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Abstract

This research presents the development of a Robust Navigation System for agricultural robots to address the
challenges of operating in unstructured environments, where local planner decisions frequently lead to deadlock
conditions in complex terrain. The developed system integrates Global Navigation Satellite System (GNSS)
positioning with obstacle avoidance through a Dynamic Local Costmap processed from LIDAR sensor data.
Additionally, an Automated Path Recovery System (APRS) is introduced, designed on the basis of a Finite State
Machine (FSM) to monitor kinematic states against control commands and automatically trigger recovery behaviors
upon detection of robot stagnation. For evaluation, the system was tested in the RRViz simulation environment
running on the ROS 2 Jazzy platform, using environment models derived from satellite imagery of actual agricultural
fields. The results demonstrate that the system can autonomously detect and resolve stuck conditions effectively,
not only enhancing the reliability of autonomous navigation but also significantly reducing the monitoring burden
on operators. This enables the robot to carry out missions continuously and seamlessly in highly uncertain

environments.

Keywords: Agricultural Robot, Dynamic Local Costmap, Stagnation Manager, Finite State Machine
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Figure 1 Kinematic model of a differential drive robot
executing a turn around the Instantaneous Center of
Curvature (ICC).
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Figure 2 System block diagram

2.2 9an9TNUNTIINIUALNTTIANTTAN IS VEINTY
iielivusudansandeudldegsliussansamuas
Uaendy §Ideldmmuarimisdmeslunssuiunsaing
“Costmap” Ssvhmihiisraesituiiseussiususluguuuy
M1319n3A (Occupancy Grid) lnguAaEY0IA15199EQNTEY
Afaviigandn A (Cost)” Litonansisszdiua
deddunisindoudl waziinsadredl il fumy (Inflation
Layer) soudsfinuang teliviusudinuszegieiivasnsie
dusunmsnakudunisszezlna (Global Planning) sz uu
14 Smac2D deuszgndldmsdumnsmiuuy A* saufunis
misfsrnusuisulazindinvaaumans (Kinematic
Constraints) Witeas1adumsiisuissunasvaunindafia
waldfindAsRaRu (NavFn $2ufuU RPP)
dwsunismuaunsiadeudiszerlng (Local Plannen)
sguulddanea3fiu MPPI (Model Predictive Path Integral)
Fadusmuguuuuyiiungewasniivhaulasnisduainid
AsweAeudisruiuun (Trajectories) wasidonAadsanig
huinvoadumaiiaiian (up) sdusdsmuay fauns

=

7 (3)

ZII§=1 Wi ® €

u; +
ZI]§=1 Wy (3)

108 Uy ADANRALLSUAY €4 ADFYINTUNIULUUAN LAY

Wy Ao Andminanud Ay e sduni1ediasshuuLs nd
= = a 1 -

Tniuudeadausziliuain wy, o« exp(—~Sk) lneil Sy

AarunuIIN (Total Cost) MlAa1nn1sazauaA9In Local
Costmap faoaluLdunNd1aesn k nszuiunisilageln
Vusuaihmindudunndiianudeswinfngn nseuiuns

v
a

Heliueudianunsasuiiodunainiidudeunazanainis

o

dulmlumsiadoud
Hi3Teldeanuuvanidnenssurenduislidadunis
Uizmamaﬁaaﬂa (Data Processing Pipeline) Taei3uainnng
FUTRYAAUIINLBULYDTLU1E NTEUIUNITTEU AN
(Localization) wazd s alugayamd an15uinig (Nav2
Stack) il efuIaAAS Iz ay fauansly Figure 2
othalsfiniu Taefiugiuves Navz ilevusudindiyfuanne
Andaveriunsiduneduman szuvasiianviaeniugy
NYANTIUNNIZ1U (Default Recovery Behaviors) 131 N3
visus (Spin) vidensnaemas (Back up) ddluanmianden
wuullessasofeiuiulannuasiifirududougs naln
fuguanilinlilifomesonsudlatiym waveradwmals
vususugaisonmiaianisduaaaudilaglianusn

3



Thai Society of Agricultural Engineering Journal Vol. 32 No. 1 (2026), 1-8

\ndeudtsie Ul (Stagnation) LiteudladedAndanand 3
Felawmun szuudanisanizvziniusnlud@ (Automated
Path Recovery System: APRS) %umﬁ’mﬂumuﬂuiﬂ flu
szuvtimamdn e APRS vhwthilfulnuansiaaeunay
whlatlywiameminsldlasaduaiosdnsaniugsiin
(Finite State Machine: FSM) vierlnszTeaniagnag
aaumamiﬁwﬁuﬁwﬁqum Lﬁamnwuﬁlaulmqum
dafifaund 'ixUU%L%HLLmﬂLLszNLﬁaﬁnmiwqamsumﬁﬁﬁu
(Recovery Behaviors) auddiupnsminzauiildeanuuy
17 fanamenszuiunsvieuly Figure 3

iifor

7 Ta
O 0
-
A

202

f3/03
Isfon 14/64

v
@ ) @
isfos

Figure 3 Functional block diagram illustrating the

operation of the Stuck Manager Node based on a
Finite State Machine (FSM) architecture.

Table 1 Variable in Finite State Machine.
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Figure 4 Satellite imagery of the experimental site
acquired from Google Maps, showing the physical

boundaries and obstacles of the environment.

2. M3UsEUIaNaNIN (Image Processing) W mdilgun
Usuuaan28lUsunsa GNU Image Manipulation Program
(GIMP) Tagvinnsudasnm@idunimseauding (Grayscale)
warUsuAtALduveLad (Thresholding) iieadaunud
WuU Occupancy Grid Map Tagiuunli Nuiidm (White
region) Wnuiiuiting (Free Space) fijusudaninsaindeui
1§ Wufiad (Black region) WILAIRATIS (Obstacles) wu
Fulsl vizevouuas war Wufidnn (Gray region) wnuituil
#ilsinsruaniug (Unknown Space) Figure 5

2.4 17139189952 UUTUFUALN IS IMUAA NS
ialunudirutaziduresdsinuine (Occupancy
Grid Map) flad1etuanamgnenaiion (fauandly Figure
1) farwasnndostuiitnaieuuiiulan §35ulduunga
Muila (Origin) vaslandnaeslu Gazebo linseiudasign
uarassdgeosiiuiiuUannensansnaiy naruILnI9Susy
annsliudnau libgazebo ros gps sensor \los1a0sn3
Sudyaaunnanifioy (GNSS) Fsazdedayaluguuuuiiie
iimand (WGssa) douaifafviazgnasaludslnug
navsat_transform_node tlevhuiiiifuinazilasiiin
NgUuUUarign/aedgn Wnaedufidaansiideu (X, v)

Figure 5 Image processing workflow using GNU Image
Manipulation Program (GIMP) to convert the satellite

imagery into a grayscale format for map generation.
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Table 2 Summary of the six navigation stack
configurations used in the comparative experiments.

Note: Values followed by different letters in the same
column are significantly different. (P < 0.05) according

to Duncan's Multiple Range Test (DMRT).

Planner Time Distance Velocity (m
(sec) (m) )
Smac2D+MPPI  213.68° 213.61 0.99°
Smac2D+DWB  289.14° 213.61 0.74°
Smac2D+RPP  397.16°  213.66 0.54°
NavFn+MPPI  254.01Y  213.47 0.84°
NavFn+DWB 379.99°  213.63 0.56°
NavFn+RPP 499.86° 213.69 0.43°
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Figure 7 Comparative analysis of navigation

performance metrics among six configurations.
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Figure 8 User interface displaying the countdown

timer during the robot situation assessment pause.
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Figure 10 User interface during the “Wait” recovery
operation.
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Figure 11 User interface displaying the navigation

success status.
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Abstract

The objective of this research was to investigate and evaluate the performance of a cyperus splitting
machine. The component of this machine consists of the machine frame, reed tray, control unit, blade unit, roller,
and reed fiber collection tray. It is powered by a 12V DC motor transmitted via a chain gear. Four levels of splitting
blades (1, 2, 4, and 6 blades) were studied. The performance indicators included working capacity, splitting
efficiency, percentage of loss, and power consumption. Performance testing of the cyperus splitting machine
revealed that the optimal setting was using a single blade, achieving a high working efficiency of 522.62+38.12
reeds h™, high splitting efficiency of 95.00+5%, low loss of 5.00+5%, and minimal power consumption of

95.99+13.49 W respective.

Keywords: Cyperus, Cyperus splitting machine, Woven products
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Figure 1 Cyperus splitting machine
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Table 1. Results of the study on efficiency, percentage

of loss and electrical power

Blades Capacity Efficiency Percent Power
(reeds h) (%) loss (W)
(%)
1 522.62+38.12 95.00+5 5.0045 95.99+13.49
2 517.56+51.16 97.00+3 3.00+2 108.37+10.31
4 500.92+5.40 93.00+7 7.00+3 123.14+20.15
6 511.71+43.84 94.00+1 6.00+4 125.58+26.22
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Abstract

Hydraulic rams are widely used specially in area with source of water. The ram pump has ability to pump
water without electricity or fuel, thus the cost energy reduced. Furthermore, hydraulic ram pumps can be easily
constructed by using readily available plumbing components. The components of a hydraulic ram pump
significantly affect its efficiency. The air chamber is a crucial component of a hydraulic ram, responsible for storing
the pressure generated by water hammer, which occurs when the drain valve is rapidly closed. This research
studied the effect of the air chamber sizes on the efficiency of a hydraulic ram. In the experiment, the hydraulic
ram was tested with different air chamber sizes: 4, 8, 12, 16 liters, and without an air chamber. The results show
that the ram pump with air chambers are approximately 5 percent more energy efficient than one without.
However, a comparison of the energy efficiency of hydraulic ram with different air chamber sizes did not show a
significant difference. This can be concluded that the air chambers help the hydraulic ram operate more efficiently

than the one without.

Keywords: Hydraulic ram, Air chamber, Hydropower

Aanufsuannwszauisathuilsgneudunstuinladne
1w L maalaly dnnnununiu
arUudransadianldiieduunduiigelaeg el

lunuidedidenldnetuui 45199 uioaannnén
Uszivinmih ldfuniseenuuvedisgniesuasiianmagd sUnssaundvenuviewaln ieantedninfiinainnisly

Ussiafivmnga Tnsfinsduiaunsaasaldondan g pyc d1593U3didediniiinnsihdeseunsefurinli

o

a | & | I = faV v , o ,
warnvanevila vie PVC n3e viewan Jugunsalilisy | 8ossaemeiinndulaglisnidy msadmsdusemsniis

YIYAUTDIRAN VI EUsaeenwuUlnpendase danali

14



MsansauALArINssUINERsWiIUsEAlve U7 32 atuii 1 (2569), 14-20

1A% 0an s UL USEANS AnunT U (Bseney wazay,
2552)

Feonornedussdusznoufiddyvesmedulh 3
wihfifueuduiidiuduanusngnisahewmesusuwes
wazshlinslvaveshitiudduinniiinniy axinade
Uszansamaeemydurilaense (Ngolle and Enongene,
2019)

Ay dAoaAo o

NI TngUsrasAioAn v NanIENUYDIUUING DR

q
o

o eRaUsEANE A D snET UL Tngvinsnaaeuny Ty
Thiitgesnemeavun 16, 12, 8, 4 an3 wagAgtuT WU
Lyifdednennie udinsiseudisudseansnmnnsdah
wazUszAvBmwnErue Iy Tuth

2 qufjitieades

Sesnemavesmetuindusdlsenaufidndy vy
Thiiderinananndrdniuasfvasauaudiy Wefined
Yhavanunsavhenldegareiies luvaiingtuivina
aeludsdnoiniazdieeiniauaz oy ngly lasd
U%mmugﬂLLazmmﬂﬁagiﬂﬂ&liuﬁﬁua&“J'ﬁ’ummé’uﬁuaqﬁé'lﬁaﬁ
Sfuﬁ'qa LALENIINTTANBINAYDIIAAANDINA (Alr
valve)

TurraBudunsvhauresmstiut aglusaeiniees
Feldifinnusy metuthesdlianunsaviauldiesedng
oo Wesnludisdudumeludwaonmassiianudu
WirfueInIrA1euen LSsduYesmAnTuaINIeIAeILEY
wod asndeuiinnndiahlgundstiet dunisay
Wl ludssmenerunendadni Seviildussiuanasly
ogsnnideidumaiundidniilddarudusgneluds
Saone Werusunelunstuihanasegasinga i
Tnaannunasdtethaglnadhpeduiednmeiion uasyinls
Ndshiitaegliausodald axduihimearie

Tusnmanomnludsdaemeagnifadudaed 1id
9INALNTDDE Fadntudevnunsduiluszesnamis
waglaifinnsiivenia a1naludidneiniazgnaadulag
thaneldanusuegnadng sililudesaenimdalgei
ardutazyauinUnAlng1dqi su1agnseunnegi
JULSY (Watt S.B., 1974) LALNITVNUVR IR T UL 9L ]
Usednsnmanasagaiiuladn

PUIALAEIUNTIVBIT 18R INANLNAIUINUTUINS
mmﬂﬁmiqagjmﬂu Imammﬂﬁagﬂima’[,uﬁﬁ@mmﬂ i
niifigaduaudui i utuainnsdandad aiegig
TIdnazinomesuaned o1maneludsnainiad
Juvsunsasil annsadudasmnsevenslamuninudiu
fiutuvdeanas vlenaanansagaduanusuiliiniy
stennEBldoened wasthelinstuinanunsayieuls
28198UsEaNSA W (Marcos and Raimundo, 2021)

donguiiFudurau ormafioganeludssaoinie
szivsimsifuusinnsvedsdaeinia udminduile
msﬁuﬁw‘hmulﬂﬁam mnusungludsaenniaaziiudy
nmsfiilvadndsdaeinia Ysinmsvesennaiiegluds
9R01N1AILANAY U'%mmmmﬁﬁagﬂuﬁaé’ﬂmmﬂﬁmm
FusngqamsoAuaInldnaunts A 1 anunguives

Boyle’s Law (Finnemore and Franzini, 2016)
P1V1 = P2V2 (1)

P = AUAU atm

V= USums m’

naunsi 1 @unseruialsuinsveseinianiely
Fadnornafinnuduse L fanandunised 1 Usunas
yasenrazanasegsundloneludsneiniainiiui
a9 Imaﬁmmngmmuﬁﬁaaﬁﬂ USHnSU0981N1ATITanad
wdewies nilsdrwdvesUsinsBuduiierusuiiudy 4
atm faudienAludvneIniAIziantagun uwAnglu
th&ansanunsavinauldegnauni

vonananusuiiiuiuludsneiniaagsiliusuns
armanieludsanainds i eanuausunisludsdn
0IMAgI L hazgeduemdlduniudie Fududnanmg
wilsfivhliamaniegludnoinirasasidosengs

Table 1 Volume of air in the air chamber

Pressure  Air volume in air chamber (Liter)
Atm 4L 8L 121 16L
1* 4 8 12 16
2 2 4 6 8
3 1.3 2.7 4 5.3
4 1 2 3 4
5 0.8 1.6 2.4 32

*Atmosphere pressure

v
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Qh
v = GQrawH @

e = Usgdnanmnasau (Power) %

Q = dasmsluavestingdedy s’

Qu = dasiluavesiiia Ls?

h = i fidaduiigs m

H = avwduihitenededes m
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Figure 1. Hydraulic ram components
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Figure 2. Hydraulic ram with 8 liters air chamber
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Figure 3. Experiment setup
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Figure 4. Air Chambers (4, 8, 12 and 16 Liters)

Figure 5 Hydraulic ram with no air chamber
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Table 2 Pressure vs flowrate for various air chamber

sizes
Delivery Discharge l.sf1

Tank Size | 0.7Bars 1 Bar 1.5 Bars 2 Bars 2.5 Bars 3 Bars
4 Liters 0.1205 0.0840 0.0563 0.0395 0.0249 0.0067
8 Liters 0.1268 0.0951 0.0568 0.0319 0.0257 0.0065
12 Liters | 0.1164 0.0916 0.0590 0.0344 0.0243 0.0064
16 Liters 0.1185 0.0912 0.0567 0.0393 0.0243 0.0064
No Tank | 0.0894 0.0704 0.0401 0.0292 0.0144 0.0064
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Table 3 The efficiencies of hydraulic ram

Average efficiency (%)

Air chamber volume Power Delivery
) (Nw)
aL 23.74 3.56
8L 23.19 3.61
121 22.53 3.43
16L 23.59 3.55
No air chamber 17.81 2.64
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Abstract

Fumigation is one of the most effective methods for controlling insect pests and reducing postharvest losses
in stored products. Since accurate measurements of fumigant concentrations are keys to achieving high fumigation
efficacy and ensuring personnel safety, this review article aims to provide overall understanding of different
technolosgies in fumigant gas sensors. The working principles as well as criteria for selecting fumigant monitoring
devices are discussed. The types of devices discussed include colorimetric tubes, thermal conductivity sensors,
electrochemical sensors, non-dispersive infrared sensors and optical interferometers. This article primarily focuses
on efficacy monitoring while briefly addressing safety and clearance monitoring to provide contextual comparisons.

Future trends toward integrated monitoring systems and wireless sensors are also discussed.

Keywords: fumigation, gas concentration, fumigation concentration monitoring, gas sensor
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Figure 1 A hand pump with a colorimetric tube.
Adapted from: Wuensch Sales (2026)
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DC source

Figure 2 (a) An example of a Wheatstone bridge circuit

of a thermal conductivity gas sensor and (b) Fumiscope.

Adapted from: (a) Wikimedia Commons contributors
(2020) and (b) SGT Service (2026)
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gas sensor.
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Figure 4 A simplified schematic of an NDIR gas sensor.
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1 Table 1 Comparison of gas concentration monitoring technologies used in fumigation applications

Type Fumigant Application  Examples of commercial Measurement Accuracy Features Usage
(Example) models range considerations
cT PH5 Efficacy Dréger tubes 25-10,000 ppm  +10 - 15% (standard Low initial cost, and Single-use, and low
(Dréger, 2022) deviation) no power source accuracy
Multiple  Clearance 0.1-3,1-50.1- +15-30% (standard needed
50 ppm* deviation)*
TC  CHsBrand  Efficacy Fumiscope 0-2,999 ¢/m’ +2% (full scale)  Simple and rugged Low gas selectivity
SOsF, (Key Chemical & Equipment construction
Co, 2022)
EC PH; Efficacy Silo-Chek 0 - 2,000 ppm Data not available  High sensitivity and  Prone to cross-
(The Canary Company, low power sensitivity, and
2022) consumption short lifespan
PH3 Clearance DragerSensor XXS PHs 0- 20 ppm +2%
(Dréager, 2026)
NDIR PH3 Efficacy PM100 0 - 10,000 ppm +3% (full scale)  High accuracy, non- High equipment
(Spectros Instruments, 2026) depleting sensors,  cost, and consumes
SO,F; Clearance Fumispec Lo 0 - 100 ppm +2% and low cross-gas  more electrical
(Uniphos Envirotronic, 2026) interference power
Ol CH3Br, Efficacy FI-8000 0-50to 0-200 +3% Multiple-gas Compensation for
SO,F, (Riken Keiki Co, 2021) g/mB* capability environmental
and PH; effects needed

2 *Depending on the model targeting a specific fumigant

3
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Table 2 Threshold limit values (TLV) and typical working

concentrations of some common fumigants

Fumigant TLV Typical concentrations
during fumigation
0 ppm 515 - 25,700 ppm
CH3Br PP PP
(Graver, 2004) (Graver, 2004)
o1 0.3 ppm 70 - 3,500 ppm
’ (Graver, 2004) (Graver, 2004)
5.0 ppm* 30,720 ppm**
SOzF PP PP

(NIOSH, 2014)
*One of the product labels (Douglas Products, 2017a)

require below 1.0 ppm for re-entry

(Douglas Products, 2017a)

**Maximum allowed concentration
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Abstract

Black garlic is widely recognized for its high antioxidant content and potential health benefits, making it a
valuable functional ingredient in the food and pharmaceutical industries. This study investigated the effects of
different carrier agents maltodextrin, isomaltodextrin, and fructooligosaccharide at concentrations of 20%, 25%,
and 30% on the physicochemical properties of freeze-dried black garlic powder. The parameters evaluated
included total soluble solids, color, moisture content, water activity, bulk density, flowability, and antioxidant
activity (DPPH, ABTS, and FRAP). The results indicated that both the type and concentration of the carrier
significantly influenced (p < 0.05) the quality of black garlic powder. Among the tested carriers, 25% maltodextrin
showed the greatest potential by improving powder stability, reducing moisture content (4.53 %w.b.), enhancing
flowability (33.14°), and maintaining high antioxidant activity. These findings provide valuable insights into

optimizing carrier selection for the production of black garlic powder with improved quality and stability.

Keywords: Black garlic, Freeze-drying, Carrier

pronounced during powder production, where

1 Introduction hygroscopic properties can lead to clumping and

Garlic (Allium  sativum Linn.) has been widely caking, thereby reducing flowability and shelf stability.

recognized for its numerous health benefits, including 15 5qdress these concerns freeze-drying has been

its ability to reduce cholesterol levels, regulate blood  iyentified as an effective drying technique because it

pressure, and enhance immune function (AWVINO  aaing bioactive compounds and minimizes thermal

Granados et al, 2021). However, fresh garlic has a degradation (Shrestha et al, 2007). However, the

limited shelf life and a pungent odor that may be  ,racence of low-molecular-weight sugars in black garlic

undesirable for some consumers. To overcome these  ,ntributes to increased stickiness, particularly when

challenges, fermentation has been widely used to  {ha product approaches its glass transition

produce black garlic, a functional food ingredient with ternperature (Tg) (Alvino Granados et al., 2021).

enhanced  bioactivity —and  improved  sensory To enhance the physical stability of freeze-dried

characteristics (Kaewpiboon & Boonnak, 2020). During 5k carlic powder, carrier agents are commonly

processing, black garlic undergoes a non-enzymatic employed. These carriers prevent caking, improve

browning reaction known as the Maillard reaction, powder flow properties, and enhance the

resulting in the formation of bioactive compounds  \aconstitution ability of the final product (Fang et al.,

such as polyphenols, flavonoids, and S-allyl cysteine,  5008). Moreover, some carriers may provide additional
which contribute to its strong antioxidant activity (Kim
et al, 2013).

Despite its potential as a functional food, black

health benefits, aligning with the growing demand for
functional food ingredients. However, limited studies

have systematically investigated the influence of

garlic presents challenges in processing and storage  ierent carrier agents and their concentrations on the

due to its sticky texture and high sugar content  ,p cicochemical properties and stability of freeze-

(Orefice et al., 2022). These issues become particularly driied black garlic powder. Therefore, further
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investigation is needed to optimize carrier selection for
improving powder quality and functionality.
The objective of this study is to evaluate the

effects of different carrier agents, maltodextrin (MD),

2 Material and Methods

2.1 Material

Black garlic (Allium sativum L.) was provided by
GRAZIE & AVIKA Co., Ltd., Thailand. Maltodextrin (DE
10-11, Maxway Co., Ltd., Thailand), Isomaltodextrin
(Hayashibara Co., Japan), Fructooligosaccharide (COSU-
CRA, Belgium), 2, 2 Diphenyl-1 -picrylhydrazyl (DPPH),
2,2'-azino-bis (3-ethylbenzthiazoline-6 -sulphonic acid)
(ABTS), 2, 3, 5 -Triphenyltetrazolium chloride (TPTZ)
and 6 -Hydroxy-2 ,5 ,7 ,8 -tetramethylchroman-2 -
carboxylic acid (Trolox) were purchased from Thermo
Fisher Scientific Co., Ltd., Japan. All other chemicals
and reagents were of analytical grade.
2.2 Freeze-dried black garlic powder preparation
Black garlic, prepared at room temperature was
blended using a manual industrial mincer (SW9 8 ,
Kolbe Foodtec, Germany). Each of maltodextrin (MD),
isomaltodextrin (IMD), and fructooligosaccharides (FOS)
was prepared as a 50% (w/w) solution. The carrier
solutions were then mixed with finely ground black
garlic at black garlic to carrier solution ratios of 60:40,
50:50, and 40:60 (w/w), respectively, to obtain final
formulations containing 20%, 25%, and 30% (w/w)
carrier solids. The resulting samples were designated
as MD 20, MD 25, and MD 30, depending on the carrier
solid
dehydrated using a freeze dryer (Kryo ‘D’ Freezer, ITC,

content. The black garlic samples were
Thailand) as shown in Fig. 2. The samples were loaded
into trays and spread to a thickness of 1 cm from the
tray bottom. The samples were frozen at =50 °C, and
the core temperature was monitored using an RTD

probe. During the primary drying stage, the system was

32

(IMD), and

(FOS), at varying concentrations on the physicochemi-

isomaltodextrin fructooligosaccharides
cal properties and stability of freeze-dried black garlic
powder.

operated at a pressure below 40 Pa, while the shelf
temperature was gradually increased from -20 °C to
20 °C. In the secondary drying phase, the shelf
temperature was further increased to 40 °C (Fig. 3).
The dried product was ground and stored in aluminum
foil bags under controlled conditions at 25 °C and 30-

40% relative humidity until further analysis.

2.3 Total soluble solids content (TSS)

For the TSS 1 g of sample was dissolved in 10 mL
distilled water. And mixed for 1 min, the solution was
measured using digital hand pocket refractometer
(PAL-1 , ATAGO, Japan). The TSS value was then
multiplied by the number of dilutions to obtain the
final TSS value.

2.4 Moisture content (M.C.)

The moisture content was determined by the hot
air oven (AOAC, 2000). Samples were dried at 70 °C
until a constant weight was achieved (defined by three
consecutive readings) Then, the following relation was
used:

Wi=W2) w100 ()

Moisture content =
Where: W1 = initial weight of the sample before drying
(¢); W2 = final weight of the sample after drying (g)

2.5  Water activity

The water activity of the black garlic powder was
measured using an Aqualab 4TE (Meter Group Inc.,
USA). Three

performed for each sample.

replications of water activity were
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| Ground Black Garlic

At room temperature

I Carriers Solution

MD / IMD / FOS
50% (w/w) solution

(solid : water = 1:1)

Mixing

o)

Final formulations (w/w, total mixture basis)
20, 25 and 309% carrier solids

Freeze Drying

I

Freezing: -50 °C
Primary drying: - 20 °C to 20 °C
secondary drying: 40 °C

[ Grinding & Storage ]

At 25 °C and 30-40% relative humidity

Fig. 1. Preparation of the freeze - dried black garlic powder

2.6 Bulk density
The samples were placed in a container of known
volume and weighed. The bulk density was calculated

using the following formula:

p== )

v
Where P is bulk density (g Cm’3), m is the mass of

samples (g) and V is the volume (cm”).

2.7 Color

The color of the powder was measured using
spectrophotometer (ColorFlex, Hunter Lab, UK). The
color difference was calculated according to Equation.
AE = [(AL")? + (Aa*)? + (Ab*)?]/? (3)
Where L* represents the lightness (0 - 100), a*

represents the scale of greenness (-) to redness (+),

and b* represents the scale of blueness (-) and

yellowness (+).

2.8 Flowability (angle of repose)

The flowability of freeze-dried black garlic powder
was determined using the angle of repose method. A
fixed cone height was established, and a known
quantity of powder was measured. The powder was
then poured onto a horizontal surface (Camacho et
al., 2022), after which the height and diameter of the

formed cone were measured.
2h
AoR = arctan X ” (4)
where h = height from the top of the formed product

cone to the horizontal surface (cm); d = maximum

cone product diameter (cm).

’ Freezing / Drying Chamber |

Ice Condenser

}

Product

Il

Heat source
L

Fig. 2. Freeze dryer, Kryo ‘D Fz - Itc (1993) co. ltd

33



Thai Society of Agricultural Engineering Journal Vol. 32 No. 1 (2026), 31-40

60 .
Freezing |

1°' Drying

40

rec)
e(°C)

mperatur

16000 ——— WD 20%
— D 25%
. D) 30085

IMD 20%

- = = [MD 25%

ssure (Pa)

D 30%

|
|
|
IS

-~

.Y L

Tirne (hr}

Pr

pressure

Fig. 3. The setting temperature and pressure operation of freeze dry machine.

2.9 Antioxidant activity

2.9.1 DPPH radical scavenging activity

The DPPH assay was conducted following the
method of Singh et al. (2002) with slight modifications.
An aliguot (10 ML) of the extract was mixed with 2.99
mL of DPPH working solution in the dark for 60 min
before measuring absorbance at 515 nm using a
spectrophotometer (Libra S12, Biochrom, England).
Results were expressed as mg Trolox equivalents
(TE)/g dry matter.

2.9.2 ABTS Radical Scavenging activity

The ABTS assay was conducted following the
(2006) with slight
modifications. An aliquot (10 ML) of the extract was
mixed with 2.99 mL of ABTS working solution and

method of Kriengsak et al.

incubated in the dark for 10 min before measuring
absorbance at 734 nm using a spectrophotometer
(Libra S12, Biochrom, England). Results were expressed
as mg Trolox equivalents (TE)/g dry matter.
2.9.3 Ferric reducing antioxidant power (FRAP)

The FRAP assay was conducted following the
(1996) with slight
modifications. An aliquot (10 HLL) of the extract was
mixed with 2.99 mL of FRAP reagent and incubated in

the dark for 30 min prior to measuring absorbance at

method of Benzie and Strain

593 nm using a spectrophotometer (Libra S12,
Biochrom, England). Results were expressed as mg

Trolox equivalents (TE)/g dry matter.
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2.10 Statistical analysis

All results were presented as mean + standard
deviation (SD). The experimental data were analyzed
using a 3 x 3 factorial design and subjected to two-
way analysis of variance (ANOVA) to evaluate the
effects of carrier type and concentration. Statistical
analyses were performed using IBM SPSS Statistics
version 20. Significant differences among means (p <
0.05) were determined using Duncan’s new multiple

range test.

3 Results and Discussion
3.1 Drying time and TSS of black carlic powder

Drying time ranged from 53.25 to 56.77 hr, while
total soluble solids (TSS) varied from 7 6 .4 to 83.3
%Brix depending on carrier type and concentration
(Table 1). Black garlic exhibits an amorphous structure
and contains a high concentration of low-molecular-
weight sugars, which makes it susceptible to structural
changes during drying. Powdered products may
transition into a sticky, viscous state when exposed to
temperatures above the glass transition temperature
(Te) or additional absorbed.

Therefore, the incorporation of carrier agents or

when moisture is

stabilizers can increase the glass transition
temperature (Tg), thereby preventing melting during
the freeze-drying process and reducing the stickiness
of the resulting powder (Mani et al., 2002; Shrestha et
al,, 2007). In addition, the inclusion of carrier agents
generally increases the total soluble solids (TSS)

content of the formulation. The drying time s
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influenced by several factors, including moisture
content, structural characteristics, solute concentra-
tion, thermal conductivity of the material, and freezing
temperature (Rattanapanon, 2015). As shown in Table
1, samples containing fructooligosaccharides exhibited
longer drying times than those containing maltodextrin
and isomaltodextrin. This trend corresponds with the
total soluble solids content, where higher soluble
solid concentrations result in longer drying times.
Materials with higher TSS typically exhibit increased
viscosity, which can slow down moisture diffusion and
consequently extend the drying duration (Ratti, 2001).
3.2 Quality of black garlic powder

The moisture content and water activity of
black garlic powder are presented in Table 1., ranging
from 4.07-5.96 9%w.b. and 0.2536 - 0.2955. Both
parameters decreased as the concentration of carrier
agents increased. Among the samples, the powder
containing maltodextrin exhibited the lowest moisture
content and water activity, followed by the sample
containing isomaltodextrin,while the sample containing
fructooligosaccharide showed the highest moisture
content.These results indicate that the type of carrier
agent significantly influences the moisture content of
the powder after drying due to differences in water-
holding capacity (Michalska-Ciechanowska et al., 2021).
In addition, all black garlic powder samples showed
water activity values below 0.6 (Table 1). Water activity
is an important parameter for evaluating the
availability of water in food systems, as it directly
affects shelf life, microbial growth, and overall food
safety (Ganaie et al., 2021).

The bulk density of black garlic powder showed
variations among carrier types and concentrations, with
values ranging from 0.94 to 0.88 for maltodextrin, 0.95
to 0.93 for isomaltodextrin, and 1.01 to 1.00 for
fructooligosaccharide, depending on carrier concen-
tration. The bulk density decreased with increasing
concentrations of carrier agents. This phenomenon can
be attributed to the density difference between black
garlic and carrier materials, as black garlic possesses a
higher density than the carriers. Consequently, the
addition of carriers reduced the proportion of black
garlic solids in the formulation, resulting in increased
porosity and void formation within the powder

structure and, therefore, a lower bulk density (Jaya &

Das, 2004; Cano-Chauca et al, 2005). During the
freeze-drying process, structural modifications may
occur in the sample, particularly due to the partial
dissolution of carrier materials. This effect becomes
more pronounced during the secondary drying stage,
where the product may undergo partial structural
collapse (Shrestha et al., 2007), which subsequently
influences the bulk density and overall physical
properties of the powder.

A comparison among samples containing different
carriers indicated that black garlic powder formulated
exhibited
similar bulk density values, both of which were lower
than those of the

oligosaccharide. Maltodextrin and isomaltodextrin are

with maltodextrin  and isomaltodextrin

samples containing fructo-
carbohydrates with molecular structures that facilitate
polymer formation and possess relatively high-water
retention capacity, promoting the development of a
more porous structure during the drying process. In
exhibits  different

resulting in  structural

contrast,  fructooligosaccharide

intermolecular interactions,
variations in the final product and consequently
leading to a higher bulk density.

The flow properties of powders are important
material characteristics and play a crucial role in the
production process, as they influence processing
efficiency, product uniformity, and shelf life. The
results of the flow property analysis of freeze-dried
black garlic powder are presented in Table 1. For
maltodextrin, isomaltodextrin, and fructooligosac-
charide, the values at 20%, 25%, and 30% carrier
concentrations ranged from 36.42 to 30.09, 36.59 to
31.55, and 44.45 to 40.67, respectively. The flowability
index increased from cohesive to easy flowing as the
carrier concentration increased. Samples with lower
carrier content exhibited poorer flowability, which can
be attributed to their
temperature (Tg) and higher hygroscopicity. A lower Tg

lower glass transition

increases molecular mobility, leading to particle

stickiness  and  agglomeration,  while  higher
hygroscopicity promotes moisture absorption, further
reducing flow performance (Roos, 1995; Fitzpatrick et
al,, 2004). Among the carrier agents, maltodextrin
generally exhibited better flowability due to its ability
to form a stable matrix with reduced stickiness

(Gharsallaoui et al., 2007). Isomaltodextrin showed
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comparable but slightly lower flow performance,
which may be related to its more highly branched

structure  affecting particle packing and matrix

compactness. In  contrast,  fructooligosaccharide

concentration improved flowability across all carriers
by increasing Tg and reducing moisture-related
interactions. Similar findings were reported by Nurhadi

and Roos (2017), who observed improved flowability in

demonstrated poorer flowability, likely due to its honey powder with  increasing  maltodextrin
lower molecular weight and higher hygroscopicity, concentration.
which enhance moisture uptake and promote particle
cohesion (Franck, 2002). Increasing carrier
Table 1 Quality characteristics of black garlic powder
Drying M.C. . TSS Bulk density AoR
Sampl Water activit ) o
AP fime (hr.) (%w.b.) arer actviy (9%Brix) (g cm™) )
MD 20 53.25  4.85+0.16°  0.2742 + 0.0110°* 76.4 +0.1" 0.94 + 0.03° 3642+ 0.73¢
MD 25 5358  4.53+0.04°  0.2683 + 0.0127 ° 78.1+ 0.1 0.92 + 0.00°  33.14 + 0.35¢
MD 30 5393  4.07 + 0.03 0.2536 + 0.0126 ¢ 79.1 + 0.0% 0.88 + 0.00°  30.09 + 2.37°¢
IMD 20 54.08  5.19 + 0.08°  0.2799 + 0.0089 ** 76.8 + 0.0° 0.95+0.01° 3659 +0.26°¢
IMD 25 5438  4.93+0.05°  0.2744 + 0.0106 °°* 78.9 + 0.2° 0.94 +0.01° 3321 +2.27¢
IMD 30 54.65  4.42 +0.17° 0.2639 + 0.0118 79.3 +0.1° 0.93 +0.01° 3155+ 0.37°
FOS 20 56.18  5.96 + 0.07° 0.2955 + 0.0218° 80.8 + 0.2° 1.01 £ 0.02°  44.45+0.25°
FOS 25 56.52  5.63 + 0.04° 0.2894 +0.0088% 81.9 + 0.1° 1.00 + 0.01* 4138 + 0.03°
FOS 30 56.77  5.25+0.05  0.2817 + 0.0095°° 83.3 + 0.2° 1.00 + 0.02°  40.67 + 1.69°

Data are presented as mean + standard deviation (n=3). a-d superscripts represent a significant difference within

the same column (p<0.05) according to Duncan’s multiple range test.

3.3 Color of black garlic powder

The color characteristics of black garlic powder are
presented in Table 2. The addition of carrier agents
lightness (L*) and

yellowness (b*) of freeze-dried black garlic powder.

prior to drying increased the
This observation is consistent with previous studies by
Caliskan and Dirim., 2016; Moolwong et al., 2023 who
reported that higher levels of maltodextrin added
during both freeze-drying and spray-drying processes

resulted in powders with greater lightness. Similarly,
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increasing the maltodextrin ratio has been shown to
enhance the lightness of avocado powder. This effect
can be attributed to maltodextrin forming a white
powder upon drying, thereby increasing the overall
lightness of the final product. Among the carrier agents
tested, samples containing maltodextrin exhibited the
highest lightness values, followed by those containing
isomaltodextrin, whereas

samples containing

fructooligosaccharide showed the lowest lightness.
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Table 2 Color properties of black garlic powder

Before Freeze drying

After Freeze drying

Sample > - b L* " " AE

MD20 561 +0.18° 7.48+ 023" 478+ 039° 38.62+024  7.89 +0.25° 22.25+0.43° 37.36+0.33°
MD 25 584+ 027 750 +025 464+047° 41.47+092° 878 +0.19° 21.24+0.09°  39.33+0.35°
MD 30 552+ 046° 801+081° 489 +029° 4521+0.43° 892+ 049" 22.17+0.12° 43.30+0.32°
IMD20 5.41+073° 752+065 4.66+059 3808+0.38° 7.80+0.38" 20.09+ 0.58° 36.14+0.81°
IMD 25 5.63+031° 745+0.13° 453 +051° 39.47+0.11° 7.91+057° 23.18+0.17° 38.65+0.48°
IMD 30  6.45+056° 7.33+0.77° 4.71+ 033 4636+ 044> 778 +0.17° 23.75+ 0.07° 44.23+0.28°
FOS20 559 +027° 7.67+038 481+072° 1591+097 544 +067° 934 +058  11.52+0.72"
FOS25 538+0.14° 731+012° 442+039° 17.05+1.31" 523 +085 11.21+0.23 13.70+0.72°
FOS30 5.45+036° 7.22+056° 467+083 21.48+0.63° 561+ 043 1097+ 014" 17.30+0.01"

Data are presented as mean + standard deviation (n=3). a-d superscripts represent a significant difference within

the same column (p<0.05) according to Duncan’s multiple range test. L*, lightness; a*, greenness to redness; b*,

blueness to yellowness.

3.4 antioxidant capacities

]
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Fic. 4. DPPH (a), ABTS (b), and FRAP (c) assay of
different types and quantity of black garlic samples
with carriers. Values are expressed as mean + SD (n=3)
with significantly different at p < 0.05

The antioxidant capacities of black garlic powder,
determined by DPPH, ABTS, and FRAP assays, are
presented in Fig. 4. The results showed a decreasing
trend with increasing carrier ratio. This reduction can
be attributed to a dilution effect, as fresh black garlic
contains high concentrations of bioactive compounds
with strong antioxidant properties. The incorporation
of carrier agents reduces the relative proportion of

these active compounds per unit mass, leading to
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lower measured  antioxidant  activity.  Similar

observations
(2016),

maltodextrin as a carrier agent on the antioxidative

were reported by Chuaychan and

Benjakul who investigated the effect of
properties of spray-dried gelatin powder. Their results
demonstrated that increasing the concentration of
maltodextrin resulted in decreased antioxidant activity
due to the reduced availability of bioactive
compounds in the final powder. Likewise, Lachowicz
et al. (2020) reported that increasing maltodextrin
content significantly reduced the antioxidant capacity
of vacuum-dried Saskatoon berry powder as evaluated
by ABTS and FRAP assays. In addition, Maltodextrin
showed relatively better antioxidant retention, likely
due to its effective film-forming ability and stable
encapsulating matrix (Vargas et al, 2024), while
isomaltodextrin exhibited similar but slightly lower
performance. In

contrast,  fructooligosaccharide

provided weaker physical protection due to its

hygroscopic nature and lower molecular weight.
However, it showed the highest FRAP values, which
may be attributed to its intrinsic reducing capacity, as
the FRAP assay measures electron-donating ability
rather than radical scavenging (Benzie & Strain, 1996).
Additionally, thermal degradation during drying may
further reduce antioxidant activity (Coskun et al,
2024). Overall, antioxidant capacity is governed by the
combined effects of dilution, carrier-dependent
encapsulation, thermal degradation, and assay-specific

mechanisms.

4 Conclusion

This study investigated the effects of different
carrier agents (maltodextrin, isomaltodextrin, and
fructooligosaccharide) and carrier ratios (20%, 25%,
and 30%) on the physical and chemical properties of
black garlic powder. The results demonstrated that
both the type and concentration of carrier agents
significantly influenced the properties of the resulting
tested 25%

provided  the balance,

powders. Among the conditions,

maltodextrin optimal

demonstrating improved physical properties while

maintaining  relatively  high  antioxidant  activity

38

compared to other carrier agents. These findings

provide useful information for the selection of
appropriate carrier agents in the production of black
garlic powder. Further studies are recommended to
evaluate the shelf life and long-term stability of the

developed powders.
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