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Abstract: Mechanical properties of corn grains are of key importance in a design of processing ma-

chines whose energy demand depends on these properties. The aim of this study is to determine 

the selected mechanical properties of corn grains and the rupture energy. The research problem was 

formulated as questions: (1) How much force and energy is needed to induce a rupture of corn grain 

maintaining good quality of the product of processing (mixing, grinding transport)? (2) Can empir-

ical distributions of the studied physical-mechanical properties be described by means of probabil-

ity distributions provided by the literature? (3) Is there a relationship between the corn grain size 

and the selected mechanical properties, as well as rupture energy? In order to achieve the goals, the 

selected physical properties (size, volume) of corn grains have been distinguished and a static com-

pression test has been carried out on an Instron 5966 testing machine. The results indicate a signifi-

cant scatter of the results in terms of size, grain shape, forces, energy, and deformation correspond-

ing to the point of inflection, bioyiled point, and rupture point. It has also been indicated that em-

pirical distributions of the analyzed properties can be described by means of distributions known 

from the literature, e.g., gamma, Weibull or lognormal distributions. It has been confirmed that 

mechanical properties such as force, energy, and stress that cause rupture depend on the grain size, 

more precisely, the grain thickness—there are negative relations between thickness and force, en-

ergy and stress in relation to the point of inflection, bioyiled point, and rupture point. 

Keywords: corn; grinding; compression test; rupture energy; stiffness; biomass;  

breakage probability 

 

1. Introduction 

The processing of biological materials is characterized by specific conditions caused, 

among others, by properties of the processed biological material including: Hardness, 

compression and shear strength, moisture, bulk density, compressibility, agglomeration 

ability, and adhesive properties [1]. The biological diversity of plant materials, even 

within one species, makes modeling of processing machines and devices in terms of effi-

ciency and energy consumption more difficult [2–5]. It implies the need to explore prop-

erties of materials in terms of their processability. Determination of the relations between 

the processed material, the machine structural components, and the processes applied is 

an important issue from the point of view of ecology. Knowledge of the relations can be 

used for improvement of the process and quality of the end product, reduction in energy 

consumption, and the amount of waste, as well as its rational disposal according to the 

rules of sustainable development [1,6–9]. 

Grains of cultivated plants, e.g., cereals, Oryza sativa (rice), Glycine max (soya), Zea 

mays (corn), Pisum sativum (pease), Linum usitatissimum (flax), Brassica napus (rape), etc. 

are used in processing. Grains are usually used for consumption and livestock feeding, 
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though recently they are increasingly used for energy purposes, e.g., rape for production 

of bio-diesel and corn grains for production of boiler fuel [10]. The use of production waste 

for energy purposes has become a common practice, e.g., oil extrusion waste can be a 

precious substrate for biogas plants and pellets are produced from rice hulls [10]. Grains 

can be used in catalysis processes. 

Among the above listed grains, this is the corn that makes up the largest cultivation 

area, and subsequently is the most commonly processed grain material. Corn kernels play 

a significant role in the agri-food industry [11,12]. The mechanical properties of cobs, 

stems, and corn kernels determine the construction and operational parameters of the 

equipment intended for cutting, harvesting, and processing (e.g., grinding) of this plant 

[13–18]. They also affect the power consumption and energy consumption of cutting and 

grinding machines and equipment [19–24]. Since reduction in energy intensity is one of 

the key rules of sustainable economy [25–28], determining the forces needed to break 

grains is of key importance when developing the grinding process energy and environ-

mental efficiency indicators, as well as modeling grinding and crushing processes with 

the use of the discrete element method DEM [15,29]. Determining the mechanical proper-

ties of biomaterial grains, including corn, requires the use of specialized research equip-

ment with high measuring accuracy, which is primarily associated with the internal struc-

ture of granular materials of plant origin, that is, significantly different from the internal 

structure of metals [30,31]. 

Current research results indicate the variability of grain strength properties, depend-

ing on the species, internal structure, glassiness or moisture content [32]. Strength prop-

erties in turn, affect the conditions of work (energy) and power of a machine to be used 

for grain comminution [33]. It has been proven that more energy is needed for comminu-

tion of hard biological materials than for the soft ones [34–36], as in the case of materials 

with higher moisture and glassiness—both an increase in moisture and glassiness causes 

an increase in force and energy demand in the process of grain comminution [3,37–41]. A 

relationship between the grinding energy and the grain mass (energy increase along with 

mass increase) was observed for grains of cereals, e.g., wheat [2] geometric features of 

grains (thickness) and the force and work of crushing [4]. 

The previous research on the mechanical properties of corn has been focused, among 

others, on determination of the cutting forces and energy of cobs for different harvesting 

dates, and it has been shown that subsequent corn harvest is associated with lower cutting 

forces and lower energy demand [30]. Relationships between hardness and the internal 

structure of corn kernels have also been investigated [42]. In [43], in turn, the authors have 

examined, among others, the relationship between the corn grain size and moisture. They 

showed that size and humidity are not related to grain hardness. In [44], physical proper-

ties of corn kernels depending on humidity were studied, and it was shown that the size, 

sphericity, and density of corn kernels increases with their moisture content. Similar con-

clusions are presented in research [45–47] and [48], where additionally the models of rup-

ture energy regression and destructive force depending on humidity have been deter-

mined. Other physical and mechanical properties determined for corn grains include the 

angle of repose and coefficients of friction [11,29,45,47,49,50]. Not many works deal with 

the estimation of mechanical properties of grains, and the available ones differ in the scope 

of testing methodology, primarily, devices and conditions for carrying out strength tests. 

The mechanical properties and energy of corn grinding depending on moisture are pre-

sented in works [31,51–53]. Soyoye et al. [54] studied the physical-mechanical properties 

of corn depending on the grain orientation in a testing machine. Zhang et al. [55] studied 

the impact of shear speed of corn stalks and cobs on strength properties, shear force, and 

energy. The impact of grain drying on their hardness and susceptibility to comminution 

has also been assessed in [56]. Works [31,47,57] ambiguously describe how the crack en-

ergy was calculated (or measured). It was not precisely defined which moment of rupture 

they relate to. The literature provides attempts to describe materials crack probability by 

means of known distributions. They refer, however, rather to hard materials, mostly to 
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minerals and rocks [58–62]. There is a shortage of this type of studies for biological mate-

rials such as corn grains. 

The aim of this study is the determination of selected physical-mechanical properties 

of corn grains and their rupture energy, which need to be known in the design of machines 

and manufacturing processes of the analyzed biomaterials and identification of the rela-

tionships between mechanical properties and the grain size. The research problem was 

formulated in the form of questions: (1) What force and energy is needed to induce a rup-

ture of corn grain while maintaining an appropriate quality of the product during pro-

cessing (mixing, grinding, transport)? (2) Can empirical distributions of the investigated 

physical-mechanical properties be described by means of probability distributions? (3) Is 

there a relationship between the corn grain size and the selected mechanical properties, 

as well as rupture energy? In order to provide answers to the above questions, an experi-

ment was carried out for 100 corn grains, which allowed to determine parameters of the 

particle shape and size, values of forces, energy, and stresses characteristic for the point 

of inflection (a point, in which inclination of the force-deformation curve starts decreas-

ing), bioyield point (point corresponding to the yield point during compression), and rup-

ture point (the point on the force-deformation corresponding to the force that induces 

rupture) using a compression test. The results were subject to a statistical analysis, and 

probability distributions were determined for the analyzed values. 

The remaining part of the paper includes Section 2 which contains a description of 

the preparation and the methods used to determine the size and shape of corn grain pa-

rameters, as well as the methods used to identify the mechanical properties and perform 

a statistical analysis. Section 3 is devoted to an analysis of the results, and the last section 

presents the most important conclusions. 

2. Materials and Methods 

2.1. Sample Preparation 

Grains of the commonly grown in Poland corn (variety Amaizi CS, Caussade, 

Strzelin, Poland) were used in the tests. A corn kernel is made of 82% of endosperm, about 

12% is an embryo, and the remaining part consists of other elements, i.e., the root part and 

fruit-seed cover [63,64]. Grains were separated from cobs and subjected to initial cleaning 

(they were purchased in this form, packed in a 50 kg bag). A representative general sample 

for tests, weighing 1 kg, was collected in accordance with PN-EN ISO 24333: 2012P [65]. 

Then, in accordance with the PN-EN ISO 24333: 2012P [65] standard, laboratory samples 

(weighing 125 g) were divided using the PT100 sample divider (Retsh, GmbH, Haan, Ger-

many). Grains were subjected to conditioning, prior to tests they were kept in a climatic 

chamber for KBK-65W for 48 h (Wamed, Warszawa, Poland) with forced air circulation in 

a temperature of 20 °C to stabilize the moisture of the samples. After conditioning, the 

moisture was determined by means of the weight method with the use of moisture ana-

lyzer MAC 210/NP (RADWAG, Radom, Poland). The method involves determining the 

percentage mass losses during drying grains in a temperature of 105 °C [66]. The moisture 

is determined based on the difference in the sample mass before and after drying, accord-

ing to Formula [67]: 

Wm = ((m1 − m2)/m1)∙100% (1) 

where Wm is the total moisture of the sample, %, m1 is the mass of the sample before drying, 

g, and m2 is the mass of the sample after drying, g. 

Thus, the moisture was 12.68 ± 0.01%. From one of 125 g of the laboratory sample, 

100 representative grains with no sign of damage and no cracks were selected for the tests. 

Prior to the experiment, the samples were kept in a refrigerator in a temperature of 8 °C, 

in ziplock bags. The samples were left in the bags for 16 h before the experiment, in the 

room where the experiment was conducted to heat the samples to ambient temperature 

(21 °C). 
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2.2. Research Methods 

The research on physical-mechanical properties of corn grains was divided into three 

parts: (a) Measurement of physical characteristics involving measurement of the grain di-

mensions, (b) compression test and determination of mechanical properties and the rup-

ture energy, (c) analysis of the results. Figure 1 presents the flowchart of the study design. 

. 

Figure 1. The flowchart of the study design. 

2.2.1. The Measurement of the Physical Properties 

Length a1, width a2, and height a3 were measured for each grain with the electrical 

vernier caliper with a level of accuracy equal to ±0.01 mm. Based on the obtained values 

of the grain particular dimensions, the following quantities were calculated: 

 Volume-equivalent sphere diameter DE, that is, diameter of a sphere of the same vol-

ume VT as the tested grain [68]: 

1/3
6

E T
D V



 
  
 

 (2) 

 Sphericity index f, which defines the ratio of the grain volume to the volume de-

scribed on the grain sphere with a diameter equal to the grain length a1 [69]: 

f = (a1∙a2∙a3)1/3/a1 (3) 

 Aspect ratio Ra, which expresses the ratio of width (a2) to the grain length (a1) [64]: 
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Ra = a2/a1 (4) 

 Geometric volume Vg, which corresponds to the volume of an ellipsoid with dimen-

sions a1, a2, and a3 [64]: 

Vg = π∙a1∙a2∙a3/6 (5) 

Grain weight m was determined using an analytical scale AS 220/C/2 (RADWAG, 

Radom, Poland) with an accuracy level equal to ±0.001 g. Based on the values of grain 

mass m and its true density ρT = 1.2 g∙cm−3 [70,71], true volume VT [44,72] was calculated: 

VT = m/ρT (6) 

During the experiment, the correction factor kv was determined, which allowed esti-

mating the true grain volume (that resulting from mass and density ρT) based on the 

knowledge of grain dimensions. This coefficient can be determined from [72]: 

kV = Vg/VT (7) 

2.2.2. Determination of Mechanical Properties 

A static compression test was carried out on an Instron 5966 universal testing ma-

chine (Instron, Norwood, MA, USA) with the load speed vs. equal to 30 mm·min−1. The 

sample was placed between two parallel surfaces (the strength machine table and a head) 

in the way shown in Figure 2, according to ASAE S368.4 [73] standard. The ASAE S368.4 

[73] was created especially for determining the mechanical properties of food materials of 

convex shape, such as fruits and vegetables, seeds, and grains. The corn grains are quali-

fied to the group of materials for which this standard could be used. The corn grains are 

characterized by the convex and irregular shape, which will affect the course of the force-

deformation curve, and this standard explains how to calculate the Young’s modulus and 

strength taking into account precisely the irregular shape of the grain. The ASAE S368.4 

[73] provides the step-by-step description on how to calculate the semi-minor and semi-

major axes of the contact area for different loading geometries and in consequence, the 

compression area for grain specimen, its strength, and Young’s modulus. 

 

Figure 2. The corn grain position in the Instron 5966 testing machine. (a) Front view, (b) side view. 

Based on force-deformation curves values of forces FPI, FBP, and FRP were determined 

corresponding to the point of inflection (PI), bioyield point (BP), and rupture point (RP) 

and corresponding to them deformation DPI, DBP, and DRP, as shown in Figure 3. 

According to the ASAE S368.4 [73] standard, the point of inflection is a point, in 

which inclination of the force-deformation curve starts decreasing and the bioyield point 

corresponds to the yield point, whereas RP indicates the value of the force (stress) that 

induces cracking. Forces and deformations for RP and BP were read directly from the 

diagrams of the force-deformation curve, whereas forces and deformations for PI were 
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determined through an approximation of the force deformation curve by means of the 

appropriate functions, and the next second derivative of the approximated curves was 

calculated to be compared to zero in order to determine the points suspected of being 

points of inflexion. Next, the condition of the second derivative sign change in the zero 

place was checked. The inflexion point was accepted to be such a value of force and de-

formation, in which the second derivative of the approximation function was equal to zero 

which was a place where the function changed the sign from positive to negative. 

 

Figure 3. Characteristic points determined on the force-deformation curve obtained from the corn 

grain compression test. 

The apparent modulus of elasticity was determined based on a dependence for the 

case of compression of nonsymmetric, convex grains between two parallel plates [73]: 

       
             

3/2
1/3 1/32

3/2 ' '

0.338 1 1 1 1 1
U L

U LU L

F
E K K

R RD R R
 (8) 

where E is the apparent modulus of elasticity, Pa, D is the strain, m, µ is the Poisson coef-

ficient, F is the strain causing force, N, RU is the minimal grain curve radius in the point of 

contact with the upper horizontal plate, RU′ is the maximal grain curve radius in the point 

of contact with the upper horizontal plate, RL is the minimal grain curve radius in the 

point of contact with the lower horizontal plate, RL′ is the maximal grain curve radius in 

the point of contact with the lower horizontal plate, and KU, KL are the constants resulting 

from the curve of grain being in contact with the plate. 

µ = 0.2 [74] was accepted for corn. Constants KU and KL depend on the cosine of θ 

angle. In the ASAE S368.4 standard [73], there are tabular values of K for given values of 

cosθ. The following dependencies are determined for grains of complicated shape which 

are in contact with a flat plate cosθ [73]: 









( ) ( )

( ) ( )

1 1

'
cos

1 1

'

U L U L

U L U L

R R

R R

 (9) 

When the values of cosθ ranged between the values presented in [73], interpolation 

was used to determine the value of K. 

The radii of the grain surface curve were determined by a computing method pre-

sented in [73]. It was assumed that the maximal and minimal radii of the contact curve for 
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the upper and lower plate are the same. The minimal radius of the contact curve was cal-

culated based on Dependence (10), whereas the maximal radius was calculated based on 

Dependence (11): 

RU(L) = a3/2 (10) 

 





2
2 1
3

3

4'
2U L

a
a

R
a

 (11) 

In the next step, the maximal stresses that occur in the sample under the impact of 

compression force were determined for three points PI, BP, and RP, according to Depend-

ence [73]: 




max

1.5
x

F
S

ab
 (12) 

where F is the deformation causing force, N, a is the semi-major axis, m, and b is the semi-

minor axis, m. 

 
   

 
  

   
  

   

1/3
1

1

3 1 1

2 '

g p

U L U L

F
a c

R R
 (13) 

 
   

 
  

   
  

   

1/3
1

2

3 1 1

2 '

g p

U L U L

F
b c

R R
 (14) 

where c1, c2 are the constants determined on the basis of knowledge of cosθ, κg is the grain 

material constant, and κp is the plate material constant. 







2

( )

( )

( )

1
g p

g p

g p
E

 (15) 

2.2.3. Point of Inflection, Bioyield Point, and Rupture (Fracture) Energy 

The energy needed for grain destruction was determined on the basis of Equation 

(16) [75,76]: 

( , , )

1

( , , )

PI BP RPD

PI BP RP

D

E FdD   (16) 

where E(PI, BP, RP) is the energy input until occurrence of PI, BP, respectively and RP, J, F is 

the force, N, and dD is the deformation corresponding PI, BP, RP, mm, respectively. 

The energy (work) values during compression of one grain is the area under graph F 

= f(D) (Figure 3). Energy values EPI were calculated for deformation DPI caused by force 

FPI; EBP were calculated for DBP deformation caused by FBP force; and ERP were calculated 

for deformation DRP caused by force FRP. 

According to Tavares et al. [58], the mass specific energy corresponding to points 

Em(PI, BP, RP) was determined based on Equation (17): 

( , , )

1

( , , )

( , , )

1
PI BP RPD

PI BP RP

m PI BP RP

D

E
E FdD

m m
   (17) 

where m is the mass of a single grain expressed in kilograms. 

2.3. Analytical Methods 
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The statistical analysis of the results was conducted in Origin Pro 2020. In this study, 

descriptive statistics of measured values of physical-mechanical properties and the rup-

ture were determined. The univariate analysis was used for calculating the distribution of 

a single variable, including its central tendency (average and median) as well as disper-

sion (the range of the data-set), and measures of spread (standard deviation). Normality 

of distributions was assessed by means of the normality test of Shapiro-Wilk, which is one 

of the most commonly used and strongest normality tests. For distributions, for which the 

normal one was rejected by the Shapiro-Wilk test, fitting of density functions other than 

the normal observed in lognormal, Weibull, and Gamma (Table 1) distribution tests, was 

assessed by the Kolmogorov-Smirnov goodness-of-fit test accepting a significance level of 

0.05. Both the Shapiro-Wilk test and modified Kolmogorov-Smirnov goodness-of-fit test 

verify the zero hypothesis that a given sample comes from a population with a tested 

distribution. If a test reaches significance p < 0.05 the zero hypothesis is rejected, if p > 0.05 

it is assumed that the data come from a population with a tested distribution. The final 

choice of the result distribution model was made on the basis of probability with the use 

of a comparison to find out which distribution points arrange along the reference line. 

Table 1. Tested probability distributions. 

Distribution Mathematical Model 

Normal   
 

2

22

1
exp

22

x
P

x





 
  
 
 

 (18) 

Lognormal  
 

2

22

ln( )1
exp

22

x
P

x





 
  
 
 

 (19) 

Weibull  
1 exp

x
P x












  
   
   

 (20) 

Gamma  
11
exp

( )

x
P x

  

  
  
  

 (21) 

A significant scatter of results of force, strength, and deformation energy is observed 

both for the energy for biomaterials and brittle materials [59,72,76]. Therefore, it is neces-

sary to make the right choice of a property variability distribution so as to be able to de-

scribe the occurring phenomena as accurately as possible. In works [59,76], a method of 

order statistics was used, by means of which empirical function of a given property oc-

currence probability can be determined in the form of probability distributions. In order 

to determine cumulated probability distributions of force, strength, and mass specific en-

ergy, their values were structured in an ascending order ranking i = 1,2,…,N, for particular 

observations. Cumulated empirical probability distribution of the analyzed property can 

then be determined from a dependence resulting from the Hanzen score method [59,76]: 

 
0.5

i

i
P X

N


  (22) 

where P(Xi) is the value of cumulated distribution of probability of a given property oc-

currence, Xi defines the analyzed property, here the value of force, strength, and mass 

specific energy, and N is the number of observations. In this way, cumulated distributions 

of a given property occurrence probability can be determined on the basis of the results 

of experimental tests. As known from the literature, probability distribution functions can 

be matched to the obtained distributions. Similar to [59], the fitting of known probability 

distributions to the experiment data was analyzed. Three distributions most commonly 
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used for crack probability description were tested: Cumulated lognormal distribution, cu-

mulated Weibull distribution, and cumulated gamma distribution (Table 2) [58,59,62,76]. 

In order to match the distributions, the Levenberg-Marquardt nonlinear optimization al-

gorithm was used. The choice of the best fitted distribution was made on the basis of the 

function ranking according to the value of determination coefficient R2. 

Table 2. Cumulated probability distributions used in the analysis. 

Cumulative 

Distribution 

Function 

Mathematical Model 

Lognormal   

 
2

2

ln( )

2
0 0

1

2

ct x
x

w
CDF

P y A e dt
wt




    (23) 

Gamma   
11

0 0( )

t
x

a b
CDF a

A
P y t e dt

b a


 


  (24) 

Weibull  
1

0 1 0 10
1

b b
t x

x
a ab b

CDF
P y A ba t e dt y A e

   
    

     

 
     
 
 

  (25) 

The earlier tests of dependencies between the shape, size, and mass of the particles 

[4,59,77,78] imply that the size of particles has an impact on the value of forces, stresses, 

and energy of grinding. In order to verify the dependence between particle size, strength, 

and grinding energy, the analyzed particles were divided into four groups according to 

the grain thickness a3: 1—(4.0–4.5) mm, 2—(4.5–5.0) mm, 3—(5.0–5.5) mm, 4—(>5.5) mm. 

The grain thickness was chosen to be the diversifying value since earlier tests showed 

crack energy changes for this size [4]. Cumulated probability distributions of the analyzed 

properties and their medians (X50—X denotes the analyzed property), were determined 

for a given group. Then, the Pearson analysis of correlation was performed to study the 

relationship between the grain size and median values of forces, strength, and energy. The 

significance level p < 0.05 was adopted. 

3. Results and Discussion 

3.1. Physical Properties of Corn Grains 

The first stage of the study involved determination of the grain physical properties: 

Length a1, width a2, height a3, volume equivalent sphere diameter, aspect ratio, sphericity 

index, mass, geometric volume, true volume, and volume correction factor kv. Figure 4 

presents the results of statistical analysis of the tested physical properties. The average 

length of corn grains was 10.65 mm, the average width was 7.85 mm, and the average 

height was 4.88 mm (Table 3). 

Table 3. Results of statistical analysis of the examined selected physical properties of corn grains. 

Parameter a1 [mm] a2 [mm] a3 [mm] f [–] Ra [–] m [g] Vg [mm3] Vt [mm3] kV [–] DE [mm] 

Average 10.65 7.85 4.88 0.698 0.742 0.302 213.40 251.67 0.858 7.806 

Median 10.72 7.90 4.78 0.689 0.742 0.300 211.54 250.00 0.845 7.816 

Standard deviation 0.91 0.82 0.52 0.057 0.094 0.052 35.62 42.97 0.123 0.465 

Skewness −1.15 −1.50 1.44 1.267 −0.510 −0.332 0.08 −0.33 0.230 −0.746 

Kurtosis 2.50 7.40 3.30 4.324 4.392 0.052 1.31 0.05 4.133 1.147 

Minimum 7.24 3.40 4.00 0.521 0.307 0.140 100.70 116.67 0.336 6.062 

Maximum 12.62 9.76 7.03 0.934 1.036 0.400 335.01 333.33 1.292 8.603 

Range 5.38 6.36 3.03 0.413 0.729 0.260 234.31 216.67 0.956 2.540 
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Coefficient of variation 8.53 10.48 10.75 8.125 12.626 17.073 16.69 17.07 14.384 5.957 

Figure A1 shows an exemplary photo of corn grain of the studied variety with the 

marked dimensions. The tested corn grains are characterized by medium sphericity 

(which is also indicated by the sphericity index values (see Table 3 and Figure 4)), rounded 

edges, and shiny hull surface (Figure A1). The average true volume was equal to 251.67 

mm3, while the average geometric volume calculated on the basis of measured dimensions 

was 213.40 mm3. The correction volume coefficient kv calculated from Equation (6) takes 

the average value equal to 0.858. 

 

(a) 

 

(b) 
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(c) 

Figure 4. Box charts of values of the selected physical properties of corn grains, (a) properties con-

nected with size: length (a1), volume-equivalent sphere diameter (DE), width (a2), and height (a3), (b) 

properties connected with shape and volume: aspect ratio (Ra), sphercity index (f), mass (m), volume 

correction factor (kV), (c) grains volume: true volume (Vt), geometric volume (Vg). 

The results of corn grain dimensions a1, a2, and a3, are similar, although slightly 

smaller than those reported in the literature by other researchers, e.g., [46] and [43], for 

Large-IMIC, Medium-IMIC, and Large-Puma types, as well slightly higher for Small-

Puma and Medium-Puma types (IMIC and Puma are the hybrid varieties of corn grains, 

the adjectives—large, medium, small—denote the diversification of a variety in terms of 

grain size). Differences in dimensions may be caused primarily by the difference in the 

varieties and types of the studied corn grains, the country of origin, grain humidity, and 

growing conditions of grains. 

Empirical data of probability distributions were fitted based on descriptive statistics, 

Shapiro-Wilk normality test, and the modified Kolmogorov-Smirnov distribution test. A 

distribution of m mass values, geometric volume Vg, and true volume VT was accepted to 

be normal, according to the Shapiro-Wilk test (Table 4). The probability plots and the dis-

tribution parameters are presented in Figure 5. For the remaining properties of grains, the 

p-value was lower than the adopted significance level (p < 0.05) in the Shapiro-Wilk test, 

which suggested a rejection of the hypothesis that the tested samples come from a popu-

lation with a normal distribution. The results of Kolmogorov-Smirnov tests indicated that 

height a3 of grains is consistent with the lognormal distribution and length a1 with the 

Weibull distribution (Table 4, Figure 5). The results for width a2 and aspect ratio Ra indi-

cated that the values of the examined parameters could come from Weibull or Gamma 

distributions (Table 4). Based on the probability plots (Figure 5) it was found that the dis-

tribution of results for width a2 is better described by Weibull distribution, whereas the 

aspect ratio is better described by gamma distribution. For volume-equivalent sphere di-

ameter DE, the distribution of data is best described by Weibull distribution (Figure 5), 

though based on the Kolmogorov-Smirnov test (Table 4), it was found that the data can 

come from both the population with lognormal distribution and gamma distribution. 

When comparing, however, probability plots, Weibull distribution was found to be the 

best fitted. In the case of sphericity index f and volume coefficient kV none of the analyzed 

distributions was not fitted to the data. 

While analyzing the results attention must be focused on a significant scatter of par-

ticle shape and size results. Thus, the earlier described in the literature [32,34–36] diversity 

of plant materials within one species and variety was confirmed. 



Materials 2021, 14, 1467 12 of 33 
 

 

Corn is one of the most commonly processed materials due to its wide application in 

food, fodder, chemical, cosmetic, and even power industries. A variety of machines and 

devices are used for processing, starting with machines for harvesting, cleaning, classifi-

cation, and grinding. The results regarding both the size and shape, as well as probability 

distribution of the analyzed properties are of utilitarian character and can be used for op-

timization of structural features of machines and devices designed for corn processing 

such as: Mixers, conveyors, sieve screens, devices for cleaning, and classifying grains in 

terms of size and mass which can contribute to an improvement in efficiency of these de-

vices, as well as their energy consumption which is of key importance in terms of sustain-

able development. 
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Figure 5. Probability plots of tested distributions fitted to empirical data of the selected physical properties of corn grain 

such as mass (m), true volume (Vt), geometric volume (Vg), length (a1), aspect ratio (Ra), volume-equivalent sphere diameter 

(DE), width (a2), and height (a3). The blue point corresponds to the percentiles of empirical data. The red curve is the refer-

ence line for the tested distribution. The more empirical data are placed along the reference line, the better the theoretical 

distribution fits the experimental data. 

The knowledge of the particle size, in particular, the size distributions is of key sig-

nificance for a design, operation, and maintenance of machines for corn grain harvesting 

[79,80]. Properly matched sieve hole sizes of the working units of harvesters can contrib-

ute to grain loss reduction during the harvest. In the case of screens and classifiers, it is 

possible to increase the accuracy of grain classification and their cleaning, thus raising the 

product quality. Knowing the particle size distributions is not without importance for the 

grinding processes and basically for the design and operation of grinders such as: Crush-

ers, mills, roller mills, and disc mills. The size of grains determines, among others, the 

choice of structural features of working spaces, e.g., the size of the inter-roller gaps of 

roller grinders and crushers, as well as the working gap of multi-disc grinders. Knowing 

the size of particles can be useful in a design of these machines, taking into consideration, 

among others, the possibility of the gap regulation to be adjusted to a given class of grain 

size. 

Table 4. Results of the distribution of goodness-of-fit tests. 

Property 

Shapiro-Wilk Test Kolmogorov-Smirnov Modified Test 

Normal Lognormal Weibull Gamma 

Statistic p-Value Statistic p-Value Statistic p-Value Statistic p-Value 

a1 [mm] 0.92149 1.68911 × 10−5 0.16195 ≤0.01 0.0944 >0.1 0.15401 ≤0.005 

a2 [mm] 0.90576 2.66544 × 10−6 0.08903 0.0495 0.05821 >0.1 0.07293 >0.25 

a3 [mm] 0.90579 2.67481 × 10−6 0.08664 0.06452 0.15801 0.02197 0.09354 0.0459 

f [–] 0.88855 4.24999 × 10−7 0.12545 ≤0.01 0.18801 ≤0.01 0.13035 ≤0.005 

Ra [–] 0.94218 2.62455 × 10−4 0.09527 0.03379 0.09752 >0.1 0.08562 0.09943 

m [g] 0.98115 0.16318 - - - - - - 

Vg [mm3] 0.98671 0.41869 - - - - - - 

Vt [mm3] 0.98115 0.16318 - - - - - - 

kV [–] 0.91001 4.31216 × 10−6 0.12653 ≤0.01 0.17343 ≤0.01 0.12976 ≤0.005 

DE [mm] 0.96098 0.00472 0.07756 0.14271 0.08834 >0.1 0.07943 0.15827 

The presented results for grain size and shape are also indispensable elements of 

computer simulation models of mixing, transporting, and comminution processes based 

on the discrete element method (DEM) [37]. Recently, DEM is a method which has been 

increasingly used in the simulation of machine operation and optimization, devices, and 
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processing of loose material. The precise representation of the particle shape and size af-

fects the accuracy of a DEM model and prediction of grain behavior motion [81–83]. 

3.2. Strength Properties and Fracture Energy 

Figures 6 and 7 present typical force displacement curves for a corn grain compres-

sion test. Based on the presented curves, it can be stated that the crack proceeds differently 

for each grain. This is caused by differences in the internal structure of each grain, which 

is characteristic for biomaterials. Changes in the internal structure cause changes in the 

hardness of the grains, therefore for harder grains, applying the same force will cause less 

deformation than in the case of less hard grains. Differences in the shape of the force-

displacement curves are also caused by changes in the contact surface during grain com-

pression, as well as differences in the shape of the grains themselves. As the research on 

the shape and size of the grains has shown, each grain was characterized by a different 

size, in addition, the curvature for each grain is also different, therefore, during compres-

sion for the same displacements, a different contact surface will occur. For more convex 

grains in the initial phase, the contact area of the grain and the pressing surface may be 

brought to a point and the contact area will increase with the compression, in such a situ-

ation the displacements may be greater with lower forces than, for example, for flatter 

grains, when already in the initial stage of compression the contact area is larger and at 

the same time the bigger part of the grain volume is compressed. Noticeable are the char-

acteristic points in the force-displacement graph marked as BP and RP (Figure 7). The 

point marked as BP symbolizes the grain elasticity limit, while the RP corresponds to the 

forces causing the grain fracture into smaller fragments. Similar conclusions are presented 

for other biomaterials, for example, rice [38], wheat [84,85] grains, etc. [86]. The presented 

crack propagations of brittle materials, e.g., are provided in [59]. Occurrence of an area of 

plastic deformation characteristic of ductile materials is noticeable. 

The scopes of the examined grain strength properties are presented in Figure 8, 

whereas the results of detailed descriptive statistics are shown in Table 5. 

 

Figure 6. Example results of the compression test for five corn grains from 100 tested. 
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Figure 7. The force-deformation curve representing the cracking process for corn grains. 
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Figure 8. Box charts of strength parameters for corn grains determined in a compression test, (a) forces: FPI corresponding 

to point of inflection, FBP corresponding to bioyield point, FRP causing breakage, (b) specific energy: EmPI corresponding to 

point of inflection, EmBP corresponding to bioyield point, EmRP needed to break the grain, (c) young modulus E, stiffness 

and stresses: SPI corresponding to point of infection, SBP corresponding to bioyield point, SRP corresponding to grain break-

age, (d) deformation: DPI corresponding to point of inflection, DBP corresponding to bioyield point, DRP corresponding to 

grain breakage. 

Table 5. Results of statistical analysis of the examined selected physical properties of corn grains. 

Parameter 
FPI 

[N] 

FBP 

[N] 

FRP 

[N] 

DPI 

[mm] 

DBP 

[mm] 

DRP 

[mm] 

EmPI 

[J/kg] 

EmBP 

[J/kg] 

EmRP 

[J/kg] 

SPI 

[Pa] 

SBP 

[Pa] 

SRP 

[Pa] 

E 

[Pa] 

Stiffness 

[Pa] 

Mean 115.96 239.75 553.80 0.119 0.227 0.564 23.77 92.65 477.10 2.11 × 107 2.60 × 107 2.83 × 107 7.50 × 107 7.81 × 107 

Standard 

Deviation 
135.81 215.63 286.71 0.061 0.108 0.204 33.45 129.75 349.79 1.68 × 107 1.76 × 107 1.57 × 107 4.93 × 107 5.13 × 107 

Skewness 1.77 1.36 0.83 0.777 1.512 0.925 2.01 3.65 1.37 1.29 0.98 0.94 1.29 1.29 

Kurtosis 2.94 1.37 0.82 −0.262 3.445 0.990 3.77 18.80 1.36 1.04 0.15 0.98 1.75 1.75 

Coefficient 

of Variation 
1.17 0.90 0.52 0.513 0.477 0.361 1.41 1.40 0.73 0.80 0.68 0.56 0.66 0.66 

Minimum 2.65 17.23 110.74 0.020 0.087 0.256 0.17 3.53 70.70 8.52 × 105 2.94 × 106 6.12 × 106 3.59 × 106 3.74 × 106 

Median 47.38 170.84 544.74 0.104 0.208 0.530 7.03 54.46 396.43 1.52 × 107 1.93 × 107 2.62 × 107 6.22 × 107 6.48 × 107 

Maximum 659.84 950.20 1539.94 0.265 0.681 1.304 150.48 942.91 1583.78 7.93 × 107 8.04 × 107 8.84 × 107 2.54 × 108 2.65 × 108 

Range  657.19 932.97 1429.20 0.245 0.594 1.048 150.30 939.38 1513.08 7.84 × 107 7.75 × 107 8.23 × 107 2.50 × 108 2.61 × 108 

The forces that cause rupture of the corn grain FRP were within the range (110.74–

1539.94) N, when the bioyield point forces FBP were within the range (17.23–950.20) N. 

Stresses SBP caused by force FBP were in the range (2.94–80.4) MPa and stresses SRP were in 

the range (6.12–88.4) MPa. The specific energy (work) EmBP needed to induce permanent 

plastic deformation of grains was in the range (3.53–942.91) J/kg and the specific energy 

needed to induce a crack was in the range (70.70–1583.78) J/kg. The values of stiffness 

were in the range (3.74–265) MPa and of Young’s modulus in the range (3.59–254) MPa. 

The mean values of displacement DPI and force FPI were 0.119 mm and 115.96 N, respec-

tively. 

In comparison with other studies in which the corn grains have a similar moisture 

content of 12%, the average values of forces FBI obtained in this study are similar to the 

results presented in [48] and [57] for the compression test at the load speed vs. 5 mm·min−1 

(lower than in this study), higher than in the tests carried out by [45] and [47] (Figure 9). 

The average forces FBP and FRP in turn, were lower than those presented in [31]. This dif-

ference can be caused by a different number of samples used in calculations in [31] (vs = 

50 mm·min−1), they used only 20 corn grains, while in this study as many as 100 grains 

were used. Moreover, the type of the grain and its variety could be the reason for the 

differences in the results presented in this study and those reported in the literature. 

After a careful analysis of the literature, it can be stated that higher forces FBP and FRP 

should be used to compress the grain in a horizontal position (as in this study) than in a 

longitudinal or lateral position, as evidenced by the results presented in [53], where forces 

needed to break the grain in a lateral position were 116.24 and 148.86 N, and in a longitu-

dinal position 143.39 and 186.98 N (for moisture content of grains 14.48%). Moreover, the 

values of energy EBP and ERP presented in [53] was lower than in this study. 

The average values of energy EBP and ERP are smaller than those provided by the lit-

erature (Figure 10). The differences may be caused by a different way of calculating the 

work (in studies [31,45,47,48,57], the method of determining the work (energy) of rupture 

has not been described) than in this study. Differences also can be caused by the way of 

interpretation and understanding of the initial deformation energy and the energy of 

grain disintegration. Summing up, the results presented in other studies [31,45,47,48,57] 

are in the range of forces and energy determined in this work. 



Materials 2021, 14, 1467 17 of 33 
 

 

When comparing the results of the research on forces and energy during pressing 

corn grains, it should be noted that in each of the studies which this comparison involves 

(Figures 9 and 10, references [31,45,47,48,53,57]), a different corn variety was used, char-

acterized by a different size and shape of grains, which also results from the selected va-

riety of grains, a different internal structure resulting from the variety used, the cultivation 

area or the harvesting humidity. In each of the analyzed studies [31,45,47,48,53,57], a dif-

ferent test apparatus and a different value of the grain load and loading speed were used, 

which primarily affects the course and shape of the force-deformation curves, and also 

affects the accuracy of the measurements of force and displacement. In the works 

[31,45,47,48,53,57], a smaller number of grains was used during the tests, usually 10–20 

grains, while in this work 100 grains were tested, hence significant values of the standard 

deviation may appear. As mentioned earlier, the process of pressing corn grains depends 

on the type of grain, its size and shape, crop humidity and harvesting humidity, as well 

as the cultivation culture. Taking into account the fact that in each study a different variety 

was used, the grains came from different regions with different cultivation cultures, more-

over, different test methods were used, one can expect a variety of results in terms of 

forces and energy, which are presented in Figures 9 and 10. Only in work [53], when de-

termining energy and forces, strains, and stresses, the ASAE S368.4 [72] standard was fol-

lowed, similarly to this work, and it should be stated that the results of compression forces 

and energy are similar in both tests (in [53] and in this study). 

 

Figure 9. Results of average values of the forces provided in this study compared to the previous 

study. 

  

T
h
is

 s
tu

d
y

B
h

is
e

 e
t 

a
l.
 2

0
1
4

S
e

if
i 
a

n
d
 A

lim
a

rd
a

n
i,
 2

0
1
0

a

L
u

p
u

 e
t 

a
l.
 2

0
1
6

T
a
ri
g

h
i 
e

t 
a

l.
 2

0
1
1

S
e

if
i 
a

n
d
 A

lim
a

rd
a

n
i,
 2

0
1
0

b

0

100

200

300

400

500

600

700

800

900

1000

1100

F
o
rc

e
, 
N

 Average force for bioyield point

 Average rupture force

 Standard deviation



Materials 2021, 14, 1467 18 of 33 
 

 

 

Figure 10. Results of average values of the energy obtained in this study compared to the previous 

study. 

When analyzing the influence of individual factors, it should be indicated that the 

use of higher loading speeds during compression tests will reduce the accuracy of the 

results and may lead to a situation, in which the presence of the point of inflection and 

bioyield point on the force-deformation curve will not be registered and may cause the 

omission of the moment of grain breakage, which may result in that rather than the force 

corresponding to fracture. In addition, the force causing secondary agglomeration of the 

fractured grain particles will be indicated as the value of the destructive force. 

The influence of the variety and cultivation conditions of corn grains used in the com-

pared studies [31,45,47,48,53,57] is as follows: In the case of cultivars with a higher content 

of soft endosperm, the values of compressive forces and energy will be lower. Similarly, 

for grains of larger dimensions with a greater thickness with a more rounded shape and 

for grains with higher moisture, which was observed, among others, in the works 

[47,48,53]. The endosperm content as well as the shape and size of the grains are influ-

enced by the type of variety used and the cultivation culture, as well as the degree of grain 

maturity. Therefore, there are many factors that affect the differences in the obtained re-

sults in the compared studies [31,45,47,48,53,57]. However, taking into account the disper-

sion of the results in this study based on the standard deviation (Figures 9 and 10), it can 

be noted that the values reported by other researchers [31,45,47,48,53,57] fall within the 

range indicated in this study. 

Undoubtedly, a significant scatter of the results for forces, energy, strain, stiffness or 

values of the apparent Young’s modulus has been found. In this case, the diversity of 

properties of biological materials of plant origin within one species has been confirmed. 

There were grains of very low compression strength for which application of a very small 

force led to a crack, but there were also grains of high strength which fractured under the 

impact of a very high force. Grain fracture under a smaller load could be caused by pre-

vious damage to its internal structure in the form of microfractures unnoticeable for the 

human eye due to harvest, transport or packing. The significant scatter of the results can 

also be caused by diversification of the grain internal structure. As previous tests of bio-

mass grain indicate, the ratio of the seed coat thickness to the endosperm and also the 

structure itself (its glassiness) affect the values of destructive forces and the grain fracture 

propagation. [3,37–41]. Hence, it is necessary to conduct further tests of the impact of the 
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grain internal structure on its mechanical properties. Development of computer micro-

tomography can facilitate noninvasive tests of the grain internal structure prior to strength 

tests, which subsequently can contribute to the effective determination of dependencies 

between the grain internal structure and its mechanical properties. 

Based on the results of skewness and kurtosis (Table 5) and Shapiro-Wilk test (Table 

6), it was found that distributions of the analyzed grain strength values are not of normal 

character. In the case of FPI, FBP, and FRP forces, the Kolmogorov-Smirnov modified test 

showed that the tested properties can come from Weibull distribution (Table 6), though 

assuming the probability level to be p < 0.01, it cannot be ruled out that the results come 

from a lognormal distribution test (Table 6), and for destructive forces also from Gamma 

distribution. Deformation energy can be described by means of lognormal distribution, 

Weibull or Gamma distributions (with the exception of EmPI, see Table 6). Stiffness, appar-

ent Young’s modulus, and rupture stresses SRP can come from lognormal, Weibull or 

Gamma distributions, whereas the stresses corresponding to the point of inflection and 

bioyield point can be described by means of Weibull and Lognormal distributions (Table 

6). The distribution parameters determined for the analyzed properties are presented in 

Table A1. 

Table 6. Results of distribution of the goodness-of-fit tests. 

Property 

Shapiro-Wilk Test Kolmogorov-Smirnov Modified Test 

Normal Lognormal Weibull Gamma 

Statistic p-Value Statistic p-Value Statistic p-Value Statistic p-Value 

FPI [N] 0.75967 1.69986 × 10−11 0.08888 0.04987 0.14577 0.05921 0.16277 ≤0.005 

FBP [N] 0.84484 7.67875 × 10−9 0.09377 0.03757 0.11384 >0.1 0.12207 ≤0.005 

FRP [N] 0.94883 6.95722 × 10−4 0.09072 0.04526 0.06169 >0.1 0.06076 >0.25 

EmPI [J/kg] 0.67974 1.86462 × 10−13 0.07698 0.14929 0.12495 >0.1 0.15474 ≤0.005 

EmBP [J/kg] 0.62964 1.63203 × 10−14 0.08057 0.10824 0.06883 >0.1 0.08864 0.07781 

EmRP [J/kg] 0.85688 2.14812 × 10−8 0.05841 >0.15 0.07434 >0.1 0.06492 >0.25 

SPI [Pa] 0.85758 2.28423 × 10−8 0.06069 >0.15 0.12295 >0.1 0.1123 0.0053 

SBP [Pa] 0.89738 1.0673 × 10−6 0.0735 >0.15 0.12692 >0.1 0.11189 0.00563 

SRP [Pa] 0.9313 5.90074 × 10−5 0.05331 >0.15 0.07236 >0.1 0.05269 >0.25 

E [Pa] 0.89642 9.63659 × 10−7 0.07299 >0.15 0.07262 >0.1 0.05103 >0.25 

Stiffness [Pa] 0.89642 9.63659 × 10−7 0.07299 >0.15 0.07262 >0.1 0.05103 >0.25 

Empirical charts of cumulated probability of the analyzed physical-mechanical prop-

erties were created based on the experimental data and they were provided with fitting 

curves for the three studied distributions: Cumulated Weibull distribution, cumulated 

lognormal distribution, and cumulated Gamma distribution, taking into consideration the 

results of Kolmogorov-Smirnov modified test. Determination coefficient R2 was a deter-

minant of fitting. Table A2 shows a ranking of fitting for the analyzed cumulated distri-

butions. Figures 11–14 show empirical curves along with the curves of the best fitting. In 

the case of forces (Figure 11), it is Weibull distribution which best describes data density 

distribution and cumulated probability distribution. It accounts for the probability distri-

bution of forces corresponding to the point of inflection in 97.8% FPI, in 99.4% for the forces 

corresponding to bioyield point FBP, and in 99.5% for the destructive forces. The cumu-

lated Gamma distribution very well describes the grain fracture for a given level of spe-

cific energy EmRP (99.6%) and probability distribution of energy results of bioyield point 

EmBP (99.4%) (Figure 12). In the case of EmPI, the probability distribution is best described 

by the cumulated lognormal distribution (98.7%). The distribution of stress values, 

Young’s modulus, and stiffness is best described by the cumulated lognormal distribution 

(R2 > 0.990, Figures 13 and 14). 
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Figure 11. Probability plot distributions fitted to experimental values of forces. 

 

Figure 12. Probability plot distributions fitted to experimental values of specific energy. 
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Figure 13. Probability plot distributions fitted to experimental values of stress. 

 

Figure 14. Probability plot distributions fitted to experimental values of stiffness and Young’s 

modulus. 
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The results are of practical significance. Most importantly, knowing the range of 

force, energy, and deformation is crucial for manufacturers of processing machines, as it 

allows preventing, e.g., uncontrolled rupture of grains during transport or classification 

and can be used to increase the efficiency of grinding machines through a proper selection 

of structural features and speed of the working units that cause the occurrence of grain 

damaging loads. 

Grain fracture probability models provide the basis for simulation of the grinding 

process models and prediction of the grinding product particle size. M. Tavares’s grinding 

model is based on the upper-truncated log-normal probability distribution of specific frac-

ture energy [87]. Moreover, the usefulness of Weibull distribution for material fracture 

probability was confirmed [59]. In work [58], it is the gamma distribution that is consid-

ered to be the best for the description of specific fracture energy values, which is consistent 

with the results presented in this work. The results indicate that fracture probability dis-

tributions used, e.g., for iron ore pellets [58,59] can be implemented in a description of the 

phenomena involved in the fracture of plant and biological materials which exhibit a sig-

nificant scatter of the results. 

3.3. Grain Size Effect 

As proven in the previous chapter, corn grains even within one species exhibit sig-

nificant dimensional diversity, which has been confirmed by significant scatters and the 

provided value ranges. The study was supposed to find out whether there were any de-

pendencies and which of them were between the size of particles and forces, energy, and 

strength for characteristic points of the force-deformation such as point of inflection, bioy-

ield point, and rupture point. Corn grains were divided into four dimensional fractions 

according to the grain thickness a3: 1—(4.0–4.5) mm, 2—(4.5–5.0) mm, 3—(5.0–5.5) mm, 4 

—(>5.5) mm, for which particle size distributions along with medians and means are pre-

sented in Figure 15. 

  
(a) (b) 
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(c) (d) 

Figure 15. Distribution of particle sizes in the analyzed size intervals (a) distribution in the size range (4.0–4.5) mm, (b) 

distribution in the size range (4.5–5.0) mm, (c) distribution in the size range (5.0–5.5) mm, (d) distribution in the size range 

(>5.5) mm. 

In the first step, fitted cumulated probability distributions were determined for the 

analyzed properties of each group. Table A3 shows the distributions obtained and their 

parameters. The cumulated Weibull distribution was accepted to be the best for the de-

scription of probability distribution, for energy the best one was gamma distribution, and 

for stress it was the cumulated lognormal distribution. Medians were determined for ex-

perimental distributions based on fitting curves. Next, the Pearson analysis of correlation 

between the analyzed distribution medians and the average grain thickness was per-

formed. The Pearson coefficient assumed negative values (though these dependencies 

were statistically significant only for forces, energy, and stresses that cause grain fracture, 

Table 7) for all the cases, which proves that the values of forces, energy, and stresses de-

crease along with an increase in the grain thickness. 

Parameter changes along with the grain thickness are presented in Figure 16. 

Table 7. Results of analysis of the correlation between grain thickness and medians of cumulated probability distributions 

of the analyzed mechanical properties of maize grains, * means significant correlations for which p < 0.05. 

  
Median 

FPI 

Median 

FBP 

Median 

FRP 

Median 

EmPI 

Median 

EmBP 

Median 

EmRP 

Median 

SPI 

Median 

SBP 

Median 

SRP 

Average 

a3  

r-Pearson’s  −0.86507 −0.70918 −0.99289 * −0.87089 −0.66334 −0.97821 * −0.8959 −0.87365 −0.9926 * 

p-Value 0.13493 0.29082 0.00711 0.12911 0.33666 0.02179 0.1041 0.12635 0.0074 
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(c) 

Figure 16. Medians of distributions of the analyzed strength properties in a function of grain mean 

thickness (a) medians of forces values distributions in a function of grain mean thickness, (b) medi-

ans of specific energy values distributions in a function of grain mean thickness, (c) medians of 

stresses values distributions in a function of grain mean thickness 

It is clearly seen that for the thickest grains the probability of rupture is higher under 

the applied load (Figure 16 and Table A3). It must also be noted that distributions of en-

ergy and deformation medians for grains with the highest thickness were the lowest, 

whereas for grains with the lowest thickness were the highest (Figure 16). In order to pre-

sent the dependences of the analyzed parameters on the particle thickness, Figure 16 in-

cludes additional trend lines and linear regression with confidence limits for forces, en-

ergy, and stresses that induce grain rupture. The slopes of trend lines and fitting curves 

take negative values, so it is evident that forces, energy, and stresses corresponding to the 

point of inflection, bioyield point, and rupture point decrease along with the grain height. 

The presented results confirm the hypotheses and assumptions for grains of wheat, rice 

or non-biological materials, e.g., iron ore pellets discussed in earlier works [4,59,77,78], 

that the size of particle has an impact on the values of forces, stresses, and deformation 

energy. Basically, the occurrence of a negative correlation between grain thickness and 

grinding energy has been confirmed, which is presented in a work devoted to wheat 

grains [4]. 

The presented results also seem to confirm the conclusions provided in work [59] 

concerning the increasing stiffness for decreasing grain dimensions. In the case of biolog-

ical materials such as grains, an increase in force and energy along with size reduction can 

be caused by the grain structure, as well as the smaller porosity of grains of smaller size. 

The ratio of thickness of the softer endosperm layer to the harder seed cover layer can also 

have an impact. 

3.4. Limitations and Advantages 

Undoubtedly, the fact that a population of corn grains of stabilized moisture param-

eters has been tested and known from the literature distribution parameters, providing a 

good description of experimental empirical distributions of values for the corn grain se-

lected physical-mechanical properties have been determined, is an advantage of this 

study. Unlike in other works [31,47,57], the experiment and determination of mechanical 

properties were carried out according to the ASAE S368.4 standard [73], hence, it can be 

assumed that the determined values of work, energy, Young’s modulus, and destructive 
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stress provide a good description of the corn grain mechanical properties. Moreover, the 

values of mechanical properties were determined for the point of inflection which is rather 

rare in the literature. One of the limitations of the study carried out is the lack of infor-

mation on the humidity of the corn grain harvest, which indicates the degree of grain 

maturity, which in turn may affect the hardness and strength properties of the grains. 

Lack of identification of the corn grain internal structure, which has a significant influence 

on the rupture process, can also be considered to be a certain limitation. Another draw-

back of this study is the application of only the most known result distributions. 

4. Conclusions 

The mean values and size ranges characterizing the shape and size of corn grains 

have been determined in this work, as well as the mechanical properties and distributions 

of probability for a given property to occur. The diversity of biomass grains within one 

species has been confirmed, which is unequivocally indicated by significant scatters of 

results for the analyzed sample of 100 grains. 

Based on statistical analyses of the investigated values of the grain size and shape it 

has been found that the distributions of experimental data can be described with good 

fitting by means of known and commonly used distributions: Normal, gamma, lognormal, 

and Weibull distributions. For forces, energy, stresses, stiffness, and Young’s modulus the 

distributions of values cannot be described by means of a normal distribution. The empir-

ical distribution of destructive force occurrence probability is best described by the cumu-

lated Weibull distribution, energy by cumulated Gamma distributions, and for stiffness, 

stress, and apparent Young’s modulus by cumulated lognormal distributions. Deter-

mined distributions of rupture occurrence probability (that is, distributions for forces, en-

ergy, and stresses that cause grain rupture) and their parameters are indispensable in a 

design of processing machines intended for materials of plant origin such as grains, e.g., 

grinders, conveyors, classifiers, etc. The obtained distributions are also important in the 

numerical modeling of grinding processes as the models are often based on breakage 

probability distributions. 

The results of this study have confirmed the assumption that forces, energy, and 

stresses that cause grain deformation and rupture depend on the grain size, and more 

accurately, the grain thickness. A decrease in these parameters along with the thickness 

increase was observed. 

Further tests should be focused on the relationship between the grain internal struc-

ture and mechanical properties, which can be supported by developing methods for struc-

ture recognition and analysis using non-invasive tests that would allow analyzing the im-

pact of the grain layer thickness on its behavior under the influence of destructive forces. 

Further research should also include the determination of strength properties of corn 

grains under dynamic conditions, which due to the nature of the applied load may differ 

significantly from the properties determined under static conditions. Additionally, such 

tests will better reflect the real nature of the loads to which the grains are subjected during 

mechanical processing. 

Funding: Scientific work financed by the budget resource for science in 2017–2021, as a research 

project under the “Diamentowy Grant” program. This research was funded by the Ministry of 

Science and Higher Education of Poland, grant number DI2016 001646. The APC was funded by 

the Ministry of Science and Higher Education of Poland, grant number DI2016 001646. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are openly available in FigShare at 

https://doi.org/10.6084/m9.figshare.13691239.v1. 



Materials 2021, 14, 1467 27 of 33 
 

 

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script, or in the decision to publish the results. 

Appendix A 

 

Figure A1. Sample photo showing the shape and size of corn grain of the studied variety. The 

photo was taken at a 15 times magnification. 

Table A1. Parameters of probability distributions for strength properties. 

Parameter 

Distribution 

Lognormal Weibull Gamma 

µ σ α β α σ 

FPI [N] - - 109.1439 0.89281 - - 

FBP [N] - - 253.61107 1.16228 - - 

FRP [N] - - 627.11731 2.06287 3.64698 151.85166 

EmPI [J/kg] 2.17009 1.54562 18.73184 0.71195 - - 

EmBP [J/kg] 3.82259 1.23579 84.44912 0.85467 0.83563 110.87089 

EmRP [J/kg] 5.91986 0.71669 531.83095 1.48228 2.16927 219.93337 

SPI [Pa] 16.5451 0.8459 2.3033 × 107 1.33441 - - 

SBP [Pa] 16.83799 0.71216 2.91069 × 107 1.5688 - - 

SRP [Pa] 16.99646 0.58967 3.19944 × 107 1.92147 3.27416 8630478.29 

E [Pa] 17.90752 0.73007 8.39823 × 107 1.61551 2.3764 3.15428 × 107 

Stiffness [Pa] 17.94835 0.73007 8.74816 × 107 1.61551 2.3764 3.28571 × 107 

Table A2. Coefficient of R2 determination of cumulated Weibull, gamma, and lognormal distribu-

tions. 

Parameter 
R2 of Distributions 

Lognormal Weibull Gamma 

FPI [N] - 0.979 - 

FBP [N] - 0.994 - 

FRP [N] - 0.995 0.993 
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EmPI [J/kg] 0.987 0.982 - 

EmBP [J/kg] 0.992 0.994 0.995 

EmRP [J/kg] 0.9955 0.9958 0.996 

SPI [Pa] 0.992 0.987 - 

SBP [Pa] 0.993 0.991 - 

SRP [Pa] 0.9959 0.9956 0.9958 

E [Pa] 0.998 0.995 0.997 

Stiffness [Pa] 0.998 0.995 0.997 

Table A3. Cumulated distributions of probability of the occurrence of forces, energy, and stresses while compressing corn 

grains and their parameters. 

Weibull fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

 

y0 –30.54 ± 23.64 −15.92 ± 6.35 −4.21 ± 6.76 −4.44 ± 14.44 

A1 222.15 ± 193.17 106.44 ± 7.4 96.81 ± 9.45 91.08 ± 16.39 

a 777.77 ± 2433.01 53.85 ± 4.37 78.06 ± 10.09 33.61 ± 4.10 

b 0.37 ± 0.19 0.87 ± 0.10 0.99 ± 0.18 1.91 ± 0.76 

µ  3218.20 ± 15088.27 57.59 ± 4.76 78.51 ± 12.82 29.82 ± 3.60 

σ 11482.90 ± 64018.93 66.03 ± 11.30 79.55 ± 24.71 16.26 ± 6.10 

R2 0.988 0.975 0.958 0.956 

Weibull fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

 

y0 3.33 ± 3.95 
−1884.40 ± 

22431.29 
−5.35 ± 4.69 −238.77 ± 8193.17 

A1 97.18 ± 8.91 
2072.44 ± 

22682.30 
100.75 ± 6.65 3151.18 ± 1590007.82 

a 380.59 ± 33.86 
7.73 × 10−4 ± 

0.08 
189.18 ± 10.25 

1.80 × 109 ± 7.89 × 

1012 

b 1.19 ± 0.18 0.083 ± 0.43 1.22 ± 0.14 0.14 ± 7.54 

µ  358.67 ± 42.16 
476075.22 ± 

2.69 × 107 
177.19 ± 10.73 

9.47 × 1012 ± 4.86 × 

1016 

σ 302.24 ± 75.02 
8.37 × 108 ± 

8.28 × 1010 
145.91 ± 21.34 

5.63 × 1014 ± 3.02 × 

1018 

R 2 0.986 0.990 0.989 0.971 

Weibull fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

 

y0 0.08 ± 3.30 5.26 ± 2.15 −0.77 ± 3.71 −6.38 ± 22.08 

A1 102.84 ± 7.15 99.72 ± 4.84 99.75 ± 5.39 107.79 ± 40.40 

a 771.20 ± 35.71 
692.45 ± 

18.83 
554.65 ± 15.02 349.56 ± 74.61 

b 1.79 ± 0.19 2.68 ± 0.20 2.30 ± 0.22 1.96 ± 1.03 

µ  686.07 ± 33.80 
615.64 ± 

16.27 
491.37 ± 13.36 309.92 ± 67.81 

σ 397.05 ± 51.55 
247.44 ± 

19.18 
226.48 ± 19.94 165.14 ± 100.06 

R 2 0.991 0.983 0.990 0.941 

Gamma fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

y0 −46.42 ± 32.56 −22.10 ± 9.63 −8.06 ± 6.87 4.87 ± 4.71 

A1 657.19 ± 605661.04 
112.84 ± 

10.37 
104.16 ± 9.28 83.63 ± 5.88 
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a 0.18 ± 0.08 0.48 ± 0.10 0.63 ± 0.14 6.50 ± 2.07 

b 1282758.94 ± 6.68 × 109 19.70 ± 4.28 22.07 ± 6.79 0.61 ± 0.20 

µ  227235.93 ± 1.18 × 109 9.52 ± 0.74 13.96 ± 2.06 3.98 ± 0.19 

σ 539897.14 ± 2.81 × 109 13.69 ± 1.70 17.55 ± 3.79 1.56 ± 0.27 

R 2 0.982 0.983 0.979 0.984 

Gamma fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

 

y0 2.10 ± 4.44 
-498.77 ± 

697.04 
−14.30 ± 18.17 −24.87 ± 45.03 

A1 95.01 ± 6.68 
599.65 ± 

699.21 
146.31 ± 55.33 138.26 ± 70.04 

a 0.89 ± 0.19 0.06 ± 0.07 0.53 ± 0.25 0.55 ± 0.51 

b 152.22 ± 42.16 
270.98 ± 

92.32 
254.23 ± 305.36 120.87 ± 165.61 

µ  135.74 ± 13.18 14.95 ± 15.18 133.94 ± 102.15 66.10 ± 35.26 

σ 143.74 ± 25.64 63.64 ± 23.59 184.53 ± 180.33 89.38 ± 83.06 

R 2 0.984 0.99201 0.976 0.986 

Gamma fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

 

y0 −16.86 ± 10.24 0.003 ± 3.28 −3.80 ± 5.29 5.56 ± 0 

A1 154.87 ± 34.96 97.75 ± 4.30 100.96 ± 6.69 88.85 ± 14.91 

a 0.70 ± 0.20 2.67 ± 0.39 2.95 ± 0.61 3.27 ± 1.81 

b 1684.99 ± 1089.80 
166.08 ± 

24.23 
123.39 ± 24.87 74.91 ± 56.93 

µ  1177.84 ± 445.69 
442.98 ± 

11.78 
364.45 ± 12.41 244.86 ± 57.38 

σ 1408.78 ± 718.86 
271.23 ± 

20.47 
212.06 ± 21.49 135.43 ± 66.26 

R 2 0.993 0.988 0.991 0.912 

Lognormal fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

 

y0 −14.48 ± 12.26 −1.06 ± 2.56 7.80 ± 2.01 −1.80 ± 15.32 

A 178.37 ± 66.38 93.80 ± 3.63 85.79 ± 3.50 104.40 ± 24.32 

xc 17.40 ± 0.52 16.41 ± 0.03 16.62 ± 0.04 16.11 ± 0.12 

w 1.60 ± 0.55 0.68 ± 0.05 0.62 ± 0.06 0.61 ± 0.21 

µ  1.31 × 108 ± 1.83 × 108 
1.69 × 107 ± 

687179.05 

2.01 × 107 ± 

1228354.58 

1.19 × 107 ± 

1666522.57 

σ 4.56 × 108 ± 1.07 × 109 
1.30 × 107 ± 

1577012.61 

1.38 × 107 ± 

2290183.04 

8001674.74 ± 

4164865.25 

R2 0.991 0.988 0.985 0.982 

Lognormal fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

y0 −17.44 ± 35.46 −21.7 ± 11.14 5.57 ± 2.26 −8.10 ± 17.38 

A 1137.62 ± 7596.58 
132.59 ± 

18.83 
87.68 ± 3.58 118.46 ± 32.16 

xc 21.43 ± 16.33 16.64 ± 0.08 16.84 ± 0.03 16.46 ± 0.09 
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w 2.70 ± 5.12 1.14 ± 0.20 0.51 ± 0.05 0.58 ± 0.21 

µ  7.65 × 1010 ± 2.30 × 1012 
3.21 × 107 ± 

6842766.15 

2.35 × 107 ± 

1001842.68 

1.66 × 107 ± 

2468284.52 

σ 2.89 × 1012 ± 1.27 × 1014 
5.22 × 107 ± 

2.72 × 107 

1.30 × 107 ± 

1763464.72 

1.04 × 107 ± 

5738377.74 

R 2 0.984 0.990 0.986 0.989 

Lognormal fitting  4.0–4.5 mm 4.5–5.0 mm 5.0–5.5 mm >5.5 mm 

 

y0 −10.90 ± 22.68 1.52 ± 1.29 −2.03 ± 4.01 −20.51 ± 49.56 

A 1399.77 ± 11973.53 105.08 ± 3.30 102.94 ± 6.57 129.95 ± 73.33 

xc 20.65 ± 14.10 17.13 ± 0.02 16.90 ± 0.045 16.28 ± 0.23 

w 1.94 ± 3.84 0.58 ± 0.03 0.69 ± 0.069 0.70 ± 0.48 

µ  6.15 × 109 ± 1.32 × 1011 
3.27 × 107 ± 

974810.58 

2.78 × 107 ± 

1791511.93 

1.51 × 107 ± 

3316183.17 

σ 4.01 × 1010 ± 1.17 × 1012 
2.08 × 107 ± 

1712189.50 

2.18 × 107 ± 

3850342.57 
1.20 × 107 ± 1.26 × 107 

R2 0.972 0.997 0.989 0.985 
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