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Abstract 
This study aimed to evaluate the influence of drying at different temperatures on the mechanical properties of 
grains of grain sorghum subjected to compression at the natural rest position. Grains dried at temperatures of 60, 
80 and 100 °C with different moisture contents (0.515; 0.408; 0.315; 0.234; 0.162 and 0.099 (d.b.)) were 
subjected to uniaxial compression between two parallel plates, applied at their natural rest position, at a rate of 
0.001 m s-1. The force required to rupture in grains of grain sorghum increased as their moisture contents 
decreased, with values of 47.17 to 78.44 N, 61.81 to 69.66 N and 52.07 to 70.89 N for the temperatures of 60, 80 
and 100 °C, respectively. The compression force required to deform grain sorghum decreased with the increment 
in moisture content, and the proportional deformation modulus increases with moisture content reduction. Within 
the studied range of moisture content, the values were 87 × 10-7 to 354.99 × 10-7 Pa, 132.63 × 10-7 to 465.98 × 
10-7 Pa and 80.18 × 10-7 to 429.85 × 10-7 Pa for the temperatures of 60, 80 and 100 °C, respectively.  

Keywords: compression force, rupture force, Sorghum bicolor 

1. Introduction 
Along the production process, grains are subjected to strong impacts. Steps like harvest, handling, transport and 
storage can cause damages such as: cracks, fissures and breaks, resulting in a series of problems in the 
subsequent steps (Amaral, Dobis, & Carvalho, 2018). Damaged grains cause greater deterioration during storage 
because they facilitate the action of secondary insects and microorganisms. In addition, dry matter loss is 
intensified and, consequently, there is loss of nutritional quality, viability and storage potential of the product. 

Compression test is a simple experiment where a convex body is compressed between two parallel plates, which 
is carried out to obtain force-deformation data. This test is performed to obtain parameters which predict the 
response of the material when subjected to a certain load (Goneli, 2008). Knowing the resistance of grains is 
indispensable to reduce possible damages and maintain product quality until the processing. Thus, studying 
mechanical properties becomes necessary to know the behavior and resistance of each product under certain 
condition. 

Several factors can influence the mechanical properties of grains, including drying temperature, moisture content, 
rigidity and region of the grain where the force is applied (Mohsenin, 1986). Fernandes, Corrêa, Diniz, Leite, and 
Vasconsellos (2014) observed that the compression force required to deform wheat grain decreases with the 
increment in moisture content and varied between 139.8 and 21.4 N. Thus, grains with higher moisture contents 
offer lower resistance to compression. 

Ribeiro, Corrêa, Furtado, Goneli, and Resende (2007), evaluating the mechanical properties of soybean grains at 
different positions, observed that the compression force required to deform the grain by 2 mm decreased with 
increasing moisture content. For the position P1 (natural rest position), the mean force varied from 302.72 to 72.5 
N; for the position P2 (on the hilum), from 127.64 to 41.19 N; and for the position P3 (vertical position), there 
was variation from 110.86 to 21.72 N, as a function of different moisture contents.  

Thus, this study aimed to assess the influence of drying at different temperatures on the mechanical properties of 
grains of grain sorghum subjected to compression at the natural rest position.  



jas.ccsenet.

2. Materia
2.1 Drying
The exper
Institute o
grains of g

The grains
and prepar
and 100 °C

Moisture c
knowing t
Mass redu
moisture 
homogeniz

The moist
replicates 
compressio

2.2 Mecha
The experi
machine “
The grains
(Figure 1)
Devilla, 20

 

Figure

 

After obta
which prov
product de
rupture an

The propo
obtained fo
× 10-3, 0.9
(2003). 

where, Ep
Poisson’s r
R: radiuse

org 

al and Method
g of Grains 
riment was car
of Education, S
grain sorghum 
s were manuall
ration of samp
C. Relative air 

content reduct
the initial mois
uction was mon
contents were
zed and mecha

ture content o
(Brasil, 2009)
on test. 

anical Properti
imental tests o
TA Hdi Textur

s were subject
, and the force
017). 

e 1. Orientation

ining the force
vide the bioyi

eformation ass
d the structura

ortional deform
for the deforma
9 × 10-3, 1.0 

p: proportiona
ratio, ranging 
s of curvature 

ds 

rried out at th
Science and T
(Hybrid DKB

ly harvested w
les, the grains 
humidity was

tion along the
sture content o
nitored using a
e obtained: 0
anical properti

of the product
). For each m

ies of Grains 
of compression
re Analyser”, u

ted to uniaxia
e was applied a

n of grains of 

e-deformation 
eld point. This
ociated with a 

al disorganizati

mation modulus
ations of 0.1 ×
× 10-3 m, ada

E

al deformation
from 0.2 to 0.5
of the body at

Journal of A

he Laboratory 
Technology-Ca
 540) produce

when they had m
were subjecte
 monitored by

e drying proce
of the product,
an analytical sc
.515; 0.408; 
es were determ

t was determin
moisture conten

n of the grains,
using a 250 N 

al compression
at rate of 0.00

grain sorghum

curves of the 
s point is defin
 reduction in c
ion of the prod

s of grains of g
 10-3, 0.2 × 10

apted from the

Ep	=	 E

1	– μ2 	=	 0.

n modulus, Pa
5 for agricultur
t the contact po

Agricultural Sci

280 

of Post-Harve
ampus of Rio 
d in the munic

moisture conte
ed to drying in
y a psychromet

ess was monit
, until a final 
cale with resol
0.315; 0.234;

mined, in three

ned by the ov
nt obtained, th

, tested individ
load cell. 

n, between tw
1 m s-1, on 15 

m during the co

grains, the for
ned as the pos
compression fo
ducts. 

grain sorghum
0-3, 0.3 × 10-3, 
e deformation

.531	×	F
D

3
2

	×	 ቈ2	×	
a; E: elasticity
ral products; D
oints, m. 

ience

est of Vegetal 
Verde (IF Go

cipality of Jata

ent of about 0.
 a forced-air o

ter installed ins

tored the grav
moisture conte
lution of 0.01 
; 0.162 and 0
e replicates. 
ven method, a
he samples w

dually, were ca

wo parallel plat
grains of grain

 
ompression test

rce and deform
sition at the cu
orce (ASAE, 1

m (Ep) was dete
0.4 × 10-3, 0.5
s used by Bat

ቀ1

r
	+	 1

R
ቁ1

3቉3
2

  

y modulus, P
D: total deform

Products of t
oiano-Rio Verd
í-GO.  

515 (d.b.). Aft
oven at three te
side the oven. 
vimetric metho
ent of 0.099 (d
g. During the 
0.099 (d.b.), 

at 105±3 °C, 
were homogeni

arried out with

tes, at their na
n sorghum (Ol

t at their natur

mation at ruptur
urve where the

974), indicatin

ermined accord
 × 10-3, 0.6 × 
tista, Couto, C

           

a; F: compre
mation (elastic 

Vol. 11, No. 4;

the Goiano Fe
de Campus), u

fter homogeniz
emperatures: 6

od (mass loss
d.b.) was obta
drying process
the samples 

for 24 h, in 
ized and subj

h a universal te

atural rest pos
liveira, Resend

ral rest position

re were determ
re is an increa
ng the beginnin

ding to Equati
10-3, 0.7 × 10-

Cecon and Pe

            

ssion force, N
+ plastic), m; 

2019 

deral 
using 

ation 
0, 80 

), by 
ained. 
s, the 
were 

three 
ected 

esting 

sition 
de, & 

n 

mined, 
ase in 
ng of 

on 1, 
3, 0.8 
ixoto 

 (1) 

N; µ: 
r and 



jas.ccsenet.

The slope 

The maxim
of product

The secant
the follow

The maxim
different le

The radiu
circumfere
according 

 

Figure 2. 
between

 

The data o
modulus o

The exper
and 10 de
regression

3. Results
Table 1 sh
thickness, 
size of the

 

 

 

 

 

 

 

 

 

 

org 

of the force-de

mum tangent is
t hardness (Res

t (S), slope of
ing equation: 

mum secant c
evels of deform

uses of curvat
ence to the cur
to Couto, Bati

 Radius of cur
n product and 

of rupture forc
of grain sorghu

iment was set 
eformations), 

n. 

 and Discussi
hows the valu
at all evaluate
 grains, showin

eformation cur

s obtained at th
sende, 2007). 

f the line passi

corresponds to
mation (Resend

ture (r and R
rvature of the 
ista, Peixoto an

rvature of grain
compression p

ce, deformatio
um were repres

up in a triple 
in a complete

on 
ues of the phy
ed temperature
ng no behavio

Journal of A

rve for any poi

T = d

he inflection p

ing through th

S = 

o the point w
de, 2007). 

R) of the gra
body, based o
nd Devilla (20

ns of grain sorg
plate, where L 

on at rupture, 
sented as a fun

factorial sche
ely randomize

ysical dimensio
es and water co
or pattern with 

Agricultural Sci

281 

int is considere

d + 2e·x +3f·x

point of the cur

e origin and th

d + e·x + f·x2

where deformat

ains at the co
on the coordina
002), as illustra

ghum (Sorghu
is width and P

maximum com
nction of moist

eme, 3 × 6 × 1
d design, with

ons of sorghu
ontents. Note t
the reduction 

ience

ed as the tange

x2         

rve, where x =

hrough any po

          

tion is x = -e

ontact point w
ate planes rele
ated in Figure 3

 

um bicolor L. M
P1 is the force 

mpression forc
ture content.

0 (3 drying te
h 15 repetitio

um grains, cha
that there is a 
of water conte

ent (T), obtaine

           

= -e/3f, conside

oint of the curv

            

e/2f, describin

were obtained
evant to the co
3. 

Moench) at the
applied at natu

ce and propor

emperatures, 6 
ons. The data 

aracterized by 
great variabili

ent.  

Vol. 11, No. 4;

ed by Equation

           

ered as an indi

ve, is expresse

            

ng the elastici

d by adjusting
mpression pos

e region of con
ural rest positio

rtional deform

moisture cont
were analyze

length, width
ity in the shape

2019 

n 2. 

 (2) 

cator 

ed by 

 (3) 

ity at 

g the 
sition 

ntact 
on 

ation 

tents, 
ed by 

h and 
e and 



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 4; 2019 

282 

Table 1. Values of the physical dimensions of sorghum grains, length (L), width (W) and thickness (T) at 
temperatures of 60, 80 and 100 °C 

Moisture content 
(decimal, d.b.) 

Temperature 

60 °C 80 °C 100 °C 

Length Width Thickness Length Width Thickness Length Width Thickness

0.515 4.920 4.526 2.948 4.832 3.975 2.840 4.947 4.413 2.744 

0.408 4.965 4.572 2.943 4.791 4.176 2.795 4.847 4.511 2.846 

0.315 4.683 4.349 2.695 4.793 4.058 2.712 4.836 4.412 2.663 

0.234 4.832 4.457 2.818 4.831 4.107 2.780 4.821 4.228 2.682 

0.162 4.891 4.108 2.727 4.740 4.145 2.707 4.627 4.273 2.532 

0.099 4.745 3.918 2.676 4.559 3.938 2.651 4.406 3.935 2.373 

 

Table 2 shows the mean values of radius of curvature of the grains of grain sorghum for different drying 
temperatures and moisture contents used in the determination of the proportional deformation modulus. Radius 
values oscillated among the different moisture contents, not showing a clear behavior for the different drying 
temperatures. 

 

Table 2. Mean values of radiuses of curvature of the grains of grain sorghum (m) for each moisture content (% 
d.b.) 

Moisture content  
(decimal, d.b.) 

Temperature 

60 °C 80 °C 100 °C 

R r R R R r 

0.515 0.00325 0.00384 0.00384 0.00258 0.00402 0.00333 

0.408 0.00329 0.00382 0.00380 0.0029 0.00377 0.00331 

0.315 0.00335 0.00371 0.00381 0.00281 0.00398 0.00344 

0.234 0.00314 0.00381 0.00388 0.0028 0.00401 0.00319 

0.162 0.00303 0.00391 0.00397 0.00293 0.00380 0.00336 

0.099 0.00269 0.00379 0.00376 0.00272 0.00373 0.00310 

Note. r and R = radiuses of curvature of the body at the contact points, m. 

 

Radiuses of curvature (R, r) are obtained based on physical dimensions. Thus, grain size has great influence on 
these estimates. Such variation observed in the data of radiuses at different moisture contents may have been 
caused by heterogeneity in the shape and size of sorghum grains. Oliveira et al. (2017), evaluating the 
mechanical properties of baru fruits, and Fernandes et al. (2014), working with wheat grains, obtained similar 
results. 

Table 3 presents the values of total deformation (D), elasticity modulus (E), maximum compression force (F), 
tangent and secant at the different moisture contents and drying temperatures evaluated. 
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Table 3. Values of deformation (D), elasticity modulus (E), maximum compression force (F), tangent and secant 
at temperatures of 60, 80 and 100 °C 

Moisture content (decimal, d.b.) D E F Tangent (N mm-1) Secant (N mm-1)

60 °C  
0.515 29.20 -128.40 360.66 127.12 70.54 

0.408 37.52 -159.10 417.53 156.20 86.76 

0.315 41.46 -149.66 483.31 160.22 93.12 

0.234 40.47 -130.49 363.27 139.71 82.28 

0.162 76.64 -431.93 1316.81 414.11 221.76 

0.099 121.70 -769.23 2295.30 719.07 377.42 

80 °C 
0.515 42.46 -206.04 583.83 200.02 109.12 

0.408 40.11 -161.68 441.48 162.31 91.34 

0.315 52.31 -299.90 846.21 281.35 149.11 

0.234 71.83 -431.29 1245.82 403.58 212.82 

0.162 127.48 -833.90 2502.78 776.15 405.51 

0.099 147.30 -967.62 3029.83 908.90 476.59 

100 °C  
0.515 26.99 -120.60 377.24 121.88 68.01 

0.408 25.77 -101.33 314.79 105.36 60.13 

0.315 34.51 -144.74 394.12 143.81 80.30 

0.234 49.35 -254.68 732.09 244.95 132.38 

0.162 124.28 -787.47 2570.68 750.92 397.39 

0.090 142.27 -920.98 3133.83 882.80 467.42 

 

It can be noted that, at all drying temperatures, the values of the respective coefficients analyzed tended to 
increase with moisture content reduction. In addition, the lowest values in general were found at temperature of 
60 °C, indicating that high drying temperatures may cause alterations in the characteristics of hardness and 
elasticity of the grains. 

At temperatures of 80 and 100 °C, the values of maximum secant showed the same trend as those of maximum 
tangent, but with lower magnitude. According to Goneli (2008), the maximum secant, besides indicating the 
maximum value of the force-deformation curve where the tangent passes through the origin, also indicates the 
point at which the curve begins to drop, which represents the moment in which the behavior of the product 
changes from elastic to plastic. For Henry, Su and Zhang (2000), the maximum value of the secant represents the 
ability of the material to resist to deformation before the maximum elastic value is found. 

For all drying temperatures evaluated, there was an increase in rupture force with moisture content reduction, as 
presented in Figure 4. These values ranged from 78.45 to 47.18 N for temperature of 60 °C, 66.66 to 61.82 N for 
80 °C and 70.90 to 52.08 N for 100 °C. 

Resende, Corrêa, Ribeiro, and Neto Figueiredo (2013), evaluating rough and dehulled rice grains, observed 
similar behavior, where the reduction in moisture content from 0.30 to 0.12 (d.b.) resulted in increment in 
rupture force from 48 to 79.5 N for rough rice and 37.2 to 70.6 N for dehulled rice grains. Such variation in the 
force required to cause rupture in the physical structure of the grains is directly associated with the moisture 
content of the biological material, as well as with its physical resistance. 
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