 Cassava damaged by the testing at 2.5 minutes.
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Table 3 Results of cleaning cassava at a time.

Time Cleaning at PTO speed 800 rpm

(min)

T
5% S v o

05  yhAnuarenliufdAuAneg Nt

d1Uzndanoannls

10 vhmwazealdudsdiauinegiviiud
dlyndadntion

15 ﬁma’mazmmiﬁl,wié’qﬁﬁuaﬂa&ﬁﬁa”uéw
dzndaudntios

2.0  @3savhAnuEze1nlaLaonsINSLenAueen
PnnhdudgUrndundediutiay

25 @3150vANNEz1nlaLAoRsINSLenALDDn
nntudUsndsnsfivasitudUzudasud
A1SLAANIAN

3.0 @uNsevANNEE I laLAEnIINISLENALEBN
nsfudUzndsnsfinasiiudsvdasud
ATUANIAN

2.6 NITEONUUUNITNAASN

Jnuan1sageuLle i e nLUUITn1sndeU
AuatNisalunisinau taedl 2 Jadulunisneasude
AUISITEUTInzLNeoud 15 20 way 25 rpm Latlunis
VadouUT 1 uay 2 min wavtmnsiud1Usuds 50 80 waz
100 kg vadoufiAEITOU PTO 800 rpm

3 WakazIsal

3.1 WANISNAFOUNDANNINNITYIAIINGLDIN

deldideulanisviaiiuazenainainnanis
vaaswAsowiAuaroInud Uz ndsuuiadinesa
unsnimeduunadnidosiu Tngldfmunaiusiseuman
£1U2A189(PTO) 15 20 wag 25 rpm Lailunisvaasu 1
waz 2 min waziminuduymds 50 80 way 100 kg

Table 4 Results testing cleaning cassava machine for

append small tractor.

Speed Time Weight Cleanliness Capacity
()

(rpm)  (min)  (kg) (%) (kg h™)
50 60.00° 2,910

1 80 16.67" 4,512°

100 68.33" 5,220°

1 50 73.68' 1,410°
2 80 20.009 2,220™

100 42.86° 2,700

20 1 50 83.57" 2,832"

80 80.72 4,416°
100 84.62' 5,100°
50 96.44° 1,392°
2 80 76.22" 2,178"
100 89.44° 2,490%
50 95.38° 2,766'
1 80 83.719 4,266
100 86.78° 4,956°
25
50 70.59™ 1,3479
2 80 81.34' 2,190°
100 88.10¢ 2,400'

*Significant at P < 0.05.

100.00
90.00 ]:
80.00
70.00
60.00

50.00

Cleanliness
(%)

40.00

30.00

20.00

10.00

0.00

Figure 5 Compare Cleanliness at 1 min.

100.00

90.00
80.00 ‘|’ :[
70.00

60.00

50.00

(%)

Cleanliness

40.00

30.00

20.00

10.00

0.00

50 kg 80 kg 100 kg
M Speed 15 rpm 60.00 16.67 68.33
W Speed 20 rpm 83.57 80.72 84.62

Speed 25 rpm 95.38 83.71 86.78

Figure 6 Compare Cleanliness at 2 min.

50 kg 80 kg 100 kg

W Speed 15 rpm 73.68 20.00 42.86
M Speed 20 rpm 96.44 76.22 89.44
Speed 25 rpm 70.59 81.34 88.10
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Figure 7 Good quality cassava cleaning effect.
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6,000
W Speed 15 rpm W Speed 20 rpm Speed 25 rpm

= i B

2,000

Capacity
(kg h™)

1,000

50 kg 80 kg 100 kg

[ Speed 15 rpm 2,910 4,512 5,220

[ Speed 20 rpm 2,832 4,416 5,100

Speed 25 rpm 2,766 4,266 4,956

Figure 7 Compare Capabilities at 1 min.
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2,500
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1,500
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Speed 25 rpm

Capacity
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500

50 kg 80 kg 100 kg

M Speed 15 rpm 1,410 2,220 2,700
[l Speed 20 rpm 1,392 2,178 2,490
Speed 25 rpm 1,347 2,190 2,400

Figure 8 Compare Capabilities at 2 min.
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fddey: Tumn, wuwesiany, wuiiau
Abstract

Management of plant nutrients to suit soil conditions in each specific sub-area of a plot (Site-Specific
Management, SSM) is crucial for efficient crop production. Excessive fertilizer application not only increases
production costs for farmers but also leads to soil degradation and contamination of groundwater sources. Soil
analysis using sensors is suitable for analyzing a large number of soil samples due to its low cost, quick operation,
and applicability in agricultural fields. The main objective of this research is to develop a tool for measuring nitrate
concentration in soil using a Nitrate lon-Selective Electrode (Nitrate-ISE) along with a GPS system for automatic data
recording on a secure digital card (SD card). The system is controlled by an Embedded Board (Arduino mega 2560)
and consists of five main operations: 1. Soil extraction, 2. Measurement, 3. Cleaning, 4. Satellite coordinate

detection, and 5. Controller and data logger. The analysis requires approximately 0.5 liters of clean water, and the
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time for each sample is around 5 minutes. The optimal soil-water ratio is 1:10, and the measurement time is 30

seconds. The average accuracy of the measurements is more than 80%, with an R* = 0.80 and RMSE = 1.44

compared to laboratory methods. This prototype reduces soil analysis costs by 5-6 times, providing reliable data

for creating soil maps. This information can be used to support farmers in making decisions for nitrogen fertilizer

management in subsequent crop cultivation.

Keywords: Nitrate, Soil Sensors, Soil Map

1 Introduction

Soil is a critical factor for plant growth and
agriculture because it provides a foundation for plant
roots, moisture, and essential nutrients for growth. It
acts as a medium that supports plant roots, retains
water, and supplies essential nutrients necessary for
plant development. Without healthy soil, plants cannot
thrive, which in turn affects agricultural productivity and
food

agriculture, chemical or organic fertilizers are commonly

security. However, in modern commercial
used to supplement essential nutrients like nitrogen (N),
phosphorus (P), and potassium (K). These fertilizers are
vital in enhancing soil fertility and ensuring that crops
receive the nutrients required for optimal growth and
yield.
The

continuously increased between 1961 and 2014 (FAO,

global use of nitrogen fertilizers has
2019), with Asia experiencing the highest increase
compared to other regions. This trend reflects the
intensification of agricultural practices aimed at
boosting crop yields to meet the demands of growing
populations and improving food security. In Thailand,
for instance, fertilizers are typically applied at the same
rate across entire fields, despite variations in nutrient
levels and soil conditions within different areas of a
field. This

inefficient and can lead to several adverse outcomes,

uniform application method is often
both economically and environmentally.

Inefficient  fertilizer use not only increases
agricultural production costs, making it difficult to
compete globally, but also leads to nutrient runoff,
which pollutes surface and groundwater sources, and
long-term  soil  degradation.  Excessive fertilizer
application can result in the leaching of nitrates into
health

methemoglobinemia or "blue baby syndrome," and

groundwater,  posing risks  such  as

contributing  to  environmental  hazards  like

eutrophication. Proper fertilizer application in specific
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sub-areas within a field can help plants grow uniformly,
increase yields, and improve soil organic matter and
fertility over time (Haneklaus et al., 2010; Pamapolino
etal, 2007). By tailoring fertilizer applications to the
specific needs of different parts of a field, farmers can
optimize resource use, enhance crop performance, and
protect the environment.

However, appropriate fertilizer application requires
soil analysis to assess nutrient concentrations.
Traditional laboratory methods, while accurate, are
expensive, require skilled operators, and are not
economically viable for analyzing large numbers of soil
samples. This reduces farmers' acceptance of precision
agriculture practices (Heiniger et al., 2003). Additionally,
there are costs associated with maintaining soil sample
integrity during transportation and storage. The logistical
challenges of collecting, transporting, and analyzing
numerous soil samples can be prohibitive for many
farmers, particularly those with limited resources or
access to laboratory facilities.

Nitrate ions (NOs) are a form of inorganic nitrogen in
soil, easily dissolved in water, making them readily
available for plant uptake (Soil Science Faculty, 2005).
Nitrate is a crucial nutrient for plant growth, influencing
plant health. The

presence or absence of nitrate nitrogen (NOs -N) in the

protein synthesis and overall
topsoil at a depth of approximately 30 cm often
indicates whether plants can absorb enough nitrogen
from the soil and how they will respond to additional
fertilization (Fox et al., 1989). Generally, NOs —N in soil
is absorbed by plants first (Schroder et al., 2000), making
it a reliable indicator of soil fertility and the
effectiveness of fertilization strategies.

Given the problems of improper fertilization and the
limitations of laboratory soil analysis, the Agricultural
Engineering Research Institute has developed a portable
electrochemical device for nitrate concentration
mapping using lon-Selective Electrode (ISE) sensors.

These sensors are commercially available and known
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for their simplicity, reliability, and rapid response. The
developed device integrates an Embedded Board for
controlling its operations and data logging. This
innovative approach aims to provide a cost-effective,
accurate, and user-friendly solution for farmers to
monitor soil nitrate levels rapidly, facilitating more
precise and efficient fertilizer application. By enabling
farmers to quickly and accurately assess the nitrate
levels in their soil, this device helps to optimize
fertilization practices, reduce environmental impact,
and improve crop yields. The integration of GPS
technology also allows for precise mapping of nitrate
concentrations across different areas of a field, further
enhancing the ability to apply fertilizers in a targeted

manner.

2 Materials and Methods

2.1 Prototype Development

The prototype was developed with a focus on
automating the entire process of nitrate concentration
measurement in soil samples. The device integrates
multiple components to perform soil extraction,
measurement, cleaning, satellite coordinate detection,
and data logging. The detailed design of the prototype’s

operational cycle is shown in Figure 1.

Soil Sample
Collection:
Collect the soil
sample from the
designated pointsin
the field, place it in
the extraction cuo

( 1.Soil-Water Mixing:

Mix the soil sample with a precise
amount of water in the extractionj
2.Nitrate Extraction:
Agitate the mixture to extract nitrate

ions from the soil samole
3.Nitrate Measurement:

Measure the nitrate concentration of

\the solution using the ISE sensor

a0
4.GPS Signal Reading:
Read the geographic location of the soil
\sampling point using the GPS module

5.Data Logging on SD Card:
Log the nitrate concentration, the GPS
\coordinates and timestamps

6.System Cleaning:
Clean the extraction cup and sensor to

A

N

(- 1\

7~ N\

4 N

J

s )

\prevent contamination of subsequent )

Figure 1 Workflow Chart of the prototype.
The core of the prototype’s control system is an
Arduino Mega 2560 microcontroller, chosen for its

versatility and ample input/output capabilities. This

microcontroller coordinates the functions of various
components, including pumps, sensors, and data
storage devices.

Key Components and Their Functions:

1. Soil Extraction System: This system involves a
mechanism for mixing soil samples with water to extract
nitrate ions. The soil sample is placed in an extraction
cup, and a precise amount of water is added. The
mixture is then agitated to ensure thorough extraction
of nitrates. The extraction process is critical for ensuring
that the nitrate ions are sufficiently dissolved in the
water for accurate measurement.

2. Measurement System: The core measurement
component is the Sentek UK Nitrate 3021 Combination
lon Selective Electrode (ISE). This solid-state sensor is
durable, easy to maintain, and provides rapid and
reliable measurements. The sensor is connected to a
16-bits of analog-to-digital converter (ADC) before to the
Arduino board, which digitizes the voltage readings. The
Nitrate-ISE sensor operates based on the principle of
which

specifically measure the concentration of nitrate ions in

ion-selective  permeability, allows it to
the soil extract.

3. Cleaning System: After each measurement, the
extraction cup and electrode must be cleaned to
prevent contamination of subsequent samples. The
cleaning system includes a water pump and nozzles
that thoroughly rinse the components. This step is
automated to ensure consistency and efficiency,
reducing the likelihood of cross-contamination and
maintaining the integrity of subsequent measurements.

4. Satellite Coordinate Detection: A GPS module is
integrated to record the geographic location of each soil
sample. This data is crucial for creating precise nitrate
concentration maps. The GPS coordinates are logged
along with the nitrate concentration data, allowing for
the creation of spatially accurate nutrient maps that can
guide site-specific fertilizer application.

5. Controller and Data Logger: All operations are
controlled by the Arduino board (Arduino mega 2560),
which also logs data onto a secure digital (SD) card. The
data

concentration (voltage, mV), GPS coordinates, and

logged includes  point number, nitrate
timestamps. The data logging system ensures that all
relevant information is captured and stored for further

analysis and mapping.

33



Thai Society of Agricultural Engineering Journal Vol. 31 No. 1 (2025), 31-39

2.2 Sensor Calibration

Before deployment, the Nitrate ISE sensor is required
for calibration with standard nitrate solutions of known
concentrations. Solutions with concentrations of 1 ppm,
10 ppm, and 100 ppm were prepared. The voltage
readings from the sensor for each solution were
recorded, and a calibration curve was plotted.

The calibration curve is based on the Nernst
equation (Morf, 1981; Adumchuk et al, 2002) as

indicated by equation (1):
E = E, + Slog(4) (1)

where E is the measured voltage (mV), Eo is the
standard constant potential, S is the slope (related to
and A

(concentration) of the nitrate ions. This calibration curve

the sensor’s sensitivity), is the activity
allows conversion of voltage readings from soil samples
into nitrate concentrations. The calibration process is
essential to ensure that the sensor readings are accurate
and reliable across the range of expected nitrate

concentrations.
2.3 Testing for Key Factors in Laboratory

2.3.1 Optimal Soil-Water Ratio

To determine the optimal soil-to-water ratio for
accurate nitrate extraction, 45 soil samples were
collected from agricultural plots. Each sample was
tested with three different soil-to-water ratios: 1:5, 1:10,
and 1:20. Each sample was divided into two parts: one
for testing with the prototype and one for standard
laboratory analysis using 1.0 M KCl as the extractant.
The results from the prototype were compared to the
standard method to This

comparison prototype's

evaluate  accuracy.
that the

reliable and comparable to

ensured
measurements were

established laboratory methods.

2.3.2 Repeatability Testing

The repeatability of the prototype was tested by
analyzing three soil samples, each divided into five
portions. The soil-to-water ratio was set at 1:10, and the
extraction time was 30 seconds. The consistency of
voltage readings across replicates was evaluated to
High

indicates that the prototype can produce consistent

ensure reliable performance. repeatability
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results under the same conditions, which is crucial for
its practical application in the field.

2.4 Field Testing

The field testing was conducted in a 1.6-hectare
sugarcane field in U Thong District, Suphan Buri
Province, Thailand. Measurement points were spaced
approximately 15-30 meters apart. Soil samples were
collected at a depth of 15-30 cm, homogenized, and
divided into two parts: one for laboratory analysis and
one for prototype testing. Each 10 ¢ soil sample was
mixed with 100 ml of clean water in the prototype,
which then automatically performed the extraction,
measurement, GPS recording, and data logging. The
system cleaned itself after each sample to ensure
accuracy for subsequent tests. Field testing in a real
agricultural setting was essential to evaluate the
prototype's performance under practical conditions and
to identify any potential issues that might arise during

actual use.

3 Results and Discussion

3.1 Prototype Design and Construction
The

SolidWorks, and components were manufactured using

prototype’s design was created using
a 3D printer. The assembly of the prototype for field
testing is shown in Figures 2 and 3. The modular design
allows easy assembly and maintenance. The use of 3D
printing for component fabrication enabled rapid
prototyping and iterative improvements, ensuring that
the final design was both functional and practical for

field use.

Controller

Extraction Cup Nitrate ISE

Box

Measurement Peristaltic

Chamber

Water Pump

Pump
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Controller Box

Figures 2 The extraction and measurement systems and

L o GPS antenna:
Receive GPS signal

controller box.

Extraction and Measurement
System: Extract the nitrate

ions from the soil sample and
measure their concentration

Controller Box: Control

the operation of the
system in sequence

Water Tank: Water
source for nitrate
extraction

Figure 3 The prototype for field testing.

3.2 Sensor Calibration Results

Calibration with standard nitrate solutions showed a
linear relationship between the measured voltage and
the logarithm of nitrate concentration (Figure 4). The
calibration equation derived from these results was
used for readings to nitrate
concentrations during field and laboratory tests. The

calibration curve demonstrated the sensor's ability to

converting voltage

accurately measure nitrate concentrations across a wide

range, providing confidence in the prototype's

measurements.

Calibration by Standard Solution 1, 10 and 100 ppm

Measurement (mV)

245 a

Data Points
—— Fit line (R2=1.00)

y =-16.89x + 244,48
125

0.75 1.00 1.50

log(ppm)

Figure 4 Nitrate-ISE calibration curve.

3.3 Optimal Soil-Water Ratio

Correlation between Prototype Device and Lab Measurements
(1 : 5 Soil-water ratio)

4 Data Points
—— Fitline (R?=0.82, RMSE=2.77)

p
o
a9
o i

-
5
i

Lab Measurements (ppm)
- B
n =

w
>

55 4 y = 0.83x + 1.25
0.0 25 5.0 75 10.0 125 15.0 175 20.0
Prototype Device Measurements (ISE} (ppm)
(@)

Correlation between Prototype Device and Lab Measurements
(1: 10 Soil-water ratio)

a4 Data Points A
| — Fitline (R°=0.81, RMSE=2.48)

17.5

Lah Measurements (ppm)

y=0.75x + 3.19

5 10 15 20
Prototype Device Measurements (ISE} (ppm)

(b)
Correlation between Prototype Device and Lab Measurements
(1 : 20 Soil-water ratio)

& Data Points
— Fit line (R?=0.63, RMSE=3.68)

Lab Measurements (ppm)

y=0.72x + 3.12

6 5 10 15 2‘0 2‘5
Prototype Device Measurements (ISE) (ppm)

(0
Figure 5 Comparison of soil: water ratio in the extraction
process (a) 1:5 (b) 1:10 and (c) 1:20.
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It can be seen from these figures that the analysis of
the

nitrate

the provided graphs elucidates
the

measurements and standard laboratory measurements

relationship
between prototype's concentration
for soil-to-water ratios of 1:5, 1:10, and 1:20. Each ratio
was meticulously examined to ascertain the optimal
balance between measurement accuracy and practical
usability. The 1:5 ratio, characterized by the equation
y=0.83x+1.25 and an R? value of 0.82, demonstrates a
very strong correlation between the prototype's
readings and the reference measurements, with a Root
Mean Square Error (RMSE) of 2.77. This high accuracy
indicates reliable performance; however, the elevated
soil concentration complicates the cleaning process,
rendering it less practical for repeated use in field
settings where operational efficiency is paramount.

In contrast, the 1:10 ratio, represented by the
equation y=0.75x+3.19 and an R? value of 0.81, also
exhibits a strong correlation, nearly matching the
accuracy observed with the 1:5 ratio. It has a lower
RMSE of 2.48, indicating improved precision. This ratio is
particularly noteworthy because it balances accuracy
with practicality, maintaining reliable measurement
the

maintenance process. Consequently, the 1:10 ratio is

precision  while  simplifying cleaning and
more suitable for field conditions where ease of
operation and time efficiency are critical considerations.

Conversely, the 1:20 ratio, depicted by the equation
y=0.72x+3.12 and an R? value of 0.63, exhibits a
significantly weaker correlation compared to the other
two ratios. With the highest RMSE of 3.68, this ratio
highlights its lower precision and reliability for nitrate
detection. The increased dilution of the soil sample at
this ratio adversely affects the accuracy of nitrate
detection, rendering it less reliable for precise nutrient
management. This reduced accuracy is likely due to the
diminished concentration of nitrate ions in the solution,
potentially falling below the sensitivity threshold of the
sensor.

Therefore, considering both the accuracy of the
measurements and the practicality of use, the 1:10 ratio
emerges as the optimal choice for the prototype. It
with

measurements, ensuring reliable data collection, while

offers a  robust correlation reference
also facilitating easier and quicker cleaning procedures,

which are essential for efficient field operations. The
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lower RMSE at this ratio indicates greater precision in
nitrate measurement. This balance of accuracy and
practicality underscores the suitability of the 1:10 ratio
for authentic agricultural applications in actual field
conditions.

3.4 Repeatability Testing

The prototype demonstrated high repeatability with
consistent voltage readings across five replicates for
each of the three soil samples. The standard deviation
was low, indicating reliable performance (Table 1). High
repeatability is essential for any analytical device, as it
that the

reproducible, which is crucial for building confidence in

ensures results are consistent and
the measurements and their subsequent use in

decision-making.

Table 1 Testing for repeatability of the prototype.

Measured Voltage (mV)

Samp.l  Samp.2 Samp.3

Rep. 1 233 230 233

Rep. 2 234 230 232

Rep. 3 231 230 235

Rep. 4 232 231 234

Rep. 5 230 231 235

Mean 232 230 234
Standard Deviation 1.58 0.55 1.30
Degree of freedom 4 4 4

Repeatability (pooled 1.22

standard deviation)

3.5 Field Testing Results

Field testing
between the prototype’s measurements and laboratory
analysis, with an accuracy of R°=0.80 and RMSE = 1.44.
The

confirming the prototype’s

results showed good agreement

average accuracy was approximately 809%,

reliability in practical
applications (Figures 7). This high level of agreement
between the prototype and laboratory measurements
indicates that the device can consistently produce
accurate results, making it a valuable tool for farmers

and agricultural professionals.
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Correlation between Prototype Device and Lab Measurements
(Field Test)

" A Data Points A

—— Fit line (R?=0.80, RMSE=1.44)

-
~

-
=)

Lab Measurements (ppm)
o ®

&

y =0.92x + 0.89

~

2 4 6 8 10 12
Prototype Device Measurements (ISE) (ppm)

Figure 7 field test result.

The field-testing process involved collecting soil
samples from a 1.6-hectare sugarcane field, ensuring
that the prototype could handle large-scale operations.
This was particularly important because the prototype
allows for the flexibility to set the distance between
sampling points as needed. By being able to specify the
distance between each sampling point, we could
ensure a comprehensive analysis of the field's nutrient
distribution. This capability allows for tailored data
collection strategies, accommodating the unique needs
of different crops and field layouts.

Each sample was carefully analyzed, and the data
were logged for comparison with traditional laboratory
methods. The results not only validated the accuracy
of the prototype but also showcased its efficiency in
terms of time and cost savings. The quick operation
time for obtaining results from the prototype allows for
timely decision-making, which is essential for effective
nutrient management.

Furthermore, the integration of GPS technology in
the prototype provided precise location data for each
soil sample. This feature enabled the creation of
detailed

invaluable for site-specific management

nitrate concentration maps, which are
practices as
shown in figure 8. By using these maps, farmers can
apply fertilizers more efficiently, targeting specific areas
that require additional nutrients and reducing the
overall amount of fertilizer needed. This targeted
approach helps to minimize environmental impact,

conserve resources, and optimize crop yields.

(a) (b)

Figure 8 (a) measuring points in the field and (b) nitrate

concentration maps generated by the dataset from the

prototype.

4 Conclusion

The research successfully developed a portable
automated nitrate concentration meter using lon-
Selective Electrodes (ISEs) for nitrate concentration
mapping in soil. The prototype integrates an Embedded
Board for automated operation and data logging,
providing reliable and rapid nitrate measurements. The
compact design allows easy field use, enabling farmers
to make timely and informed decisions on nitrogen
fertilizer management. Compared to traditional
laboratory methods, the prototype significantly reduces
analysis time and costs, enhancing the feasibility of
precision agriculture practices.

The device’s development and field testing indicate
that it can effectively support precision nutrient
management in agriculture. Future improvements may
include enhancing sensor sensitivity, reducing sample
additional

health

monitoring. Potential advancements could also involve

preparation  time, and integrating

functionalities  for  comprehensive  soil
the development of a multi-parameter sensor system
that could simultaneously measure other critical soil
nutrients, further enhancing the tool's utility for

precision agriculture.

5 Acknowledgements

This research was funded by Thailand Science
Research and Innovation (TSRI). Thank you for research
team extends their gratitude to the Agricultural Inputs
Research and Development Division for their assistance
and guidance in soil analysis. Special thanks to the
Suphan Buri Field Crops Research Center for providing
the test field. Finally, many thanks to all colleagues at

37



Thai Society of Agricultural Engineering Journal Vol. 31 No. 1 (2025), 31-39

the Agricultural Engineering Research Institute for their
advice, feedback, and support throughout the research
project. The collaborative efforts and support from
various  stakeholders were instrumental in the

successful completion of this research.

6 References

Adamchuk, V. I. 2002. Feasibility of on-the-go mapping
of soil nitrate and potassium using ion-selective
electrodes. ASAE Paper No. 021183. St. Joseph,
Mich.: ASAE.

FAQ. 2019. World Fertilizer Trends and Outlook to 2022.
Rome. Available at: FAO Document Card

Fox, R.H., G.W. Roth, K.V. Iverson, W.P. Piekielek. 1989.
Soil and tissue tests compared for predicting soil
nitrogen availability to corn. Agron. J. 81, 971-974.

Haneklaus, S., K. Panten, H. Lilienthal, E. Schnug. 2010.
Precision Application of Nutrients on a Site-specific
Basis. Landbauforschung Volkenrode Special Issue
340.

Heiniger, R., R.G. McBride, and D.E. Clay. 2003. Using Soil
Electrical Conductivity to Improve Nutrient
Management. Agronomy Journal. 95, 508-519.

Kasetsart University, Bangkhen Campus, Faculty of
Agriculture, Department of Soil Science. 2005. Basic
Soil Science. 10th ed. Bangkok: Kasetsart University.

Morf W.E. 1981. The principles of ion-selective
electrodes and of membrane transport. Elsevier
Scientific Publishers Co. 2, 1-433.

Pamapolino, M.F., IJ. Manguiat, S. Ramanathan, H.C.
Gines, P.S. Tan, T.T.N. Chid, R. Rajendran, R.J. Buresh.
2007. Environmental impact and economic benefits
of site-specific nutrient management (SSNM) in

irrigated rice systems. Agricultural Systems. 93, 1-24.

38



Thai Society of Agricultural Engineering Journal Vol. 31 No. 2 (2025), 40-59

'J’]‘Jﬂ']‘éﬂ&l’lﬂ&l%ﬂ’mﬁ&lLﬂ‘is}c‘liLL‘Viﬂ‘UﬁzL‘Vlﬂ‘l‘VIEl UVIﬂ'J']SJ?Jﬁnl’EJ
U9 31 aUuN 2 (2568) 40-59

5 ISSN 1685-408X

I Y
eV

Available online at www.tsae.asia

nsusuanndaniadniuwagladd e daguniziviainieiia: wuananisiiuyaAianmasiiang
NITNEATLNDNITNAARARYIN WD L9898 Y

Lignocellulosic Biomass Pretreatment with Spent Mushroom Substrate: An Agricultural
Residue Valorization Approach for Sustainable Biogas Production

Jguns waadan’, Joyungy annuigns'*

Patomporn Pulsawad’, Pannagrit Lapborisut'*

'enduideinenmaniuavmaluladuisUssnalne, Sorinunusni 12120

Thailand Institute of Scientific and Technological Research (TISTR), 35 Mu 3 Technopolis, Tambon Khlong Ha, Amphoe Khlong

Luang, Pathum Thani 12120, THAILAND
*Corresponding author: Tel.: +66-8-55648289, E-mail: pannagrit@hotmail.com

unfnge
nslduszlevdannianmdeianenisinunsivendnnasunaunuaansaisanlymawindeuuiaziiuyac

fva o IS

wiunsnenstunaifleglulszme Jaqudeiisdunaussinnludesdaduuadunaiid fy wainsiunldndeauia

o

FnmdaldednindAganlasaiiuszneumeieaglad weiliwaglad wasdniuludadiugs dwalvinisgesaanelng

Y Y

v
Ay A Ao

aunslunssuiunaviindetuldduasisyansnme et inguszasdiodnmdnennnsldTanmnzidia
usuwdefiaduundsqiuniduazioulesisssumnidmiunsuiuanmludesnoutignssuauniaviin tieifiudng
nsgegaaneuavUsyansamlunsnanwiaginim
mavmaedldiludesinshunszuaunsuivanmdosiudensuauiutag s inussundodislusamdan
1:1 wasSeuiisuiuludesilildfunsufuanmandauioudisuauannsalunisusvanweesdulesivieii
Wisuifeufuiudeudansiwdelmifluanmeunannidewaranzifidesssumidoru Ainmzninudsuutas
vosssAvsznovanluaglaaruininiaditunsanudoinisoondiauniaed (CoD) Fadunilduiladoiidemasio
UsyAvBammandnufiaTann sumsinsgidnenluniswaaufaimlasordonsneuqduvisanlanuitn
idglussuulSeondiau mansmaaosmuiinisUsuaninszeig 30 Ju Iué’aaﬁwawﬁ”ui’a@wazLﬁmmqsmmﬁaﬁﬂ
annsavanUassuiadinnayanls 26.6+5.8 L kg VS qm’i’]aﬂwaﬁﬁf&ﬁﬁﬁgﬁgﬂuéﬁw?mmLLﬁ”aﬁmu Anusalunis
Busunszurumsnin nufeszavsnmlasuvesnmsiasuamssunidliduufatanmilewsouiisuiuludesiios
pg10ApI7l 33434 L kg VS uenaniinislédaqugniinmdeiiaiemsusvaniwtananluseaglaaaisnsoiii

o
d [ o A

Usgdngamlunisndaudadmulalndidesiunisiaudausanalunisusuaning 29.0+5.5 L kg VS 8nviagaiiu

¥
a N e

Usyavsamlunisuuanmldfuinasdideqauvisaulussaumiedine Tuvueiinislimitousavsluannyuuiiou

\Wosssumivsvaninmnanuiatimuanategadiulddni 9.242.7 L kg VS muluszeziianiswdniiinu 25 Ju
wamiﬁﬂmszqﬁaﬁﬂ&mesuaqmﬁﬁﬁa@wmLﬁmmqsumﬁaﬁquﬂ%ﬂuLLMdaﬁgauw%‘éLLamaui%:ﬁﬁm%’umiﬂ%’u

anmwianuwideiemsninnuas lnsemeludesfiiiviinunnlunianianeasine lifiehodiuussdnsnmnedn

wRatnw widuduuuamaunsinnisveadivednansuiens annnszdauandey uazduaunslinineinstanastis

Received: September 12, 2025

Revised: October 07, 2025

Accepted: October 14, 2025

Available online: December 22, 2025 40



MsEnsaALAFaNSsIINERsWiIUsTIAle TR 31 atuii 2 (2568), 40-59

v

ANA1 uITeddadanudAglunisimuissuundsnunawnuiididu wazaiusaussenaldlussaugusunag

geavnIsuLieIisANiuATaasulueuan

AdAey: Antugaglad, N13UTUANMNTZUIUNIITINN, UAATININ

Abstract

The utilization of agricultural residues for renewable energy production offers a dual benefit of reducing
environmental impacts and enhancing the value of domestic biomass resources. Sugarcane leaves are an
abundant lignocellulosic residue in Thailand but their recalcitrant structure, rich in cellulose, hemicellulose,
and lignin, limits microbial degradation and results in low biogas yields. This study investigated the potential of
spent oyster mushroom substrate (SMS) as a natural source of microorganisms and enzymes for pretreating
sugarcane leaves prior to anaerobic digestion. Pretreatment was performed by mixing sugarcane leaves with
SMS at a 1:1 ratio and compared with untreated leaves. The performance of residual fungal mycelia in SMS was
further evaluated against newly prepared pure inocula under both sterile and non-sterile conditions.
Lignocellulosic composition, reducing sugars, and chemical oxygen demand (COD) were analyzed, and methane
potential was assessed using anaerobic sludge from a wastewater treatment plant. Results revealed that SMS
pretreatment significantly enhanced biogas production, with higher methane yield at 26.6+5.8 L kg VS, faster
digestion onset, and improved organic matter conversion efficiency compare to sole sugarcane leaf at 3.3+3.4
L kg™ VS. Remarkably, SMS achieved methane productivity comparable to pure inoculum at 29.0+5.5 L kg'' VS
and retained efficiency under natural microbial contamination, while pure inoculum showed reduced
performance in non-sterile conditions at 9.2+2.7 L kg VS. These findings demonstrate that SMS can serve as
an effective, low-cost pretreatment agent for lignocellulosic biomass, particularly sugarcane leaves, thereby
enhancing methane production while simultaneously contributing to sustainable waste management. The
approach supports circular bioeconomy principles and offers a scalable solution for improving energy security

at community and industrial levels.

Keywords: Lignocellulosic materials, Biological pretreatment, Biogas production
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Table 1 Pretreatment Methods of Lignocellulosic Biomass with High Structural Complexity Prior to Anaerobic

Digestion for Biogas Production

Process Effects on Biomass Considerations Process
Physical - Mechanical operations - Reduces particle size and - High energy consumption
pretreatment  (milling, chopping, shredding) increases surface area - Ineffective in lignin removal
- Radiation (gamma, - Decreases cellulose - Limited industrial application
microwave, etc.) crystallinity - No chemical reagents
- Other processes such as - Reduces polymer bond required
heat, steam pressure, strength
Chemical and - Explosion processes: steam - Enhances surface area - Widely applied at industrial
physico- explosion, ammonia fiber - Effective lignin removal scale
chemical explosion, CO, explosion, - Reduces cellulose - Rapid pretreatment rate
pretreatment SO, explosion crystallinity - Requires harsh operational
- Alkali treatment (NaOH, - Weakens polymer conditions
NH4OH, (NH,),SO,) bonding - Involves chemical usage
- Acid treatment (H,SO,, HCL, - Promotes efficient
H,PO,) hemicellulose hydrolysis
- Gas treatment (ClO,, NO,,
SO,)
- Oxidizing agents (H,0,, O,)
Biological - Microorganisms - Degrades lignin - Low energy requirement
pretreatment - Enzymatic treatment - Reduces polymer - No chemical input
bonding - Environmentally friendly
- Facilitates hemicellulose - Relatively slow process
hydrolysis - Limited industrial application

ﬁuﬂz (Dobre et al. 2014; Taherzadeh and Karimi 2008)
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Figure 1 Dried sugarcane leaves after chopping and

grinding.

Figure 2 Spent oyster mushroom substrate after

cultivation.
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Table 2 Physicochemical composition of Sugarcane

Leaves and Spent Mushroom Substrate.

Parameters Sugarcane Spent
leaves Mushroom
Substrate
Moisture (%) 8.03 67.73
+ 0.05 + 0.16
Total solids (% wet 91.97 32.27
weight) + 0.05 +0.16
Volatiles (% wet 85.08 29.84
weight) +0.11 +0.23
Ash (% wet weight) 6.89 2.43
+0.07 +0.16
pH 5.74 553
+0.08 +0.03

Table 2 Physicochemical composition of Sugarcane

Leaves and Spent Mushroom Substrate (continue).

Parameters Sugarcane Spent
leaves Mushroom
Substrate
Carbon 45.41 80.13
(% dry weight)
Hydrogen 6.24 1.35
(% dry weight)
Nitrogen 0.72 0.86
(% dry weight)
Oxygen 39.11 8.96
(% dry weight)
Sulfur (% dry weight) 0.14 0.09
Cellulose 49.32 + 56.21 +
(% dry weight) 1.15 2.33
Hemicellulose 17.16 + 7.39 +
(% dry weight) 1.46 2.33
Lignin (% dry weight)  13.75 13.74 +
1.35 1.43
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Figure 3 Sludge derived from the wastewater treatment

of a farmhouse bakery industry.
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Figure 4 Pure mycelium of oyster mushroom (Pleurotus
ostreatus) (a), Liquid inoculum of oyster mushroom

(Pleurotus ostreatus) after 8 days of incubation (b).
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Figure 6 Schematic model of the experimental setup for

assessing methane production potential.

Figure 7 Experimental setup for assessing biological

methane potential (BMP).
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Figure 8 pH changes over 30 days in six pretreatment

groups: CLW (sterilized sugarcane leaves + spent

mushroom substrate, 1:1), W (spent mushroom

substrate), CLI (sterilized sugarcane leaves + pure
mushroom inoculum), LW (sugarcane leaves + spent
mushroom substrate, 1:1), LI (sugarcane leaves + pure
mushroom inoculum), and L (sugarcane leaves).
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Figure 9 The comparative changes in moisture content of the six experimental treatments.
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Figure 10 The comparative changes in extractable compound content of six experimental treatments.
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Figure 11 The comparative changes in hemicellulose content of six experimental treatments.
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Figure 12 The comparative changes in cellulose content of six experimental treatments.
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Figure 13 The comparative changes in lignin content of six experimental treatments.
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Figure 14 The comparative changes in lignin content of six experimental treatments.
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Figure 15 The comparison of pH variations among the six experimental treatments.
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Figure 16 The comparative changes in reducing sugar content of six experimental treatments.
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Figure 17 The changes in chemical oxygen demand (COD) of six experimental treatments.
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Figure 18 The comparative cumulative methane production of six experimental treatments.
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Abstract

This review article provides an overview of the advances and developments in technologies used for
monitoring the quality of cereal grains during post-harvest storage. It discusses the key risk factors that contribute
to grain deterioration, including grain temperature and moisture content, storage insects and fungi. Furthermore, it
details modern monitoring systems that use sensor networks to measure these factors in real-time. The data
obtained from such systems can be used to assess risks, helping inform decisions on effective intervention
measures to control and/or prevent problems that damage the grains. This, in turn, helps reduce product-quality

losses and is beneficial for the sustainable management of cereal grains.

Keywords: grain storage, grain quality monitoring, postharvest management
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neluneuudasyiia Wy s¥UUTEUIBDINTA (aeration
systems) (Navarro and Noyes, 2002) wazinsoaUnauy
(grain chillers) (CGrain, 2025) AflunumdrAglun1ssnw
qqu:ﬁLLaxﬂawu%uiﬁaQiuizﬁuﬁmmzau Fan1saun
anmundeuneluneundesyivlildedeilusyansua
Suduseddoyaninszuunsiafinmununimudnsyi
Femnt unauUTTmidaTngusrasdifiediiaus
AanuAikaziauinstudagduveunalulagaiunis
asrafaeuamn nudasyfivlunisiiusnvivdsnisiiu
Aerluningraivnssumsineasaielnl iedienoali
r;iié’mlé’t,ﬁuﬁqLLmIﬁmaqmﬂiuiagﬁgﬂﬁmmashwiaLﬁaq
Wioifuusylenisenndenldinaluladfivmsay naonau
ﬁ'mﬁumﬁfﬁ’mmxmiﬂisqﬂﬁisﬁmﬂiuiagméwﬁiﬁﬁﬂ
Uszansammlunsdanisesnadsdy

2 N13A529RARIUAMAINILANSYNY (grain quality
monitoring)

Brooker et al. (1974) 85ungnsrulunsmelavesuan
Lardadidindug ufeunas 15 uazqaunddensg nelu
nesSyity danandluaunisd 1 asvuaunsmglaiilunis
ganea1sensuseinnaisiulawmse lviiu wselusiulagly
sendiau MliiAsfeaisuaulaeanles 11 wazndanuly

JUveIAUTRU

C4H,,0, +60, - "
6CO, +6H,0+677.0 kcal / mole
Tneald wiasyiviiianutuduazdafivluanm
Uaoadvazdisnsnismelasmun auunuldiinasenisiia
ANUTOU Lwiﬁ]auw%éﬁ’]waﬂl,%yaﬁ’n,t.a WUATISEAEdsnsINg
ma%maamwamama lnglany Luamwmﬂuﬂauuam

a

ﬁiUW‘ULWlIGUu@EJNi’mLi’J‘\]USJﬂ’]ﬁLU’]LﬂEJLﬂWUU SL‘LJﬂiiLl‘Vlﬂaﬂ

P

LllaﬂﬁﬂJW‘ljﬂJﬂ’J"lll‘sngﬂ L‘U@iﬁ‘\]%ﬂaﬁmﬂuu%a\‘]ﬂﬁL‘Llfﬂﬂ’ﬂll

o

Foundn lneddndiunisasisanuiougedis 85-95% veq
Vv wendntl fawdiinnewwdasyiivazdanudueg
#lasnady wuaslidiviiansiudansyisdsaiuisadu

wraandaausoauls MeednussunaziiNiniuain

61



Thai Society of Agricultural Engineering Journal Vol. 31 No. 2 (2025), 60-75

a

nszvaumImelall deanunsodmalinnudunasoungl

Y
v

yoanasiudnsyfiniugduldewiaies fudutiadefide
sonsiasyiulnvesuaargdun3s wazthlugnisides
ﬂmmwmaamawémiuﬁqm (Jian and Jayas, 2012)

shemguaiinaliisiu msnsrfnnunuanLda
Safimduionssuiiliaansaaziasldlunszuiunisifu
Fnwr Tuedia nismsiafiamiuguaimudasyfivdn
afiunisiagldusenunuludnssasududndiegiemin
newsdnsayity uazlsedudeaon Aduda viendu 1y
#u sean Faldinsiaunnesiiouazgunsaluvunnmi
PelifufiRnuinsianuanifiudaldazniniy Wy
naInguungil (temperature probe), \n3oeTanuty
\wén (moisture tester) kazia3osfandududufie
asusulasanlas (CO, monitor) (Figure 1) Geludagiu
gUnsalmaildenaiinisldanuey egralsinnmy nasld
wssuaudsasifedosfie n1sdudeaia anufianans
yaansantuiindoya Anuldssvesnisiingifinnse
JuitReu Bnsenistuiindeyaldaiuisorinléedig
ATEUARY UazsiBLilns

Figure 1 Example of a handheld grain temperature
probe (left), moisture tester (upper-right) and carbon
dioxide monitor (lower-right).

Tutlagdu dmsunmsinusneiudesyiivusuauinly
A01UUIENBUNNINIBLINIUGAAMNTITNVUIA LG 92TiN73
THuszuunsiafanuiifdnvasdulassioguiges
(sensor network) Bs9giin1smsrafanugamagil uazead
A1sTaRIAI TN T UFuNUS wazadrududulie
msueulneenlensaude uenani ssuudidiauaunse
TUNITLANINALUULIAI9TY (real-time) wazUufinualae
QLR wuuﬁqﬂa'ml’ﬂgﬂamr??aasmanﬂ%ﬂﬁ'uimaa%ﬁﬂ
msIaiudnsyiy 017 lelareunin, lalawan wielse
urualvg guanunasesslifmunszuuiifianuausn
Tunisdeanslians wazfiinieafiousmsdanissruuniu
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Suwesiin Jsrgliaunsafnmununinvesidnsyiivla
ageiiusEAnSammaeaLIa

21 n15asI9dnnrneangliudnsy iy (grain
temperature)

Jian and Jayas (2012) wa¥ Singh and Fielke (2017)
aﬁmsaiﬂm‘wﬂumimmﬁvwmwmmmuammﬂulszﬂa
Piawanslu Figure 2a ssuudsndndnifussuuiiugiuid
nsansdaeiildlulelavielsafiu falduusznoundnde
iidatngumgll (temperature cable) Fenglufiwuiees
TN il (temperature sensor) aﬂéjdagjtﬁuizam Bh

a

aueveaaila welaingungliszgnindudulaseie

Y Y
o

meluusaglala uazsindessoithivgunsnisiuuasfuds
dryay1au (data transmission hub) #398U ﬂﬂﬂﬁu%agaax
gnasludagunsaluszanananans Feszuudnilvginldidy
AoufialmpsdLyAna (personal computer) wiiindnues
Aoufiumeifinafe MsUszananauazuaniiguug i
prialdneuseitomalulela Snviadaiuthiidu U
(user interface) A1MSUSUAIE 90199 ng ey Tuung
svuv gunsaluszadananansfaonasiivtinfiaruaunis
yhauvesszUUTIiALITes WU sUUTEUI8eINA (aeration
systemn) %59 m%mamqquﬁmﬁm%’ﬁgﬁ% (grain chiller)
Fan wonnil szuupsaReauadislnideiunanosy
Aa116 (cloud platform) wazAITUAINITANIIIUAY
Buediinueassna (internet of things — loT) B8l
gldsmanunsadrfsteyauazmuguszuuldannyniinn
et sruunTaRanuguunfifldesulsliTsduds
annsafnsslulsafuuuasiuldiduiugadnognaly Fieure
2b

e = b — 4
Temperature sensor

(a)
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Figure 2 Typical installations of temperature cables in
(a) a grain silo and (b) a flat storage.
wuwa%ﬁﬁm@?&asﬂumLﬁai’mqquﬁﬁwmaﬂizmm B
Tusfamesludadila (thermocouple) Laziyosiaines
(thermistor) \uwuiesingamaifldanudenldlussuy
anafnaugumgiluninfivinviudesyiiv iesannd
31A79N fnssdne LazmeUaLafonsidsuLUasgamal
nmeluneandasyiivlasindiiieae aeiTauinisau
NSHANTU29995L (integrated circuit chip) 3o loddu
(IC chip) WwuwesIngam il uudivia (digital temperature
sensor) afidnwauziiuledFU 19u DS1820 (Songwane,
1999) %58 DS18B20 (Yuliang, 2012) 1Judu Felasumiiy
ﬁwmn%u‘luﬁwﬁu Tnslanizegadsluszuumsdaiv
winSyfvUsuaun deldiuSeuvenwuweiingumngd
WUURdaAe ﬁmmmusﬁ’wﬁqmdw, NUADFYYIUTUNIU

(noise) wagdinasuunnimes (form factor) Aidnas Ievinl

Auananansaesenuuulassdisisugesdearstoyasening
fulfegnsdivszAniainanniu wazdunusias Taevaly
wuwesAdvaliaukdud1veintsineglugicuseuiu
+£0.5°C Bsgandnnnideiiisufumesluduila nisidouste
wwwesadvanatedidndualaingungll wuaznis

dl 1 a v v [~4 1 o v
WWousawatdanarardustdulasevneaiunsarinlalaeld

Srunuanedyaradidesninasuieildmesluduidanie
wesliawes  wenanil msldnumesluduilaviewmes
famosdnludesdigunsaludasaindygiguouzdon
(analog) 1Hudnyanamdva Tuvnedinisldousesaaalals
Anudndu Jeililassswugesadvalagsiuiiniig
Fudeutiovauaziivszansamlunisdoarsivdsioya
qaﬂﬁu

feyey mmwuwaamsmmﬂmmLaaﬂa mil,wmusuaq
nelunesadnsayiie @ mumwmqmmmqwuamq
aUnAtZEndn genaveon (hot spot) Tngluurensdienauiiu
3819 64°C (Sinha and Wallace, 1965) ﬁdﬁiﬁﬂénﬁﬁau
i amnvaNveINIsinALSousy auummnﬂf\msiu

NN VLG]LLﬂ ALY UDILNAY LLauﬂ’]iLﬂiﬂLsﬁﬁli'l

Uil
Y

e ) L

Tngsssufinds neauudasyfiududiiaiuiouilia
naAe ﬂaqLméﬂé’mﬁ‘uﬁmmiﬁwmm%au (thermal
conductMty) # Uian and Jayas, 2012) mu‘u dladnnu
Youtuluvinalauinamis arwdoutuargninifuuas
azamqLawwmuﬂmamuaamaﬂam

n1smsrafnauguniiduiaiesiiondddunisnsae
Ansuaanmiudasayiiv i iduszuuiiousoarmih
PelumsnmamsenalendimdsnodiludisFudu ileld
annsadnnstymlsvunaineuiinudemeazgnany
Hurenine wazdaduniduedesdiodfydmsuuszdiiu
wnltiunsidenanimlusuian uazannsalszeznainis
\fusnuniivaenste (safe storage duration) vesiudnsayfiv
¢ Tnslannzegraduilethdoyagamaliuniiaszsisaniy
Hadu8u 19y aududuing anududuresfiieg
A1sveulasenled wazAuvuILUuUsEYINSULanely
lelavFelsafu (Husu uonani dsanunselideyadonan
Lﬁamw"]mwmzmammm (aeration system) NIDTTUY
auaugamniinnglulala

iielsinnsnafnmuguvgiaseunquuiniasianun
vpenouansyivLarnsranuauiaunfmduluogis
WU ILAETINGT MIAIMUATILIURAZFA UL IVBALTULTS
LLasLmﬁa’?ﬂqquﬁLﬂuﬂﬁaﬁ’lﬁ’fﬁﬁ’]Lﬂuﬁmﬁ%ﬁm’l
(Standardization Administration of China, 2024) Tneily
997152930 (sensing point) #osnszaefIasaNaDE1s
sadanslunenudasyiis Tnowuiwesazgnindaiy
srEEIuNIg Aunasnaiue1vaala lugaund 90
nrratfaudazganasegvinafulaiiiu 0.5 m udn1sfnda
wulwesuaziafaingungiifiszezdinarnduldlden
TumaUj iR lesandeddnsusiun wasarmanunsely
nsfudmineesdaseadralalanielsaiu (Singh et al,
1983; Jian and Jayas, 2012) Taevialy szoyrinasening
wuwesingungiuuiailadnegsening 1 fa 3 m wi3ely
nsdifiesnsiainedsazidunszordananotalndds 60 cm
(OPISystems, 2025a)  d1uauvesalataguugififas:
aelulslansiuagfuidurinugudnansvaslela iefiui
Y03ls0iu Table 1 agufagrsauuzindiuuadain
qmmq:ﬁﬁmsam&gwaa@wﬁmmﬁm (Rolfes @ Boone,
2009; Eltrum Systems, 2025; Flu-Tech, 2025b)
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Table 1 Recommended number of temperature cables

for different silo diameters.

Silo diameter Number of cables

<6 m (small) 1
6-12 m (medium) 3-5
12-20 m (large) 10-12
>20m > 12

Requires specific analysis

based on volume and risk

o A

2.2 n75@5:w?ﬁ;m;/mwﬂfm;/ﬁ@ﬁzymf (grain moisture
content)

UBNAIMNYUNHIUA? mms‘ﬁuLmﬁmé'zyﬁﬁjﬁ]u{]ﬁﬂﬁﬁﬂﬁzy
sonuasalunisifiving Wosn (fung) daulugas
ﬁuzaaﬂ13Lﬁfylﬁ‘uimaﬂuamasﬁmm%uﬁuﬁwéﬁﬂmﬁ 70%
Fufefinrsuianuduiussenine EMC (equilibrium
moisture content - mww??uau@a) way ERH (equilibrium
relative humidity - mm%ué’uﬂ’méama) dmiuLudn
Sayfiwdaulug ERH 7 70% daviintufinnuduiusa
Uszuned 13% ﬁqmmﬁmﬂﬁu%’ﬂmﬂﬂa (Navarro et al,,
2012)  ANBHUAINYDY FAO (2011) Aauanaly Figure 3
FAFuisuinatigungivasanuduniasy i
wingauwarUasnsedmsunisiiusne asdiuledn win
AuduLargmgiegludisdlimnganazielfiina
domegldna nsiaaudeuainnisidiiatsvesuuas
(insect heating), N15aAasY0IdAIIN1T38n (fall in
germination) W30N15LANAINLYBUIINT D57 (fungal
heating)

64

40

w
o

Temperature (°C)
N
o

-
o

Safe

0 10 15 20 25
Moisture (%)

Figure 3 Effects of different temperatures and moisture
contents on storability of grain crops. This chart is
recreated from the one presented by FAO (2011).

Flor et al. (2022) ai;diﬁﬁﬁﬂEJ%@%%miUimﬁumm%u
waadayil3ldunnndn 20 33 stedl Bn1sUsviunutui
Tasun1ssensunazinldeuegraunsnangluldsndye
anunsauuteanidu 2 naufie (Kett US, 2025)

1. 35Ugui (primary measurement method) léiun 38
Karl Fischer La %735 loss on drying (138 oven method)
Huns¥ausuramnuiulilaenssaindiegis Tneld
Fududosiunszurunisaeuifisufiudiogsunsgiud
nsUAm ISR teua

2. TonRegil (secondary measurement method) el
33n15¥analudin (electrical method), 35 microwave, 35
nuclear Wa¥3d near-infrared (NIR)

Jian and Jayas (2012) léiszylidn aunsaldmiuia
mm%muﬁm%’mﬁm a awunusnielunes (n situ) 1w
nmelunesmdalulalanielsuiu eldfinnswansiminelu
Fanndlwd Tnensasainauanuiumdalussninafi
Snundsnsfesedanistnmedsesnuianlelanislsanu
i3 sssfiuarutunnndegnafindndeisugugivie
Fwdogiifinanistredu egslsAnm Tusrmmssediinu
1 guRsaldmiuTanuduadnsyfit o afuinu A
1F5un1siteimunegeeiiies (Casada and Armstrong,
2009; Lewis et al,, 2018; Rai et al., 2018; Liu et al., 2022;
Nunes et al., 2023; Liu et al., 2024; Wang et al., 2024)
Chen (2001) way Uddin et al. (2006) ¥1L@un3d5n s
mesenlunisussunamanuduadadyie o dums
Aelunes Ingldmuduiussywing EMC uay ERH wan
Soyfiviinmandiiutangaainudu (hyeroscopic) dslu
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aquﬂmﬁ'qmmﬁmﬁmﬁmz@@%’uﬁamamm%ugjmmﬂ
lagsauaundnsisaniizauna Autuvenudauay
autuduiusvesernalagsou anizaunafe EMC
way ERH MIua1fy dun195u18A1uduiusszning EMC
waz ERH 3un1 aunisloleiiisy (isotherm equation) Tng
aun1sANduiusaenanveaNdnsyivurazviinanunsa
a¥19ulaun1sTadn EMC uay ERH venadalunivusdnd
ussenmamelugnauasligumniuazanutuduivsaai
9InHu A1 EMC uay ERH i an1zaunaazgninsizsisg
n1sanaeeildleidadu (non-linear regression) Lila
anuduiusnisadamansianzauiian fegnaunisle
Tovisufifonldléun modified Henderson equation
(aun137 2) 3o modified Chung-Pfost equation (@1n15
7t 3) il aunasleluiisudug wazAduuszandaieg
annsadnufiufnlfainienalsuinsgiuves ASABE
(2021)

In(1- ERH) c
—AT +B)

EMC =

EMC =—éln[ln(ERH)(T+B)} 3)

-A

e T e gunNivenuin uay A Buar CAs A1
Fulseans Fudummaiianmezdmsundnsyiivuasain

STUURTIRARRINANT USRSy Tnsldisumesin
mududuTnsennta o sumianglunes dnnsldomuda
walvdualulagiu (Eye-Grain, 2025b; Gescaser, 2025;
Supertech Agroline, 2025) Singh and Fielke (2017) way
Lutz and Coradi (2022) e3unednuaynmsindauaeiia
aududuimslulelalaeialuliwuanddy Fisure 4 suy
asrafnmuAuTuLdnsyfinlagldousesinaudu
Fuitnsinfndaduszuuiasy Winainszuuasaainniy
RRIVEE e inaududuivslu Figure 4 ﬁﬂgﬂaﬂé{lﬁ
dandalvitulaseoindaingumgiilu Fisure 2 wavsyuy
a319RnALAINTueEld Ul saufussuunsiafinniy
gamgd Tnealy wuiwesTnanutuduinsuuuaivg
(digital relative humidity sensor) fifidnwaziduledTuas
gninssegmeluindandiofuieidatngungd wuwes
FanandnauansalunisTaldierutuduimsuas
gaumginigluleddudnseaiu lunisldauas tadadn
arutuduinsly 1 lelasnafliiies 12 Wu wasdiuau
wwwasaaiada 91931l 1-6 funis Feasiuldindes
n Puadauazisugesingumiuin (feuiu Table
1) Tudesinsiuvulalansolalaienaius (silo headspace)

Judnswmdsnsninsansaauesanududuing lagas

Annsaglandsalala Nl Tngusvasananae ieidsee
wardeatunIsinn15AIULULY (condensation) NlA%aIA1
yaannusululala

——

Temp/RH L
4

cable ~~_ -
A Headspace ;

]

.

»¢ temp/RHsensor

- ]

[ Temp/RH sensor¢””

I
CQOs sensor

. B

Figure 4 Typical installations of relative humidity

sensors in grain silos.

23 0139739800 AU TR sUaulneanlyd
(carbon dioxide concentration)

dadindiAgyveinsidiailiaingamailunisinseds
msingenaveniie Msiineusdasyfivdusthanudou
Flid nsaremanufeuituneuudadululedi 3a
‘VimammdwLﬁammwumiLﬁuﬁummqmmﬁaﬂwﬁmﬂﬂﬁ
ANULEEmEAINsIdeTnazunsnsyaeduln i
desndumisiiAnsenatonogiisanyaindagumes
Fngaumgdl shemnil auvdduazuuasdnslulsafuisns
nsmelafiganinudnsayit nansAnwInate S uansls
Wiud MInsiadanuasduduiteesueulaesnlymidu
wuanfianansaldnsiamnisundewazainunuiuiy
U5e11n54U89 (insect population density)luﬂaﬁl,uﬁ(ﬂ
Seydiale (White et al., 1982a, 1982b; Singh et al., 1983;
Muir et al., 1985; Sinha et al., 1986a, 1986b, 1986¢;
Chotikasatian et al,, 2017) ilosarnnsindeudivedluiana
frensveulneenlednelunosudnsyiia aunsaiintu
19081959A159n117171158 U3 0N1TWIAIL5 U N1TATIA
Aamuarududufieansueulaeanlys Sududiuaiud
9¥928aNYNBOUTDINIINTIVRAMIUAMNNLUAATIBNTTY
wiladngumngi malulagnisasiafaniuanududuing
ansveulneanledlugiaduduvenisiauniidesAndivh
Tildanunsathanldiulelanselsanunansyivlaodna
wnsvangAe wuweasiisnags uadealinauududaly
Wiigane (World Grain, 2025) Tutlagdu aruiiniily
guamnssululasdidnnsedind (microelectronics) inlw
wulweinanududuingaisveulaoenlenisiaignas
usiuggelu uazvuniundndy Insiomzegnabaeuiges
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NDIR (non-dispersive infrared carbon dioxide sensor) R
ManuuurannsveINsgadukadunsisavesianaing
arsuaulaeanlesd Tnevhlufinnueniadudszana 4.26
um (CO2METER, 2025) nelulgulgasagiiunasniidauas
Bursusa dlewasdesiusiegafvarsueulasenles
anudunasszanaaiosangnluanafnegaduly Famu
Wuduingansueulaeenlenanisausyiliulaainuiunu
NNTANAIUDIAIILTILES

funlsindueuigedamududufhedmaenisnie
Aamruannimuiasyialildegralivszdnsua Ay
AsvaulaoenleniinuruILiuLInAINeIN AT LU L
fazaseinavanogluszium og1dlsfinm n13nszated
Guaaﬁ"wm&fl:uﬂmLué‘ﬂ%’mﬁmﬂusﬁuaQﬁwmwmsﬂﬂ%’a
Lianlugamgiinelunes dnvarnsdalnszuuszuy
9101 ST ednITUITEINIAATEEN WBNINT Auvu
ArwazmInFomsAnsa My uastheine Sudulsad
fidosfianswn szuunsiafnatuaddudufag
asveulneanladlulela w Jagtu lnedludnfnd
e Tnnnuuduiienaily fauansly Figure 4 (Lutz
and Coradi, 2022) ﬁﬂﬁi”nmﬁmﬁdﬁﬂwamz‘uumwammu
Suwauadumadeniunsindueugeanududuie
el iulsa sy (Eye-Grain, 2025¢)

24 07159519099 IUAVINRUIMLUYTEFINTUNAN (insect
population density)
JayanrunuiniulszrinsuuanluesAuszneu
ﬁugmmaﬁ IPM (integrated pest management - N159ANTT
Fngvnuunaunaty) dalailufneglumievesdiuou
LLuamaﬁmﬁmuﬁmﬁmﬁﬂu (U wUAITIUIY 10 67 7O
$17815 1 ko) niedurunuasisuldnesudindetinia
(U LUASIIUIU 2 A1 6D AUAN fD TU) N1TATIARAAIL
ANURUILULUSEIINTLNasaz sl TaAIansallaz
tosdulgnilaarmi denldisnisuiledgmlaegng
wanzan snedaluedosielumsusaiulssavsainms
muANdanswiadluszrinensiuinm
é?msiaﬁmuﬁaﬂmﬁu N1INTIIRARIUAIURUILUY
Usgansuuasiuszminensiiusnwmenssnuaudinady
FasuFtanmuiuldlaeyly fujiRnuazdutniedis
nneamansyivuayldnzunsssounmamunasiuiieeng
waneaen n1sguiiegveavildlaenisldnasusdn
vaeldwanunsadduneaude 35nsiiluisideuieuas
Usenda wilimnzdwsunmsiiusnuluuSunaenn msld
Fusmiudniznisniefildlunisasiafianiuuszuia
Usznsuuas Feaansadiuunldvainvatsguuuy 1y
5UT19909AUAN, 3%'m§am§?n, nauveutandving uay
nrslgarusauduldfilsluu (pheromone) LYudu
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(Insects Limited, 2025; Martin Lishman, 2025; Trécé,
2025) Audnwuunauen (pitfall trap) I¥sumsiaiuile
nsnsafnauLNasntgluneuudnsy it (White et al,,
1990) Imaiﬂmwaaﬁuéﬁ’ﬂawL‘T;Julﬁwmaﬁﬂwm”ﬁmam
mamﬂ,u Figure 5 fushdnwarddnuananwanain mm
aamwuwummﬂmumww LLauﬁlﬂﬁlﬂiﬂﬁJﬁjﬂﬂUﬂﬂlﬂuﬂad
WanSay il LiJEJLLJJENﬂmumu‘gWEULﬂJﬂUf}Uﬂﬂ WUAITAN
AIFNITULTIVTINAUAI Fiaxn Audnuuurauanlasunis
ﬁ’@umLﬁumjumja%uaqauw31L5®LLamqmmU@u
Sidnnsedndlitianuannsatiunasssyvinveauuasiinn
aslufudn Lazau150d0a151arI1891UNATINAUIZUY
as13fRan1u3ug 1 (Shuman et al, 1996; Epsky and
Shuman, 2001; Bonjour and Phillips, 2003; Toews et al,,
2003) Fsluilagiu fnswandminedanidvdud Uian et
al,, 2012; Jian et al,, 2014; OPISystems, 2025b) AU n
dudnnsedindifiugunsnifitaslfnisnsiafnniadssins
wuadlulelavselsaAudululiegeazainsinsiuay
wiiugh egalsfiny Sosiaiidesiiansanlunisldnussey
g12Re 1) MsAnds o fusdeilaifawansnisvudenes
wansyite 1wy n1sivanwdadiuazatgoenainlala way
n5UFTRNUIUY 19U Mssuensiuas (fumigation) wag
2) arudndede (reliability) hagm1UNUNIU (durability)
suaqﬁ’uéﬁ’ﬂﬁ'sﬁaagﬂisifmusluamwﬁqmmﬁLLazmmfz‘?u
wususau ﬁsﬂuasaaqLLaxf?mL‘UamJaawi'm6‘]

Figure 5 Typical pitfall traps: (left) cone-shaped
bottom (recreated from a photo from Martin Lishman
(2025)) and (right) perforated tube (recreated from a
photo from Control Unlimited (2025)).
WATAN1SATIIILNEIB LY iTn15ITsuarWauiun
agnsdaifios 1dun n1snsranidaeides (acoustic
detection), N1SATIVRIAIBATN (machine vision), N5
Sediond (X-ray), n1sldninateairudeu (thermal
imaging), NMslidlesdunssnaunlansalatd (near infrared
spectroscopy - NIRS), M3ina1n1silndi uagnisldayn
dlannsellnd (Electronic nose) Wu@y Neethirajan et al.
(2007) uag Banga et al. (2018) lA51UTIULALIATILVVDOR
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settings)
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Table 2 Numbers of safe storage days for rice (partial
data from Sadaka et al. (2025)).

Grain Grain moisture content (%wet basis)
temp.

) 14 15 16 17 18
311 40 20 8 >

272 120 40 10 10

250 160 40 20 20 10
200 <270 80 40 40 20
150  >270 160 80 60 40

Maier et al. (2010) ¥1n15R529RARIUANUTUTUNY
AsveulneanlantulalaiuwandilnaUsunn 254 ton
Juszezan 8 Wew wuin 1) fimnududulugag 400-500
ppm (part per million) 41lwadlan1wund, 2) Auitudy

~ o o

U1 31 aUun 2 (2568), 60-75

Tusia9 500-1,200 ppm Ud%ﬁdmﬁﬁuﬁmiamL?gaim%aﬁ
wuaadviane, uag 3) Ardwidudu 1,500-4,000 ppm
yiegani 41lnadinsindesmiedinissruinveauuasi
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Shwla

A1ULUIAAVBY IPM (Nansen and Meikle, 2011; Kaur
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Table 3 Key attributes and limitations of different grain quality monitoring systems.

Monitoring ) .
Attributes Limitations
systems
Grain - Temperature monitoring is a foundation of - Grain mass is a poor conductor of heat, thus
temperature grain quality monitoring systems typically by the time an abnormality is detected, the

installed in silos or storage facilities

- Temperature data are used for assessing

deterioration trends and predict safe

storage periods

- Hotspots can be detected by temperature

increases within grain mass

- Grain aerantilation and/or temperature control

systems can be controlled based on

temperature data

- Digital temperature sensors are highly accurate

(+£0.5°C), noise-resistant, and cost-effective

damage is often already extensive

- Installing sensors at appropriate intervals (no

more than 0.5 meter) is difficult in practice
due to cost constraints and structural load-

bearing capacity

Grain moisture

content

- Indirect techniques can be used to

approximate grain moisture content within
grain mass, using the relationship between
equilibrium humidity (EMC) and equilibrium
relative humidity (ERH)

- Relative humidity monitoring systems are

often installed as an add-on to temperature

monitoring systems

- In situ measurement of grain moisture content

is not yet available commercially

- The number of relative humidity sensors used

for moisture monitoring is much less than

that for temperature monitoring

Carbon dioxide

concentration

- Movement of gas molecules occurs faster than

heat conduction or moisture migration, thus
carbon dioxide monitoring can detect
spoilage earlier than temperature or

moisture content monitoring

- It can also potentially be used for assessing

insect population density

- Early technologies are limited by high cost and

insufficient accuracy

- Carbon dioxide distribution within grain mass

can be affected by several factors, such as
the differences in grain and ambient
temperatures and operation of aeration

system

Insect
population

density

- Electronic traps enable convenient, fast, and

accurate monitoring of insect populations in

silos or storage facilities

- Insect population density monitoring is an

essential index for assessing the

effectiveness of insect control measures

- Electronic traps must be installed in locations

that do not obstruct grain handling and

fumigation

- Reliability and durability of traps are still a

concern when used in harsh industrial

environments
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