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Abstract
High drying rates render desiccation protection mechanisms inefficient in grains, potentially resulting in increased 
susceptibility to cracks and breaks. Thus, the present study aimed to evaluate the impact of drying temperature and moisture 
content on the mechanical properties of popcorn kernels, determining the proportional deformity modulus, rupture force, 
and maximum compression force. Popcorn kernels with different moisture contents were used, dried at temperatures of 
40°C, 60°C, and 40/60°C. The kernels were subjected to individual uniaxial compression, in their natural resting position, 
at 0.001 m s−1. The results indicate that the compression force required to deform the popcorn kernels and the proportional 
deformity modulus increased with a decrease in the moisture content, regardless of the drying temperature. The rupture point 
or “bioyield point” increased as the moisture content decreased, with temperature being an influential factor in determining 
the point. The temperature of 60°C had the worst average for moisture content below 0.198 dry basis for the rupture force 
parameter, while the temperature of 40/60°C stood out from the others due to the longer induction time for the membrane 
desiccation protection mechanism.
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Practical Application: Optimal drying conditions to preserve popcorn quality and strength.
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1 INTRODUCTION
Popcorn (Zea mays L.) is a food exclusively for human 

consumption, typical of the American continent, with its first 
appearance in Mexico between 7,000 and 10,000 years ago. 
Due to its popularization and significant increase in consump-
tion, Brazil has become a major producer of this commodity, 
being the second-largest producer in the world, second only to 
the United States (García-Lara & Serna-Saldivar, 2019).

To achieve maximum quality along with high productivity, 
some stages become crucial in the production process up to the 
commercialization of corn seeds, which include post-harvest 
processing. The main objective of this stage is to maintain the 
physical and physiological qualities of the seeds, allowing for 
long-term storage and subsequent commercialization.

The drying of agricultural products is the most important 
process for ensuring the maintenance of grain quality, as it 
aims to reduce metabolic activities, thus minimizing the rate 
of deterioration due to biological activity and enabling long-
-term storage without significant losses in physiological quality. 
However, drying, besides causing contraction in the seeds, di-
rectly influences their other physical and mechanical properties. 
If performed inadequately, it can become a highly destructive 
process for the product (Coradi et al., 2015).

When seeds are subjected to drying, they rely on cer-
tain cellular membrane protection mechanisms that ensure 
they can undergo desiccation while preserving much of their 
structure. In most cereals, this mechanism is only efficient 
with slow drying and an initial moisture content of 30% (Silva 
et al., 2007).

However, when exposed to high drying rates with elevated 
temperatures aimed at reducing operation time, these mecha-
nisms become inefficient due to the reduced time available for 
the induction of membrane protection. This leads to membrane 
rupture, causing internal and external fissures, which contribute 
to increased physical and mechanical damage (Menezes et al., 
2012). In the case of popcorn, variables related to the drying 
process, such as temperature and airspeed, have a significant 
effect on the reduction of popping yield, expansion time, and 
β-carotene content (Pohndorf et al., 2019). 

In this regard, several studies have observed the association 
of drying temperature with the decrease in mechanical resistan-
ce at different moisture contents, as is the case with forage radish 
seeds (Sousa et  al., 2018); grain sorghum (Rodrigues et  al., 
2019); and wheat (Fernandes et al., 2014). However, information 
correlating drying and mechanical properties in popcorn crops 
is scarce in the literature.
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Therefore, given the influence of the drying method on the 
structural properties of the seed, seeking a better understanding 
of the subject becomes essential for optimizing various stages 
of agricultural production. This motivates the present study, 
which aimed to evaluate the influence of drying temperature 
and moisture content on the mechanical properties of popcorn.

1.1 Relevance of the work

This study presents essential insights into the relationship 
between drying processes and the structural integrity of popcorn 
kernels, a critical factor influencing the quality and marketability 
of the product. By evaluating the effects of temperature and 
moisture content on the mechanical properties of the kernels, 
the research contributes to the establishment of optimal drying 
conditions aimed at minimizing physical damage and preserving 
structural resilience. The findings of this study offer a significant 
contribution to the agricultural industry, supporting the opti-
mization of processing and storage practices, thereby ensuring 
a superior final product and reducing economic losses.  

2 MATERIALS AND METHODS
The experiment was conducted at the State University of 

Goiás (UEG) in Santa Helena de Goiás. Drying took place at the 

Post-Harvest Laboratory of Plant Products at the Federal Insti-
tute of Education, Science and Technology of Goiás – Rio Verde 
Campus (IF Goiano – Rio Verde Campus), and the mechanical 
properties were analyzed at the UEG in Anápolis, Goiás.

The seeds, donated by the Santa Cecilia farm, were har-
vested and manually shelled. To determine the initial moisture 
content, the gravimetric method was used, which involves 
drying the grain in an oven with forced ventilation, maintai-
ned at a temperature of 105 ± 1°C for approximately 24 h, in 
three repetitions.

The grains had a moisture content of 27% wet basis (w.b.), 
after which drying began in an oven at temperatures of 40°C, 
60°C, and 40/60°C. Following this process, mechanical property 
analyses were conducted at moisture contents of 0.37, 0.307, 
0.250, 0.198, and 0.149 dry basis (d.b.). The reduction in the 
moisture content was monitored by weighing three trays with 
500 g of grains, kept under the same drying conditions.

The parameters for determining the mechanical properties 
were obtained through compression testing of the seeds using a 
“TA.HDi Texture Analyzer” universal testing machine, with a 
500 N load cell. The seeds were subjected to individual uniaxial 
compression, applied in their natural resting position (Figure 1), 
at a force application rate of 0.001 m s−1, on 20 popcorn kernels.

Figure 1. Mean compression force values (N) as a function of deformations (mm) for drying temperatures of A (40°C), B (60°C), and C 
(40/60°C) of popcorn kernels.
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Initially, by obtaining the applied force versus deformation 
curves, the “bioyield point” was extracted. This point is defined 
as the position on the curve where increased deformation of 
the product is associated with the onset of a decrease in com-
pression force (Figure 2). This phenomenon characteristically 
indicates the beginning of the product’s structural rupture 
(Rodrigues, 2018).

To represent the behavior of the grain during the compres-
sion test, compression curves were generated as a function of 
moisture content and deformation for the three drying tempe-
ratures. The deformity modulus delineates the total deforma-
tion when a product undergoes compression, allowing for the 
comparison of resistance between various materials (Resende 
et al., 2007). It can be determined according to Equation 1, for 
deformations of 0.05, 0.10, 0.15, 0.2, 0.25, 0.30, 0.35, 0.4, 0.45, 
and 0.50 mm.
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Where

Ep​: proportional deformity modulus, Pa;

E: modulus of elasticity, Pa;

F: compression force, N;

μ: Poisson’s ratio, varying from 0.2 to 0.5 for agricultural 
products;

D: total deformation (sum of elastic and plastic), m;

r and R: radius of curvature of the body at the points of contact, m.

The values of the radius of curvature (r and R) of the seeds 
at the points of contact were obtained by fitting a circumferen-
ce to the body’s curvature, according to the coordinate planes 
relevant to the compression position as per Couto et al. (2002).

The experimental design used was completely randomized, 
with the experiment set up in a 3 × 5 factorial scheme (three 
drying temperatures and five moisture contents). The data were 

Figure 2. Average maximum compression force values (N) for drying temperatures of A (40°C), B (60°C), and C (40/60°C), as a function of the 
moisture content (dry basis) of popcorn kernels.
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subjected to regression analysis at a 5% significance level to 
verify the effects of drying temperatures on the mechanical 
properties of popcorn kernels, using the SigmaPlot software.

3 RESULTS AND DISCUSSION
The average compressive force values as a function of defor-

mation in the popcorn kernels are presented in Figure 1. It was 
observed that, at all three drying temperatures, the compression 
forces are proportional to the increase in deformations. 

However, the product tends to offer greater resistance 
to compression as the moisture content decreases. This phe-
nomenon is closely related to the aggregation of the cellular 
matrix with the reduction in the moisture content (Rodrigues 
et al., 2019).

The “bioyield point” or rupture point was extracted at 
the end of the inflection of each deformation curve. It was 
observed that the reduction in the moisture content resulted in 
“bioyield points” with progressively smaller deformations and 
increasingly higher compression forces. In other words, the 
force required to break the structure of the product increased 
as the moisture content decreased. This is due to the stiffening 
of the structural wall caused by the removal of water from 
the grain (Gupta & Das, 2000), as well as the cells becoming 
smaller and less turgid.

Abasi and Minaei (2014) concluded in their study that an 
increase in the drying temperature from 40 to 70°C, on average, 
decreased the rupture stresses by 38% (from 60.898 to 45.192 
MPa), and that the rupture stress data versus drying tempera-
tures can be well represented by a linear relationship.

In Figure 2, the average compression force values are plotted 
against the moisture content for selected deformities. It  was 
observed that reducing the moisture content for the same de-
formation led to an increase in compression force. 

These findings corroborate those from Figure 1, showing 
that lower moisture content requires greater force for material 
deformation, thereby directly increasing the material’s resistance 
to mechanical damage.

This result aligns with Zhu et al. (2023), who studied diffe-
rent corn varieties with varying moisture contents and observed 
that decreasing the moisture content increases the compression 
resistance of grains. Similar results were also found by Resende 
et al. (2007) in their evaluation of beans and by Sousa et al. 
(2018) in their assessment of forage turnip seeds.

The compression forces for the selected deformations ran-
ged from 3.70 to 274.75 N, 3.43 to 227.16 N, and 4.72 to 271.22 N 
for temperatures of 40°C, 60°C, and 40/60°C, respectively (Fi-
gure 2). It was noted that the temperature of 60°C resulted in 
the lowest compression force. This is attributed to the high rate 
of water removal from the grain, which contributes to the inef-
ficiency of the membrane desiccation protection mechanism, 
making the structural wall of the product less tight and more 
susceptible to cracks and breakage.

According to Pohndorf et al. (2019), in the case of popcorn 
kernels, the reduction in popping yield and expansion capacity 
may be associated with the formation of cracks in grains subjec-
ted to high drying temperatures, with the best results observed 
at drying temperatures between 40 and 50°C. To evaluate the 
effect of drying temperature on grain deformation, the accuracy 
of the results depends on the physical properties of the grains 
used (Abasi & Minaei, 2014).

The average values of curvature radii for popcorn kernels at 
each temperature, used to determine the proportional modulus 
of deformation, are described in Table 1. It was observed that 
these radii varied with moisture content and temperature, yet 
a clear trend of contraction was not discernible. This variability 
can be attributed to the high heterogeneity of the biological 
materials under analysis. According to Abasi and Minaei (2014), 
ideally, these values should be identical or very close, which is 
challenging to achieve in reality. Similar results were found by 
Rodrigues et al. (2019) in their evaluation of grain sorghum 
and by Fernandes et al. (2014) in their study of wheat grains.

Table 2 presents the equations adjusted to the experimen-
tal values of the proportional modulus of deformation (Ep) 
of popcorn kernels as a function of moisture content (X) and 
deformation (D) for the evaluated drying temperatures. 

It was noted that the coefficient of determination (R2) excee-
ded 80%, indicating a good fit of the model to the analyzed data.

Table 1. Average curvature radius values for popcorn kernels (m) at each temperature (°C), for each moisture content (% dry basis).

Moisture content  
(% dry basis)

Temperature
40°C 60° 40/60°C

R r R r R r
0.15 0.00897 0.00474 0.00853 0.00488 0.00833 0.00449
0.20 0.00850 0.00491 0.00785 0.00449 0.00829 0.00457
0.25 0.00822 0.00480 0.00779 0.00455 0.00829 0.00466
0.31 0.00786 0.00444 0.00738 0.00451 0.00858 0.00467
0.37 0.00803 0.00460 0.00786 0.00443 0.00787 0.00465

Table 2. Equations adjusted to the experimental values of the propor-
tional modulus of deformation (Ep) of popcorn kernels as a function 
of moisture content (X) and deformation (D), for the drying tempe-
ratures evaluated.	
Temperature (°C) Model R2 (%)
40 Ep = 134,179−282,287X−47,135,069D 0.893**

60 Ep = 116,467−224,223X−45,561,221D 0.875**

40/60 Ep = 135,829−277,773X−47,046,301D 0.926**

**Significant at 1% by the F-test.
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Figure 3. Average values of the proportional modulus of deformation (N m−2) of popcorn kernels as a function of moisture content (dry basis) 
and deformation (m), for drying temperatures of A (40°C), B (60°C), and C (40/60°C).

Figure 3 presents the average values of the proportional 
modulus of deformation of popcorn kernels as a function of 
moisture content and deformation, for drying temperatures 
of A (40°C), B (60°C), and C (40/60°C), where the response 
surface illustrates the adjusted equations obtained from Table 2.

It was observed that for all drying temperatures, there was 
an increase in the proportional modulus of deformation as the 
moisture content and deformation decreased. This result exhi-
bits the same behavior found in compression force as a function 
of moisture content.

Similar findings were reported by Ribeiro et al. (2007) in 
their evaluation of the mechanical properties of soybeans and by 
Santos (2016) assessing the mechanical properties of safflower 
grains. However, contrasting results were found by Oliveira et al. 
(2017) in their study of baru fruits, where there was an increase 
in the proportional modulus with increasing deformation.

The values of the proportional modulus of deformation 
for the selected moisture contents varied from 21.46 × 10−7 to 
120.90 × 10−7 (N m−2); 21.38 × 10−7 to 92.14 × 10−7 (N m−2); and 
23.17 × 10−7 to 114.99 × 10−7 (N m−2) for temperatures of 40°C, 
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60°C, and 40/60°C, respectively. Ribeiro et al. (2007) studied 
the proportional modulus under natural compression resting 
conditions of soybean grains at 35°C, with moisture content 
ranging from 0.58 to 0.093 (d.b.), obtaining values of the pro-
portional modulus of deformation ranging from 23.1 × 10−7 to 
106.9 × 10−7 (N m−2). In another study, Rodrigues et al. (2019) 
investigated the proportional modulus of deformation for sweet 
sorghum grains, obtaining values between 87 × 10−7 and 354.99 
× 10−7 (N m−2), 132.63 × 10−7 and 465.98 × 10−7 (N m−2), and 
80.18 ×1 0−7 and 429.85 × 10−7 (N m−2) for moisture content 
ranging from 0.260 to 0.014 (d.b.), dried at 60°C, 80°C, and 
100°C, respectively.

The average rupture forces of popcorn kernels, as a function 
of moisture content and drying temperature, are represented 
in Figure 4. 

It was observed that for all temperatures, there was a linear 
increase in rupture force with decreasing moisture content. 
This phenomenon is closely linked to the densification of 
the cellular matrix caused by desiccation, which promotes 
greater rigidity and consequently greater physical protection 
(Goneli, 2008).

The average forces to reach the “bioyield point” of popcorn 
kernels ranged from 236.49 to 350.22 N; 241.58 to 320.70 N; and 
247.20 to 367.41 N for temperatures of 40°C, 60°C, and 40/60°C, 
respectively. It was observed that in addition to moisture con-
tent, temperature also influenced the rupture force. The highest 
temperature (60°C) showed the lowest average rupture force, 
whereas the mixed temperature (40/60°C) outperformed others, 
especially for moisture contents below 0.198 (d.b.).

These findings are consistent with Rodrigues et al., 2019, 
who analyzed the mechanical properties of grain sorghum with 
moisture contents ranging from 0.515 to 0.099 (d.b.) at drying 
temperatures of 60°C, 80°C, and 100°C. They found that lower 
temperatures and moisture contents below 0.162 (d.b.) yielded 
the best average rupture forces.

4 CONCLUSION
The compression force required to deform popcorn kernels 

increases as the moisture content decreases, regardless of the 
drying temperature.

The proportional modulus of deformation increases as both 
moisture content and deformation are reduced, independent of 
the drying temperature.

The rupture point or “bioyield point,” resulting from the 
rupture force, increases as the moisture content decreases, 
with temperature being a significant factor in determining 
this point.

The temperature of 60°C showed the lowest average rupture 
force for moisture contents below 0.198 (d.b.), whereas the tem-
perature of 40/60°C outperformed others, attributed to a longer 
induction time for membrane protection against desiccation.

Drying at 40/60°C can be recommended for the safe and ef-
fective preservation of the internal structures of popcorn kernels.
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