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Abstract
Low-pressure superheated steam (LPSS) drying of laboratory-rewetted japonica paddy rice (Suijing 18) was investigated 
using 25 temperature-pressure runs. Five absolute pressures (0.010–0.030 MPa), five temperatures (50–70 °C), and 
six sampling times produced 150 observations. Moisture content ranged from 8.92% to 20.81% w.b. The quadratic 
moisture model gave R2 = 0.919, while grouped cross-validation gave R2 = 0.892, RMSE = 0.939 percentage points, 
and MAE = 0.762 percentage points. Drying time and temperature were the main factors affecting moisture removal, 
whereas pressure had a smaller effect. From 1,499 valid single-grain force–displacement curves, F0.50 ranged from 23.75 
to 67.31 N. Its model gave R2 = 0.691, and grouped cross-validation gave R2 = 0.567, RMSE = 6.51 N, and MAE = 
4.99 N. The proportion of grains with an identifiable first fracture increased from 16.7% at moisture ≥19% to 91.8% 
at moisture <11%. Drying at 60 °C and 0.015 MPa for 20 min produced 14.26 ± 0.22% w.b. and F0.50 of 46.87 ± 4.11 
N. SEM images showed qualitative microstructural differences among LPSS-, hot-air-, and shade-dried samples at 
similar final moisture contents.
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pression

Introduction

Paddy rice is one of the most important staple crops in 
the world. Drying is an important post-harvest process 
for reducing grain deterioration and decreasing the mois-
ture content to a suitable level for storage and further pro-
cessing. During drying, the drying conditions affect not 
only the moisture removal rate but also the moisture and 
temperature distributions inside the kernels. Rapid mois-
ture removal may cause a large moisture gradient between 
the surface and the inner region of the kernels. The une-
ven shrinkage caused by the moisture gradient may gen-
erate internal stress and fissures. These fissures increase 

the possibility of rice kernel breakage during subsequent 
handling and milling (Cnossen et al. 2003; Aquerreta et al. 
2007; Dong et al. 2010; Ying and Spang 2024; Mahmood et 
al. 2024; Nelwan et al. 2025).

Rice grain is a heterogeneous biological material, and 
its mechanical properties are affected by moisture con-
tent, loading direction, drying temperature, kernel struc-
ture, and previous hydration conditions. Moisture has a 
plasticizing effect on the starch-protein matrix. Therefore, 
rice kernels with higher moisture content usually show 
greater deformation, whereas drying increases rigidity 
and may cause sudden fracture. Previous studies have 
shown that moisture content affects the rupture force, 
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bending strength, fracture energy, and fracture pattern of 
rice kernels (Zhang et al. 2005; Kibar et al. 2010; Talab et 
al. 2012; Yang et al. 2022a; Dong et al. 2024). These rela-
tionships are important for understanding rice breakage 
and designing processing equipment. However, a high 
compression force cannot be directly regarded as an in-
dicator of milling quality because milling performance 
is also affected by fissures, chalkiness, kernel dimensions, 
and previous processing history.

Conventional hot-air drying is widely used for paddy 
rice. However, rapid moisture evaporation from the ker-
nel surface and uneven moisture distribution inside the 
kernels may increase fissure formation when the drying 
temperature and drying rate are not properly controlled. 
Therefore, different drying methods have been investi-
gated to improve drying efficiency and reduce undesira-
ble changes in rice quality and structure (Chungcharoen 
et al. 2012; Mahmood et al. 2024; Nelwan et al. 2025). 
Low-pressure superheated steam (LPSS) drying uses su-
perheated water vapor as the drying medium under re-
duced absolute pressure. The reduced pressure decreases 
the saturation temperature of water and allows moisture 
removal at relatively moderate operating temperatures. In 
addition, the steam atmosphere reduces direct contact be-
tween the material and oxygen (Suvarnakuta et al. 2005; 
Messai et al. 2015; Romdhana et al. 2015).

The drying rate under LPSS conditions is affected by op-
erating temperature, absolute pressure, steam conditions, 
and material characteristics. Previous studies have de-
scribed the drying kinetics of paddy under reduced-pres-
sure superheated steam and shown that temperature and 
pressure are important factors affecting moisture removal 
(Kozanoglu et al. 2013; Li et al. 2023). LPSS and other su-
perheated steam treatments have also been used for rice 
materials to investigate drying characteristics, physico-
chemical changes, and product quality (Chungcharoen et 
al. 2012; Mahmood et al. 2024). However, the mechanical 
response of individual rice kernels during LPSS drying 
and its relationship with the decrease in moisture content 
have not been sufficiently studied.

Our previous studies investigated the effects of com-
bined low-pressure steam enrichment and LPSS drying on 
the γ-aminobutyric acid content of japonica rice and estab-
lished mathematical models for the thin-layer LPSS drying 
of paddy rice (Li et al. 2022, 2023). These studies mainly 
focused on the drying characteristics and changes in GABA 
content. In the present study, a new batch of paddy rice har-
vested in 2025 was used, and the low-pressure wet-steam 
enrichment treatment was not included. Before LPSS dry-
ing, the paddy rice was soaked in cold water and then con-
ditioned under shade to obtain an approximately uniform 
initial moisture content. The present study mainly investi-
gated moisture removal, single-grain compression behav-
ior, and representative microstructural characteristics.

Accordingly, the objectives of this study were to: (1) 
determine the moisture removal characteristics at five 
absolute pressures, five temperatures, and six sequential 
sampling times; (2) determine reproducible single-grain 

compression parameters and analyze their relationships 
with moisture content; (3) establish quadratic response 
surface models and evaluate their predictive performance 
by leaving out one complete temperature-pressure run 
each time; and (4) qualitatively compare the represent-
ative microstructural characteristics of LPSS-, hot-air-, 
and shade-dried samples at approximately the same final 
moisture content.

Materials and methods
Plant material and rewetting procedure

Japonica paddy rice (Oryza sativa L. subsp. japonica, cul-
tivar Suijing 18), harvested in 2025, was obtained from 
Qing’an Donghe Jingu Grain Reserve Co., Ltd., Heilong-
jiang Province, China. Uniform and fully developed grains 
without visible defects were selected manually. The initial 
moisture content of the paddy rice was approximately 
14.3% wet basis (w.b.). To obtain a uniform initial mois-
ture content and reduce the internal moisture difference 
among the kernels, the grains were soaked in cold water 
for 60 h. This soaking time was selected because a shorter 
soaking period resulted in an incompletely hydrated hard 
core. After soaking, the surface water was removed, and 
the grains were conditioned under ventilated shade con-
ditions until the moisture content decreased to approxi-
mately 23% w.b. The specific harvest date, storage dura-
tion, and ambient relative humidity during conditioning 
were not recorded.

LPSS drying apparatus and experimental design

The laboratory LPSS drying system consisted of a sealed 
acrylic drying chamber, water-bath steam generator, gas 
superheater, chamber-wall heater, chamber-base heater, 
temperature and pressure sensors, condenser, steam-wa-
ter separator, buffer vessel, and vacuum pump (1550D, 
Taizhou Tengyuan Tools Co., Ltd., China). The LPSS 
drying procedure was conducted according to our previ-
ous study (Li et al. 2023). For each temperature-pressure 
combination, 100 g of prepared paddy rice was placed on 
the sample tray, and the steam flow rate was maintained 
at 0.5 L/h. After the selected absolute pressure and tem-
perature were reached and maintained, 10 g samples were 
collected at 10 min intervals. A schematic diagram of the 
LPSS drying system is shown in Fig. 1.

A 5 × 5 factorial design was used for absolute pres-
sure and temperature. The absolute pressure levels were 
0.010, 0.015, 0.020, 0.025, and 0.030 MPa, and the tem-
perature levels were 50, 55, 60, 65, and 70 °C, resulting 
in 25 temperature-pressure drying runs. During each run, 
six sequential samples were collected at 10, 20, 30, 40, 50, 
and 60 min. Therefore, a total of 150 temperature-pres-
sure-time observations were obtained. The six sampling 
times within each run represented sequential samples 



Emir. J. Food Agric ⋅ Volume 38 ⋅ 2026 3

Emirates Journal of Food and Agriculture

collected from the same drying run rather than independ-
ent drying batches (Table 1).

Moisture-content determination and prepara-
tion of SEM comparison samples

Moisture content was determined using separate analyti-
cal subsamples according to the Chinese national stand-
ard GB 5497-85. The samples were heated at 130 °C for 
approximately 40 min as specified in the standard. This 
procedure was used only for moisture content determina-
tion and was independent of sample preparation and the 
LPSS, hot-air, and shade-drying treatments. The moisture 
content on a wet basis was calculated using Eq. (1):

	 (1)

where mi and md are the initial mass and oven-dried mass 
of the sample, respectively. Three analytical determina-
tions were performed for each LPSS condition, and the 
results were expressed as mean ± standard deviation (SD).

For SEM observation, the final dried samples were pre-
pared by LPSS drying, hot-air drying (HAD), and shade 
drying (SD). The HAD sample was dried in a digital elec-
trothermal constant-temperature oven (101-A, Shanghai 
Jinping Instrument Co., Ltd., China) at 60 °C. This tem-
perature was the same as that used for the corresponding 
LPSS sample, but heated air without steam was used as the 
drying medium. The SD sample was dried under natural 
shade conditions at an ambient temperature of approxi-
mately 22 °C. During HAD and SD, the moisture content 
was measured periodically, and drying was continued un-
til the moisture content decreased to approximately 14.5% 
w.b. The exact drying times were not recorded. The LPSS 
sample used for SEM observation had a similar final mois-
ture content of approximately 14.5% w.b. These samples 
were used only for qualitative SEM comparison and were 
not used for quantitative mechanical comparison.

Single-grain compression test and curve pro-
cessing

After drying, the samples were cooled to room tempera-
ture and manually dehulled to obtain brown rice kernels. 
Ten visually intact kernels were selected from each of 
the 150 conditions. Each kernel was placed horizontally 
on the fixed lower platen and compressed vertically by a 
flat upper platen moving downward at a constant speed 
of 1.0 mm/s. The force-displacement curves were record-
ed using a KY-1KNW universal material testing machine 
and the accompanying AnyTest software. The results were 
expressed as empirical force-displacement parameters. 
Stress, strain, and elastic modulus were not calculated.

Each raw force-displacement curve was processed 
separately. The contact point was defined as the first sus-
tained point at which the force exceeded 10 N. The force 
at a displacement of 0.50 mm after the contact point was 
defined as F0.50. This parameter provided a common force 
value before the terminal compaction region, in which 
the force frequently exceeded 200 N. The first fracture 
event was defined as the first local force peak of at least 
30 N, followed within 0.20 mm by a force decrease of at 
least 4 N and at least 5% of the peak force. A third-order 
Savitzky-Golay filter with a displacement window of ap-
proximately 0.025 mm was used only to identify the local 
peak. The reported F0.50 values were interpolated from the 
original unsmoothed curves. Curves without a force de-
crease meeting these criteria were classified as having no 

Figure 1. Schematic of the LPSS drying apparatus. 1, steam-water separator; 2, vacuum pump; 3, data collector; 
4, vacuum buffer tank; 5, vacuum valve; 6, LPSS outlet; 7, sealed acrylic chamber; 8, sample tray; 9, LPSS inlet; 10, 
drain; 11, condenser; 12, chamber-wall aluminium-foil heater; 13, chamber-base aluminium-foil heater; 14, tempera-
ture and pressure sensors; 15, control cabinet; 16, gas superheater; 17, water-bath steam generator; 18, water-bath 
temperature sensor; 19, water-bath heater; 20, water inlet.

Table 1. Factors and levels in the LPSS factorial experi-
ment with sequential sampling.

Factor Symbol Levels Number of 
levels

Absolute pressure  
(MPa)

P 0.010, 0.015, 0.020, 
0.025, 0.030

5

Temperature (°C) T 50, 55, 60, 65, 70 5
Drying time (min) t 10, 20, 30, 40, 50, 60 6
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identifiable first fracture. One curve containing only three 
recorded points was excluded, leaving 1,499 valid curves.

SEM observation

Representative transverse fracture surfaces of the final 
dried samples were prepared by immersing the kernels in 
liquid nitrogen for 3–4 min and then fracturing them with 
tweezers. The fractured samples were mounted on alu-
minium stubs and sputter-coated with gold using an SCD-
500 ion sputter coater. The images were obtained using a 
field-emission scanning electron microscope (HITACHI 
SU8010, Hitachi High-Technologies Corporation, Japan) 
at magnifications of ×40, ×500, ×1,000, ×2,000, ×5,000, 
and ×10,000. The available SEM images did not include 

sufficient independently selected grains and observation 
fields for unbiased quantitative image analysis. Therefore, 
the SEM images were used only for qualitative compar-
ison of representative morphological characteristics, and 
statistical expressions such as “significantly greater” were 
not used.

Statistical analysis and response-surface mod-
elling

Condition means were used as the response-surface 
units. The coded factors were A = (P – 0.020)/0.010, B = 
(T – 60)/10, and C = (t – 35)/25. Moisture content and 
mean F0.50 were each fitted to the quadratic model shown 
as Eq. (2):

β β β β β β β β β β ε	 (2)

Model adequacy was assessed by R2, adjusted R2, and 
leave-one-temperature-pressure-run-out cross-valida-
tion. In each of 25 validation folds, all six time-point 
observations from one temperature-pressure run were 
withheld, the model was fitted to the remaining 24 
runs, and predictions were generated for the withheld 
run. This grouped procedure reduced information 
leakage between sequential observations from the same 
drying run. Cross-validated R2, root mean square error 
(RMSE), and mean absolute error (MAE) were report-
ed. The relationship between moisture and the presence 
of a first fracture was analysed by a binomial model 
using the number of valid grains as the weight. Mean 
first-fracture force was related to moisture content for 
conditions in which at least three grains showed an 
identifiable fracture. A supplementary covariate model 
included final moisture together with pressure, temper-
ature, and time to assess whether the F0.50 response 
was completely explained by drying extent. Analyses 
were performed in Python 3.13 using pandas 2.2.3, 
SciPy 1.17.0, statsmodels 0.14.6, and scikit-learn 1.8.0. 
Statistical significance was defined as p < 0.05.

Results and discussion

Moisture removal under different drying condi-
tions

The complete dataset contained 150 temperature-pres-
sure-time observations obtained from 25 tempera-
ture-pressure drying runs. The mean moisture content 
under different conditions ranged from 8.92% to 20.81% 
w.b. Fig. 2 shows the change in moisture content with dry-
ing time at an absolute pressure of 0.020 MPa. At all tem-
peratures, the moisture content decreased with increas-
ing drying time. At the same pressure and drying time, a 
higher temperature generally resulted in a lower moisture 
content. Similar effects of temperature and drying time on 
moisture removal have also been reported during paddy 
drying, because increasing temperature improves mois-
ture diffusion and shortens the drying period (Li et al. 
2016; Pereira et al. 2020).

The effect of absolute pressure was smaller than those 
of temperature and drying time. This may be related to the 

Figure 2. Moisture content of paddy rice during LPSS drying at an absolute pressure of 0.020 MPa. The points rep-
resent the means of three analytical determinations, and the error bars represent SD.
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relatively narrow pressure range used in the present study 
and the greater contribution of heating temperature and 
exposure time to moisture removal in the LPSS system.

In terms of coded variables, the quadratic re-
gression equation for moisture content was expressed 
as Eq. (3):

	 (3)

The model explained 91.9% of the variation in moisture 
content, with an adjusted R2 of 0.914. The leave-one-tem-
perature-pressure-run-out cross-validation produced an 
R2 of 0.892, an RMSE of 0.939 percentage points, and an 
MAE of 0.762 percentage points (Table 2). These results 
indicated that the quadratic model had good fitting and 
predictive performance.

Drying time had the largest F value, followed by tem-
perature. Absolute pressure also had a significant effect 
on moisture content, but its effect was much smaller. The 
quadratic terms of temperature and drying time were 
significant, whereas none of the two-factor interaction 
terms were significant at p < 0.05. Therefore, drying time 
and temperature were the main factors affecting mois-
ture removal under the investigated LPSS conditions. The 
cross-validation based on complete temperature-pressure 
runs also provided a more realistic evaluation of model 
prediction than randomly separating the sequential sam-
pling points.

Definition and interpretation of mechanical re-
sponse parameters

The complete force-displacement curve included the in-
itial contact and deformation stage, possible local frac-
ture events, and the subsequent compaction stage. In 
the terminal region, the force frequently exceeded 200 
N because the fractured kernel material was continu-
ously compressed between the two plates. Therefore, the 
terminal maximum force could not be regarded as the 
force corresponding to the first structural failure. Previ-
ous compression studies on rice grains have also identi-
fied different deformation and rupture stages from the 
force-displacement curve and used the first yield or rup-
ture point to describe grain failure (Shitanda et al. 2002; 
Zareiforoush et al. 2012). Fig. 3 shows the operational 
definitions of F0.50​and the first fracture force on a repre-
sentative curve.

Fig. 4 shows all valid force-displacement curves of the 
individual kernels dried at 55 °C and 0.020 MPa for 10, 30, 
and 60 min. The variation among individual kernels was 
retained rather than being represented only by an average 
curve. The bold mean line was used only to show the gen-
eral trend and was not used to identify the fracture point 
of each kernel.

At 10 min, when the moisture content was 20.57%, the 
kernels showed relatively smooth deformation, and none 
of the 10 curves met the first-fracture criterion. At 30 min, 
the moisture content decreased to 15.49%, and 3 of the 10 
kernels showed an identifiable fracture event. At 60 min, 
the moisture content further decreased to 12.29%, and 9 
of the 10 kernels showed an identifiable first fracture. The 
increase in fracture occurrence with decreasing moisture 
content indicated that the kernels gradually changed from 
a relatively deformable state to a more rigid and brittle 
state. Similar effects of moisture content on the rupture 
resistance and deformation behavior of rice grains have 
been reported under compression loading (Shitanda et al. 
2002; Zareiforoush et al. 2012). Under the same conditions, 
the mean F0.50​increased from 39.17 to 57.48 N (Table 4), 
which further indicated an increase in the resistance of 
the kernels to deformation as drying proceeded.

Moisture content and first-fracture behavior

The probability of observing an identifiable first fracture 
increased markedly with decreasing moisture content 
(Fig. 5a). At moisture contents ≥19%, 15 of 90 kernels 
(16.7%) showed a fracture event that met the defined cri-
teria. The corresponding proportions were 19.1% at 17 – 
<19%, 31.4% at 15 – <17%, 61.4% at 13 – <15%, 81.3% at 
11 – <13%, and 91.8% at moisture contents below 11%. 
The moisture-content coefficient in the binomial model 
was negative and highly significant (p < 0.0001). These re-
sults showed that the kernels gradually changed from a 
relatively deformable state at high moisture content to a 
more brittle state at low moisture content. Similar mois-
ture-dependent changes in the fracture behavior and frac-
ture energy of brown rice have also been reported (Yang et 
al. 2022b). However, a higher fracture force should not be 
directly regarded as an indicator of better milling quality.

For the 111 treatment conditions in which at least 
three kernels showed an identifiable fracture, the mean 
first-fracture force increased with decreasing moisture 
content (Fig. 5b). When moisture content was centered at 
14%, the fitted linear coefficient was – 3.10 N per percent-
age point of moisture content (p < 0.0001). The relatively 
low R2 value of 0.298 indicated that moisture content was 
an important factor but explained only part of the varia-
tion among the treatment conditions. Differences among 

Table 2. Adequacy and internal validation of the quadratic response-surface models.

Response R2 Adjusted R2 Leave-one-run-out CV R2 CV RMSE CV MAE
Moisture content (% w.b.) 0.919 0.914 0.892 0.939%-points 0.762%-points
F0.50 (N) 0.691 0.671 0.567 6.51 N 4.99 N
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individual kernels and their thermal histories may also 
have affected the fracture response. This result was con-
sistent with previous studies showing that moisture con-

tent and processing conditions affect the fracture pattern 
and mechanical behavior of paddy and brown rice (Yang 
et al. 2022a 2022b; Dong et al. 2024).

Figure 3. Representative force-displacement curve of a single brown rice kernel showing the operational definitions 
of F0.50 and the first fracture point (55 °C, 0.020 MPa, and 60 min).

Figure 4. Individual force-displacement curves of brown rice kernels obtained from paddy dried at 55 °C and 0.020 
MPa for (a) 10 min, (b) 30 min, and (c) 60 min. The bold line represents the mean trend, while the first-fracture val-
ues were determined from the individual curves.

Figure 5. Relationships between moisture content and first-fracture behavior: (a) proportion of kernels with an iden-
tifiable first fracture in each moisture-content interval and (b) mean first-fracture force for treatment conditions in 
which at least three kernels showed an identifiable fracture.
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Response surfaces for moisture content and 
compression force

The response surfaces for moisture content (Fig. 6) 
showed that moisture content mainly decreased with in-
creasing drying time and temperature, while the effect of 
pressure was relatively small. These surfaces were fitted 

using all 150 condition-time observations obtained from 
the 25 temperature-pressure drying runs. Therefore, the 
model was used to describe and interpolate the response 
within the investigated experimental domain, rather than 
as a mechanistic model for extrapolation.

For F0.50, the fitted coded equation was shown as 
Eq. (4):

	 (4)

The mean F0.50 ranged from 23.75 to 67.31 N. The model 
gave an R2 of 0.691 and an adjusted R2 of 0.671. The leave-
one-temperature-pressure-run-out cross-validation gave 
an R2 of 0.567, an RMSE of 6.51 N, and an MAE of 4.99 
N (Table 2). Temperature and drying time had significant 
main effects on F0.50, whereas the main effect of pressure 
was not significant. The quadratic term of temperature was 
significant (Table 3). Compared with the moisture model, 
the grouped validation performance of the F0.50 model was 
lower, indicating that the mechanical response of rice ker-
nels was more variable and less predictable across differ-
ent drying runs. The corresponding response surfaces are 
shown in Fig. 7.

The response of F0.50 did not show a simple monotonic 
increase with drying progress. Under some high-tempera-
ture conditions, F0.50 decreased although moisture content 

declined rapidly. This result may be related to thermally 
induced structural weakening or the occurrence of lo-
cal fracture before 0.50 mm deformation. Similar results 
have also been reported in studies showing that different 
drying methods and drying conditions can influence the 
structural characteristics and quality of rice materials 
(Cheevitsopon and Noomhorm 2015; Park et al. 2012). 
However, this interpretation is still inferential because fis-
sure percentage and head-rice yield were not measured in 
the present study.

When moisture content and the drying factors were 
included together in an auxiliary covariate model, tem-
perature remained significant (p < 0.0001), pressure re-
mained non-significant (p = 0.574), and time remained 
significant (p = 0.028). Moisture content itself was not 
significant after the correlated drying factors were 

Figure 6. Quadratic response surfaces for moisture content. a. Pressure and temperature at 35 min; b. Temperature 
and time at 0.020 MPa; c. Pressure and time at 60 °C.

Figure 7. Quadratic response surfaces for compression force at 0.50 mm effective deformation (F0.50). a. Pressure 
and temperature at 35 min; b. Temperature and time at 0.020 MPa; c. Pressure and time at 60 °C.
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included (p = 0.415), although the quadratic term of 
moisture content approached significance (p = 0.060). 
These results suggested that the common-deformation 
force retained a thermal-history effect beyond final 
moisture content, whereas the occurrence of a distinct 
fracture event was more directly related to moisture 
content. Because the present design did not include 
independent drying-batch replication, these p-values 
should be interpreted as model-based evidence with-
in the investigated condition grid rather than as broad 
population inference.

Representative microstructure

The SEM montage shows the final LPSS-, SD-, and HAD-
dried samples with approximately the same moisture con-
tent of 14.5% w.b. (Fig. 8). At low magnification, all samples 
showed internal fissures or discontinuities. At magnifica-
tions of ×500 to ×2,000, the LPSS-dried sample (A) appeared 
relatively continuous in several observed fields, whereas the 
SD sample (B) and HAD sample (C) showed more obvious 
open cracks in some fields. At ×5,000 and ×10,000, relative-
ly compact starch-rich regions were observed in the LPSS 
sample, while small cavities were observed in the displayed 
fields of the SD and HAD samples.

Because the final moisture contents of the three sam-
ples were approximately the same, the interference caused 
by residual moisture differences was reduced. In addition, 
the LPSS and HAD samples were compared at the same 
drying temperature of 60 °C. However, the drying treat-
ments still differed in pressure, drying medium, and dry-
ing history. Therefore, the SEM images were used only for 
qualitative morphological comparison. The arrows indi-
cate visible cracks, and the boxes indicate visible cavities 

or pores. These annotations were used only for illustration 
and were not based on counted observations.

Conclusion
The complete dataset included 25 temperature-pressure 
LPSS drying runs, with six sequential sampling times in 
each run. The results showed that moisture removal was 
mainly affected by drying time and temperature, while the 
effect of pressure was relatively small. Grouped cross-val-
idation indicated that the moisture model had good pre-
dictive performance within the investigated condition 
range. The revised single-grain analysis separated the 
common-deformation force from the first fracture event 
and the subsequent compaction stage. The occurrence 
of the first fracture increased markedly with decreas-
ing moisture content, whereas F0.50 remained affected by 
temperature and drying time after moisture content was 
considered. Among the measured conditions, drying at 
60 °C and 0.015 MPa for 20 min reduced the moisture 
content to approximately 14% w.b. within the shortest 
tested time. This condition was identified as a target-based 
operating point rather than an optimum for rice quality. 
Representative SEM images of the LPSS-, HAD-, and SD-
dried samples at approximately the same final moisture 
content showed different morphological characteristics. 
However, these qualitative observations did not provide 
statistical evidence that one drying method was superi-
or to the others. Overall, this study described the mois-
ture-dependent mechanical behavior of laboratory-re-
wetted paddy rice during LPSS drying. The conclusions 
were limited to the measured moisture, mechanical, and 
microstructural characteristics and were not extended to 
unmeasured milling or cooking quality.

Table 3. Analysis of variance for model terms.

Term Moisture F Moisture p F0.50 F F0.50 p
Pressure 13.98 0.0003 1.20 0.2761
Temperature 189.11 <0.0001 145.61 <0.0001
Time 1343.75 <0.0001 114.96 <0.0001
Pressure2 2.80 0.0966 0.03 0.8589
Temperature2 27.22 <0.0001 45.22 <0.0001
Time2 16.84 <0.0001 0.38 0.5393
Pressure × temperature 0.89 0.3473 1.74 0.1895
Pressure × time 0.84 0.3616 0.00 0.9965
Temperature × time 3.63 0.0587 3.24 0.0739

Table 4. Representative measured conditions and mechanical responses.

T (°C) / P (MPa) / time (min) Moisture (% w.b.) F0.50 (N) Fracture events First-fracture force (N)
55 / 0.020 / 10 20.57 ± 0.21 39.17 ± 2.18 0/10 —
55 / 0.020 / 30 15.49 ± 0.24 47.39 ± 12.84 3/10 55.50 ± 20.69
55 / 0.020 / 60 12.29 ± 0.36 57.48 ± 12.46 9/10 68.11 ± 27.78
60 / 0.015 / 20* 14.26 ± 0.22 46.87 ± 4.11 7/10 69.46 ± 11.98

*Among measured settings, 60 °C, 0.015 MPa, and 20 min reached the 14% safe-storage target in the shortest tested time while retaining a moderate 
F0.50. It is a target-based measured condition, not a universal quality optimum.



Emir. J. Food Agric ⋅ Volume 38 ⋅ 2026 9

Emirates Journal of Food and Agriculture

Figure 8. Representative SEM images of the cross-sections of final dried paddy rice samples at approximately 14.5% 
moisture content. A1 - A6, low-pressure superheated steam drying (LPSS); B1 - B6, shade drying (SD, approximately 
22 °C); C1 - C6, hot-air drying (HAD, 60 °C). The rows correspond to magnifications of ×40, ×500, ×1,000, ×2,000, 
×5,000, and ×10,000, respectively. Red arrows indicate visible cracks, and red boxes indicate visible cavities or pores.
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